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p meson photoproduction at low energies
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The o-exchange and,-exchange mechanisms fer meson photoproduction are reexamined. Then the
commonly employedr-exchange amplitude is revised by using the recent information from the analyses on the
p— m97%y decay and therNN coupling constant from Bonn potential. Instead of relying on the Pomeron-
proportionality assumption, thé, meson exchange amplitude is established from an effective Lagrangian
which is constructed from the tensor structure of theneson. Phenomenological information together with
tensor meson dominance and vector meson dominance assumptions are used to estifijat®upbng
constants. As a first step to improve the current theoretical models, we have also explored the effects due to the
uncorrelated z-exchange amplitude witwN intermediate state. This leading-orde#-2xchange amplitude
can be calculated using the coupling constants determined from the study of pion photoproduction and the
empirical width ofp— 7rar decay. In comparing with the existing differential cross section data, we find that a
model with the constructed® o, andf, exchanges is comparable to the commonly usezkchange model
in which the o coupling parameters are simply adjusted to fit the experimental data. We suggest that experi-
mental verifications of the predicted single and double spin asymmetries in thetswal Ge\?) region will
be useful for distinguishing the two models and improving our understanding of the nonresonant amplitude of
p photoproduction. Possible further improvements of the model are discussed.
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[. INTRODUCTION change is the most dominant process at low energiesp For
Cphotoproduction, however, the situation is not clear. Gener-
ally, there are two scenarios which are based on either the
o-meson exchange modg20,2] or the f,-exchange model
[10,22. The o-exchange model was motivat¢d0] by the
bservation that the decay width pf— 77y is much larger
an the other radiative decays of themeson. It is further
assumed that thes in the w7y channel can be modeled as
a o meson so that thpoy vertex can be defined and mod-
eled for calculating the~-exchange mechanism as illustrated
in Fig. 1(b). In practice, the product of the coupling constants
gp0y9onn Of this tree diagram is adjusted to fit the cross sec-

The recent experiments at Thomas Jefferson National A
celerator Facility(TINAF) [1-4], GRAAL of Grenoble[5],
and LEPS of SPring-86] are expected to provide new op-
portunities for studying the electromagnetic production of
vector mesons at low energies. For example, the differentie{
cross section data farphotoproduction from the CLAS Col-
laboration at TINAF show big differences with the old data
of 1970's[7,8] in the large momentum-transfét|) region at
low energies, where one may learn about\#N couplings
and other production mechanisif®-12. Much more new
data with similar high precisions will soon be available.

The study of vector meson photoproduction is expected tay v v
. . o Y (k) @ Y
shed light on the resolution of the so-called “missing reso- _~ A A/a-—-————-— AV Va Vs S
nance” problenj13-17. On the other hand, it is well known
that this can be achieved only when the nonresonant meche P M

nisms are well understodd.8,19. As a continuation of our

effort in this direction[14,18, we explore in this work the

nonresonant mechanisms @fphotoproduction. N @) N@") N N
There exist some investigations of the nonresonant (a)

mechanisms for vector meson photoproduction. To accoun

for the diffractive features of the data in smaltegion at

: ) ; . v
high energies, the Pomeron exchange model, as illustrated i y
Fig. 1, was developed. However, this model fails to describe y
the experimental observables at low energies. Indeed, mesa /’
exchangegor secondary Reggeon exchangase found to 4
be crucial in understanding the low energy data. In the cas¢ N N N
of w photoproduction, it is well known that one-pion ex-

() (d)
FIG. 1. Models forp photoproduction(a,b) t-channel Pomeron
*Electronic address: yoh@phya.yonsei.ac.kr and one-meson exchanged =f,, m, 7, o), (c,d) s- and u-channel

"Electronic address: lee@phy.anl.gov nucleon pole terms.
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(k) p(q) ever, thef,-exchange model developed in Refk0,22 for p
. photoproduction made use of the Pomefqgproportionality
, e in the reverse direction. Namely, they assume that the struc-
M(q") L7 ture of thef, couplings are the same as that of the soft
——————— -(’ Pomeron exchange model. Thus thetensor meson was
treated as &= +1 isoscalar photon, i.e., a vector particle. In
addition, the fit to the data is achieved by introducing an
additional adjustable parameter to control the strength of the
f, coupling[10]. This is obviously not very satisfactory and
leaves a room for improvement.
B(pp) p(p') Inst_ead of relying on the Pomerdnpropor_tionality as-
sumption, thef, meson exchange amplitude is evaluated in
this work starting with an effective Lagrangian which is con-
structed from the tensor structure of themeson. Phenom-
enological information together with tensor meson domi-
tion data ofp photoproduction at low energies. If we use nance and vector meson dominance assumptions are used to

giNN/47T~8 from Bonn potentia[23], we then find that the estimate thd, cou_pling constants. With lthis, we then explore
resultingg,,., will yield a decay width ofp®— oy an order of thel extent to which the ph_otoproductpn data can be de-
magnitude larger than the value extracted from the receriicfibed by a model that includes this newly constructed
experimental decay width g — 7%7%y [24-2§. Thus the f2—exg:hange amplitude together with the rewsed.xchang.e
dynamical interpretation of the commonly usedneson ex- amplitude and the uncorrelatedr2xchange amplitudes dis-

change model fop meson photoproduction must be further CUssed above. _ _
examined theoretically. This paper is organized as follows. In Sec. Il, we explic-

In this work, we would like to take a different approach to itly define the amplitudes for the considergghotoproduc-
account for the exchange afr in p photoproduction. First, tion mechanisms, including the Pomeron exchangeex-
the commonly employed-exchange amplitude igvisedoy ~ change, pseudoscalar meson exchangesnd u-channel
using the coupling constam,yy from Bonn potential and nucleon terms, and_ the newly construquobxchange. The
9,0, from the recent experimental decay width of 2m-exchange amplltudes are then given to complete our
— 7% with the assumptiofi20] that 7°#° in this decay is model construction. 'I_'he numerical results are presented in
strongly correlated and can be approximated asparticle. Sec. lll. For comparison, we consider two models. Both
This is our starting point of developing a new model which isM0dels contain the- and u-channel nucleon terms and the
more consistent with the existing meson-exchange modef@*changes of Pomerom, andz. In addition, the first model
for NN scattering 23], N scattering, and pion photoproduc- mcludgs theo exchange Wlth free parameters to fit the data
tion [27]. We then consider the consequence of the stron IIomng Refs.[20,2]], while the second model contains the
p— " decay which accounts for almost the entire decayWo-pion, o, andf, exchanges, where the parargegers of the
width of the p meson. With the empirical value of the ¢ €xchange are fixed by Bonn potential and. m "y de-
meson decay width, one can define fher vertex, which €& We explore the extent to which these two rather different

then leads naturally to the “uncorrelated” two-pion exchangdncdels can be distinguished by examining the differential
mechanism illustrated in Fig. 2 withl =7 in the intermedi-  €T0SS sections and spin asymmetries. Section IV contains a

ate state. A more complete calculation of uncorrelatedfUmmary and discussions. The details on fhénteractions
2m-exchange contributions e photoproduction should also With the photon and hadrons are given in Appendix for com-
include other intermediate states suchudéand mA. How-  Pleteness.

ever, the contributions from these intermediate states involve

a
a

p(p)

FIG. 2. 27 exchange inp photoproduction. The intermediate
meson staté/ includess, and the baryorB includes the nucleon.

propagation of two or three pions and must be considered Il. MODELS FOR p PHOTOPRODUCTION
along with other multipion exchange mechanis(each as . ) ) ) )
the crossed diagrams due to the interchangﬁ mﬁdp lines In this section, we discuss pOSSIble prOdUCtlon mecha-

in Fig. 2. Obviously, this is a much more complex task andnisms foryp— pp. We first discuss single particle exchanges

will not be attempted in this exploratory investigation. Our s depicted in Fig. 1. Then therZexchange model will be

calculation of 2r exchange will be detailed in Sec. Il F. constructed. Each of the considered production amplitude, as
The f,-exchange model fop photoproduction was moti- illustrated in Fig. 1, can be written as

vated by the results from the analyseggfscattering data at .

low energieg28]. In the study ofpp scattering the dominant Ti =&, (MM, (y), (1)

secondary Regge trajectory is represented byf tin@jectory,

and the idea of Pomerohproportionality had been used to Wheree,(V) and &,(y) are the polarization vectors of the

model the Pomeron couplings using thecouplings until  vector meson and the photon, respectively. We denote the

1970's[29-37 before the advent of the soft Pomeron modelfour-momenta of the initial nucleon, final nucleon, incoming

by Donnachie and Landshdf83]. By considering the role of photon, and outgoing vector meson pyp’, k, andqg, re-

the f trajectory inpp scattering, it is natural to consider the spectively. The Mandelstam variables are\W?=(k+p)?, t

f,-exchange model for vector meson photoproduction. How=(p-p’)?, andu=(p-q)2.
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A. Pomeron exchange e 1
N S M= SIS (g - k)
We first consider the Pomeron exchange depicted in Fig. M, t-M]
1(a). In this process, the incoming photon first converts into —
a qq pair, which interacts with the nucleon by the Pomeron XU(P)U(PIF on(DF oy (D), (@)
exchange before forming the outgoing vector meson. Thgyhere
quark-Pomeron vertex is obtained by the Pomeron-photon 5 , , ,
analogy[33], which treats the Pomeron a<a +1 isoscalar A-M A —M
gy[ ] i ) FO.NN(t) - [0 0', F - (t) - poy o (8)
photon, as suggested by a study of nonperturbative two A2t poy A2 —t
gluon exchangef34]. We then havg33,35-37 7 Py
are the form factors. The cutoff parameters of the form fac-
ME"=Gp(s, 1) TP, (2) tors and the product of coupIin_g constagls,d,nn are gd—
justed to fit thep photoproduction data at low energies. It
with was found[20,21] that
o MZByBy 1 242 M,=0.5GeV, g’wW4m=8.0, g,,=3.0,
Tp7 =i12V4magy > > > Fa(t)
fy  My—t\2ug+My -t
_ A,=1.0GeV, A,;,=0.9 GeV. 9
Xu(p"){kg"" = k“y"1u(p), ()

The resultingo mass parameter is close to the vale
where a,,=€/4m and F; is the isoscalar electromagnetic =0.55~0.66 GeV of Bonn potential[23]. If we further

form factor of the nucleon, take the valueg?,,/47=8.3~10 from Bonn potential, we
then find that the resulting,,,, is close to the values from
4|\/|§l-2,8: the QCD sum rulesg,,,=3.2+0.6[38] or 2.2+0.4[39].
Fi(t) = (AMZ —1)(1-1/0.707" (4)  However, such a large value @f,,, corresponds to the
N :

p— oy(—n1%) decay width that is much larger than the

with t in Ge\2 The proton and vector meson masses ar&MPpirical value of (p°— m°7y) [24,26]. If we accept the
represented byl and My, respectively(M,=M, in our empirically estimated, but model-dependent value of SND
case) ’ ’ experiment[26], BR(p— 0y)=(1.9°39+0.4) X 107, which

The Regge propagator for the Pomeron in Bj.reads  9ivesI'(p—oy)=2.83 keV, we get

s\ erd-1 i 950, = 0.25, (10
Gp= (S_o> exp) — ?[ap(t) -1]¢. (5)

since the Lagrangia(6) gives

The Pomeron trajectory is taken to be the usual fart) 3 aemgza 2 213

=1.08+alt With apb=1/5=0.25 GeV? [33]. In Eq. (3), fy Flp—on == s Mo =M™ 1D

is the vector meson decay constaht=5.33,f,=15.2, and ’

f4=13.4. Thecoupling constant®,=p4=2.07 GeV!, g, This value is smaller than that of E¢9) by an order of

=1.60 GeV?, and ILL(Z):]__]_ GeV are chosen to reproduce magnitude. Therefore, the-exchange model suffers from

the total cross section data at high energigs= 10 GeV,  the big uncertainty of,,, [24-26,40,4] Furthermore, there

where the total cross section of vector meson photoprois no clear particle identification of & particle and the use

ductions are completely dominated by the Pomeron exof o exchange in definindNN potential has been seriously

change. Fop photoproduction, we se8,= B, =8,=fq. questioned. Thus it is possible that theexchange may not
be the right major mechanism ferphotoproduction.

B. o meson exchange

i C. Pseudoscalar meson exchanges
The o meson exchange model advocated by Friman and

Soyeur[20] is based on the observation tHatp— mry) is The 7 and 7 meson exchanges are also allowed for
the largest among afi meson radiative decays, which leads Photoproduction, although their contributions are known to
to the assumption that the photoproduction process at low be not important. They are calculated from

energies is dominated by the exchange of Zhe 2r is then

effectively represented by@meson. The effective Lagrang- L= E%ve evaBy P,0uPs®,
ian for this model readf9,20,21 P My .
%o v v N N
[’o = %(ﬁl—"p a,U,AV - (?Mp aVA,u,)O-+ ga’NNNO-Nu (6) L(pNN = %%IN’}/#’YS(S’#@N, (12)
p N

wherep,, is the p° meson field andh, the photon field. The whereg=7°, 7. The coupling constanty,,,, are fixed by the
resultingo meson exchange amplitude is p— ¢y decay widths
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2 increasing|t| in terms of theu-channel nucleon ternfig.
T(p—¢y) = C;’—m%‘e(l\ﬂ%— M2)3. (13 1(d)]. o 9
\%

Becausd-y(s) # Fyn(u), the above amplitude does not sat-

Using the experimental data[42], F(p0—>7707)expt isfy the gauge invariance. In order to restore the gauge in-
=121+31 keV and’(p°— 7y)exp=62+17 keV, we get variance, we project out the gauge noninvariant terms as
=0.756, = 1.476. 14 k* a*
Jorn Jorn (19 M=o tv =Dy kel @D

This also givesg,,,=1.843 andg,,,=0.414. We use
gaf4m=14.3 and the S(B) relation to get gf?NN/47r For the pNN coupling constants, we take the values deter-
=0.99. Athough there are other estimates on the value ofmined in the analyses of pion photoproduction ard scat-
g,nn reported in the literature, the role of theexchange tering[27]:

is much suppressed ip photoproduction and the depen-

dence of our results og,yy is negligible. 9nn=6.2, x,=1.0, (22)

The pseudoscalar meson exchange amplitude, KiD, 1 and the anomalous magnetic moment of the nucleoryis

calculated from the Lagrangigi?) reads

i€Gyyedenn 1
M,LLV: pYyeIP uvaf, ak
© T oMMy t-m2T e

XU(p,)(p_ p,)y5u(p)F<pNN(t)Fp(p'y(t)l (15)
where the form factors are
2 _ a2 A2 - M2
FtpNN(t) = _‘“)2_‘21 Fp(py(t) =
A¢ -t

We useA .=0.6 GeV, A
A,,,=0.9 GeV[14,20Q.

. (16)
2
pr_t

pmy

D. Nucleon pole terms

The s- andu-channel nucleon terms, Figs(cl and Xd),
are calculated from

— K
Lypp=—eN| Ay = —20, A" N,
2My

OoNN K
= SN pry, - L o IN. (L
2 V[P Y ZMNU,W p ] (17)

L:PPD
The resulting production amplitude is

+k+M
wrz(k)m@

N

T
M= "2NG(p)| (@)

+r;(k)'bf—;%"“rc(q)FN<u>]u<p). (18

where

=yt i—2girl,. (19)

K
T =y~ i g,
\% o q, 2MN

2My,
The form factor has the forj%3]

4

— AN
FN(r) - A& + (r _ Mﬁl)zr (20)

with Ay=0.5 GeV taken from Ref49,14]. This choice of
the nucleon form factor leads to a satisfactory explanation
of the steep rise of the differential cross sections with

=0.77 GeV,A,=1.0 GeV, and

=1.79.

E. f, meson exchange

We now discuss the exchange of th€1270 tensor me-
son, which has quantum numbet§(J°¢)=0%(2**). The
mass and decay width of thef,(1270 are M;
=1275.4+1.2 MeV and(f,)=185.13¢ MeV [42]. Because
of its quantum numbers, it has been once suggested as a
candidate for the Pomeron. But this assumption violates the
duality with the a, trajectory which includesl®(JP°)
=17(2**) state and it is now believed that tlig does not lie
on the Pomeron trajectory.

In the approach of Ref[10], the f, is treated as &
=+1 isoscalar photon just like the Pomeron. This leads to a
Regge amplitude of the following form:

ME"= ki, Gy (s VTR, (23)

wheré
o B (§>af2(t)—1{1 +exp[- iwafz(t)]}'zra§2 ot
RS 2 sinlmar O ®] o7

with slzllaf’zz 1 Ge\?, while the form of 7% is the same
as given in Eq(3). The f, trajectory is linearly approxi-
mated aSafz(t)zO.47+0.89 [22,28. In order to control
the strength of thef, couplings to the hadrons, a free
parameterxt, was introduced10] and adjusted to fit the
p-photoproduction data at low energies.

In this paper, we depart from this Regge parametrization
and construct af,-exchange model solely based on the ten-
sor structure of thd, meson. We will use the experimental
data associated with thig meson, the tensor meson domi-
nance, and vector meson dominance assumptions to fifg the
coupling constants, such that the strength of the resulting

The form ofo2 in Eq. (24) is due to the fact that thg interac-
tion is treated as that of an isoscalar photon, i.e., a vector particle
interaction. If we use the tensor structure of theinteraction, it
would be

( s )afzm—z (1 +exp[-imag ()] mar
sz(sv t) -\ - 2 Sln [«ﬂ-afz(t)]r[afz(t) - 1] .
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f,-exchange amplitude is completely fixed in this investiga- TABLE I. Estimates on theNN coupling constant&yy and
tion. Following Refs.[44,45, the effective Lagrangian ac- Finn using 7N dispersion relations. The values are compared with
counting §for the tensor structure of tHigNN interaction is  the prediction of tensor meson dominarjée].

written a

Ga W4 Finn/Genn
_ GfNN v AFINN =
Linw=—2 N(Y,ﬂ + 7,0, )Nf# + 4—== M. NI,NF-, 1.12 — Ref.[44]
N g 331 ~0 Ref.[47]
(25 3.31+0.63 0.06+0.17 Ref48]
where f#” is the f, meson field. This gives the following 4.0+1.0 0.00+0.07 Ref49]
form of the fNN vertex function: 22+0.9 0.6+0.9 Ref[50]
(26) MV — _ 77 af ’
: . MET==u(p)I**(p, p')u(p)
where2r=(pb+ Pa) . Pp aNdpy are th? mc;gmg and 0L|tho- o
ing nucleon momentum, respectively, agtl’ is the polar- aBipo POV
ization tensor of the, meson. X p=p)2- V (k, DF (O F (1),
The coupling constants associated with theneson were (31)

first estimated by using the dispersion relations to analyze
the backwardmN scattering[44] and themrm— NN partial- ~ where
wave amplitudes. The results are summarized in Table I. G
Notg that the \_/alue estimated based on the. Fensor meson T 4P, p'):M[(p+p')ayﬁ+(p+p’)ﬁ7a]
dominance[46] is much smaller than the empirical values. My
(See Appendix for details.

The most general form for théVy vertex satisfying
gauge invariance reads1]

,\;“2“(p+p) AP+p)g,

1= = = = 1— =
’y(k)V(k )|f2> = —6 Emf'U‘VAny (k, k/), (27) Paﬂ;pa'_ z(gapgﬂlr+ gaogﬁp) - §gaﬁgpm

KAV

wheree ande’ are the polarlzatlon vectors of the photon and  \y; vk, @) = ﬂz[ 9k Q) + .k, (K + Q) (K + ),
the vector meson, respectively, and prk "

f , , , 9rv
AR (K K') = '\f/l—\?[g,o\(k k) =Kk (k=K (k=K), + Vf[g,w(k +0),(k+ )y~ g, (K+ Q)
+ gyl Ga (k=K (k=K), + gy K (k=K'), = Ouod(K+ ), =g,k (k+ ),
+ g Kk =K, = gk (k—K), = GuoKu(K+ ), + 2K - 0(9,,900 + 9109p) ],
/ , 32
- gKVk)\(k -k ),u -2k-k (gk,ug}\v + gKVg)\/_L):l . ( )
(28) and
The tensor meson dominance assumption together with Qv == G+ (P-pP)ulp-p )V (33)
the vector meson dominance givigsl] mr |\/|2
e The form factors are chosen as
fiv,=0 and gy, = f_vav, (29) R ,
v Foun(t) = AfNN Mf2 Fro(t) = Any_ Mf2 (34)
fNN 1 fV L]
where AfNN t Y Any
Gtyv = Gty = 5.76. (300 where the cutoff parameters will be discussed in Sec. Ill. The

Here Gy, is determined from the decay width 6§ — . relative p_hases amonfg couplings are fixed by tensor me-
o d- son dominance.

The details on thd, interactions with the photon and had-
rons, and tensor meson dominance are given in Appendix.
With the above formulas, it is straightforward to obtain F. 2a exchange

h i li . . .
the production amplitude as In this section, we discuss therZxchange fop photo-

production as shown in Fig. 2. We only consider the contri-
?In the conventions of Ref45], G}, =Gy and G2\ =Fiyy. bution from setting the intermediate staeB)=(mN). As

025201-5



YONGSEOK OH AND T.-S. H. LEE PHYSICAL REVIEW (9, 025201(2004)

discussed in Sec. I, the contributions from other intermediate gZW ) 2.3/

states likewA and wN involve propagation of two or three [(p — mm) = —E5 (M2 - 4M7)°%. (42)
) ) ) 487M

pions and hence are neglected along with the other multime- P

son exchange amplitudes in this exploratory investigation. Using I'(p°— #*7~)=150.7 MeV[42], we obtain
We compute the loop amplitude of Fig. 2 by making use

of the method of Sato and L4&7], which gives Opmm = 6.04. (43
- , ) Then the Zr-exchange transition amplitude with intermedi-
Tioop= | d°q [e(y) ‘Bynmn(k, g ;E)IGun(@’, E) ate 7N channel reads
X[e" (V) - Vin,n(@', G:E)], (39) MA = Vg, 9)BY(k, q")
where 1 M 1 egmalonn, .,
=i s g g 4 prye
1 (2m)°En(pe) 2E,(Q")  4AM,
G " E)= —. 36 yw
MN(q ) E_EN(q/)_EM(q/)+|6 ( ) X(pB_p_q )
Obviously, B,y un and Viyy,n are the one-pion-exchange X 12 > — SU(p)Tu(p),
amplitudes iilustrated in Fig. 2. We only considéviN) (Pg=pP)* = M7 (pg—p")° - M7
=(wN) intermediate state in this paper. (44)
Equation(35) can be rewritten as
where
£ (V) -V(q',9)s(y) -Bk,q’)
T :pfd3’ ; - r=p - -M -p). 45
. The loop integration must be regularized by introducing
=i J kothM(kt)s (V) - V(ki, g)e(y) - B(k, ky) form factors. We include the form factors for each vertices.
In addition, we also introduce the form factor to take into
XOW-Mpy —Mp), (37)  account the off-shellness of the intermediate states,
where the subscripts af andB are understood. Her€(x) is [ AF+KEN?
the step function and Fda’)= A2+q2) (46)
€
_ KEg(K)Ep(K) Thus the final form of the form factor is

ponlK = £ L Erio (38)

F= Ff(q,)va‘rv‘r(tl)Fpﬂ'ﬂ'(tZ)Fﬂ'NN(tl)Fﬂ'NN(tZ)a (47)
whereEg(k) and Ey, (k) are the energies of the intermediate

baryon and meson with momentuk Through the on-shell where

conditionW=Eg(k,) +Ey(k,), k; is determined as 2 _\2 A2 — M2
Fprnl) = =257, F ()= —50—7, (48)
P A2 -t A2t
k= — NW2, M2 M2) (39) pr i
t 2W\ ’ y Vlg),

and t;=(pg—p)? and t,=(pg—p’)>. Here the inclusion of
F,=-(ty) implies the vector meson dominance assumption.
The cutoff parameters will be discussed in Sec. Ill.
24242 We now comment on the loop calculation described
MY, 2) =0 +y*+ 2= 2xy +yz+ 2. (40 above. We do not consider the crossed diagrams of Fig. 2,
For the consideredMN)=(wN) case, the one-pion- since such diagrams include three-particle intermediate states
exchange amplitudeB, .y and V. n in Eg. (35 can be and hence are of higher-order effects which are neglected in
calculated from this exploratory study. However by neglecting the crossed
diagrams, the resulting amplitude does not satisfy gauge in-
Lymr=eldtm X mlA,, variance. In this study, therefore, we restore gauge invariance
of the amplitudg44) by projecting out the gauge noninvari-
ant terms a$37]

where

’Cpﬂ'ﬂ' = gpﬂTﬂTp;L ' (7T X ‘9M7T)u

TME — PR M P, (49)
_ 9anng
Lann= Ny*ys7-d,mN. (41 where the projection operator reads
2My
The coupling constang,,, is determined from the decay Prr=ghr— k”qv_ (50)
width I'(p— ), which reads k-q
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IlI. CROSS SECTIONS AND POLARIZATION
ASYMMETRIES

In this work we first reexamine the commonly employed
o exchange by considering modéA) which includes the
Pomeron,o, m, n exchanges, and the- and u-channel
nucleon terms. We then explore mod@&) which is con-
structed by replacing the exchange in moddlA) by thef,
and 2r exchanges. We also add thheexchange to mod€B)
as a correlated 2 exchange with the couplings determined -
by p— 7’7’y decay and Bonn potential. All parameters of 4
the models are explained in Sec. Il. In particular, the L B o %
6

do/dt (ub/GeV?)

g-exchange parameters in modél) are given in Eq.(9),
which are chosen to reproduce thghotoproduction data.
For model(B), we use thef, couplings agsee Appendix
GiW4m=22, Fun=0, Gpy=5.76, (51

with the relation(29). The recently estimateld(p — oy) [26]
is used to constraig,,, as

4

“~ 4

:025 52 =3 I A | :__Ill [
ooy 52 0% 2 3 4 5
The other parameters for the exchange are the same as 0
given in Eq.(9). The only unspecified parameters are the It (GeV)

cutoff parameterd\¢yy and Ay, for the f, exchange and the
cutoff parameters of Eq47) for regularizing the loop inte-
grations. The parametéy, for all loop integrations is fixed
to be 0.5 GeV which is identical to the value used in our
previous investigatiof18] of the one-loop corrections on
o photoproduction. The other cutoffs including, ., and
Ao in the loop calculation are chosen to be G6V.  the rest of the production mechanisiuotted curves It is
The other two parameters of mod@) are adjusted to fit interesting to note that the, exchange in mode(B) (dot-
the cross section data and are found to be dashed curves in Fig.)4lrops faster than the exchange in
_ _ model(A) (dot-ashed curves in Fig) &st increases. On the
Amn=Apy= 1.4 GeV. (53 other hand, the 2 ando exchangegdashed curves in Fig)4
This is a unsatisfactory aspect of this work, but it is unavoid-give a nontrivial contribution in largé| region at lower en-
able in any phenomenological approach. Future theoreticairgies but are suppressed as the energy increases. Therefore
calculations of form factors are therefore highly desirable. such effects are expected to be seen at energies very close to
The differential cross sections fopp— pp calculated the threshold. As expected, tilemeson exchange contribu-
from model(A) are compared with the SLAC dafg2] and  tion is much suppressed than in modal.
the recent CLAS datd3] in Fig. 3. We see that the full Thus we find that modgB) is comparable to mod&R)
calculations(solid curves are dominated by the-exchange that is the commonly used exchange model in fitting the
contributions (dot-dashed curvgs The contributions from differential cross section data of SLAC and TINAF. In par-
the other exchange mechanisrtashed curvgsbecome ticular, the data at smalt|(<2 Ge\?) can be equally well
comparable only in the very forward and backward anglesdescribed by both models, as more clearly shown in Fig. 5,
This is mainly due to the fact that the Pomeron exchangevhere the full calculations of two models are compared. On
[Fig. 1(a)] is forward peaked and thechannel nucleon term the other hand, both models cannot fit the data at large
[Fig. 1(d)] is backward peaked. It is clear that the data cant|/(>2 Ge\?). But this is expected since we have not in-
only be qualitatively reproduced by modgéh). The main  cludedN" and A" excitation mechanisms which were found
difficulty is in reproducing the data in the larde (larger  [14] to give significant contributions te photoproduction at
than about 3 Ge¥j region. No improvement can be found large|t|. However, we will not address this rather nontrivial
by varying the cutoff parameters of various form factors ofissue here. The main difficulty here is that most of the reso-
model(A). This implies the role of other production mecha- nance parameters associated with isosp#3/2 A" reso-
nisms in this region. nances, which do not contribute te photoproduction, are
The differential cross sections calculated from ma@l  not determined by Particle Data Group or well constrained
are shown in Fig. 4. The solid curves are the best fits to théy theoretical models. Before we use our model to determine
data we could obtain by choosing the cutoff parameters large number of resonance parameters by fitting the exist-
given in Eq.(51) for thef, exchange. In the same figures, we ing limited data, it would be more desirable to further test
also show the contributions from thg exchange(dot- and improve the nonresonant amplitudes such as including
dashed curves 27 and o exchangegdashed curvgsand  more complete calculations ofi2exchanges. Hence, in this

FIG. 3. Differential cross sections of mod@) at E,=(a)2.8,
(b) 3.28,(c) 3.55, andd) 3.82 GeV. The dot-dashed lines are from
o exchange and the dashed lines are witheechange. The solid
lines are the full calculation. Experimental data are from R&Z]
(open squargsand Ref.[3] (filled circles.
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4 4
% T I T | T I T I T I %
6 ' 6

It (GeV?) It (GeV?) It (GeV?)

FIG. 4. Differential cross sections of mod@) at E,=(2)2.8, FIG. 5. Differential cross sections of mod@) and(B) atE,
(b) 3.28,(c) 3.55, and(d) 3.82 GeV. The dot-dashed lines are from =(1)2.8, (b) 3.28,(c) 3.55, and(d) 3.82 GeV. The dashed lines are
f, exchange, the dashed lines are fromahdo exchanges, and the the results of modeglA) and the solid lines are those of modBl).
dotted lines are from the other processes, i.e., witligu2s, ando Experimental data are from Ref8,52.
exchanges. The solid lines are the full calculation. Experimental

data are from Ref{52] (open squargsand Ref.[3] (filled circles. ) . . .
f152] (open squarg 31 ¢ 9 changes, it would be difficult to test them using parity asym-

paper, we focus on exploring which experimental obseryMetry or photon asymmetry that can be measured from the
ables are useful for distinguishing more clearly the modefecay distribution of thep meson produced by polarized
(B) from model(A) in the smalllt|(<2 Ge\?) region where photon beam. For completeness, we glve_the predictions of
both models can describe the differential cross section daty€ tWo models on these asymmetries in Fig. 8. As expected,
to a large extent and tH¢' andA” effects are expected to be it is very hard to d|§t|ngU|sh the two mpdels in the forward
not important. Experimental verifications of our prediction in scattering angles with these asymmetries.

this limited t region will be useful for understanding the

nonresonant amplitudes @f photoproduction at low ener- 1.0 T T T T30
gies. T .

We have explored the consequences of the constructe o5 + Jos
models (A) and (B) in predicting the spin asymmetries, T ]
which are defined, e.g., in Ref37]. The results for the Z; 00 + Joo T,
single spin asymmetries are shown in Fig. 6 far, ;‘ ]
=3.55 GeV. Clearly the single spin asymmetries including -0 - —-05
the target asymmetry,, the recoiled proton asymmetfy, ] ]
and the tensor asymmet,,,, of the producedp meson -10 ] 0o
would be useful to distinguish the two models and could be . .
measured at the current experimental facilities. Of course ou 93 B E 0.5
predictions are valid mainly in the smaliegion since thé\” P ] 1 v
and A" excitations[14] or G-pole contributiong22], which y 00¢ ] 190" 0y
are expected to be important at largeare not included in C ] .
this calculation. - 3 3703

Our predictions on the beam-target and beam-recoil b .,  F | | | 1,
double asymmetrieg37] are given in Fig. 7. Here again we 001 2 3 4 50 1 2 3 4 5 7
can find significant differences between the two models in “t (GeV)) “t (GeV))

the region of smallt|. Experimental tests of our predictions

given in Figs. 6 and 7, therefore, will be useful in under-  FIG. 6. Single spin asymmetries of mod@) and (B) at E,,

standing the nonresonant mechanismg photoproduction. =3.55 GeV. Notations are the same as in Fig. 5. The definitions of
Since both ther and f, exchanges are natural parity ex- the spin asymmetries are from Rg37].
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[ o L L L L L L N A R enological information together with tensor meson
dominance and vector meson dominance assumptions are
03 used to estimate th&, coupling constants. This approach,

BT which is more consistent with the conventional meson-
2z exchange models, is rather different from theexchange
model of Laget[10], where thef, interaction structure was

00C

03 borrowed from that of Pomeron exchange assuming
1310 Pomeronf proportionality, i.e.,f,-photon analogy.
] "o In comparing with the existing differential cross section
__________ ] data, we find that a model with the constructet &, andf,
wb X ’ 00 exchanges is comparable to the commonly usezkchange

BR model in which theo coupling parameters are simply ad-

27’

justed to fit data. Both models can describe the data equally
-0.5 well in the smalllt|(<2 Ge\?) region, but fail at largét|. We
suggest that experimental verifications of the predicted single
-1.0 and double spin asymmetries in the smjtliregion will be
useful for distinguishing two models and improving our un-
-t (GeV?) -t (GeV?) derstanding of the nonresonant amplitudegfhotoproduc-
- . BT ~BT ~BR BR tion.

FIG. 7. Double spin asymmetrieS,, , C;;, C,,, andC,; of  Finally we would like to emphasize that the present in-
model(A) and(B) at E,=3.55 GeV. Notations are the same as in yestigation is just a very first step toward obtaining a com-
Fig. 5. plete dynamical exchange model@photoproduction at low

energies. The following steps are to examine the additional
IV. SUMMARY AND DISCUSSION 2m-exchange mechanisms due to, for exampl, and 7A
) ) intermediate states and the crossed diagrams of Fig. 2. The

In this paper we have reexamined theexchange and  gffects due tdN* andA” effects must be included for a real-
f-exchange mechanisms pfphotoproduction reactions. It jstic understanding of the interplay between the nonresonant
is found that the commonly employedexchange amplitude 5nq resonant amplitudes. Theoretical predictions of the reso-
is weakened greatly if the coupling constants are evaluated 5nce parameters associated wfhresonance states will be

i i i 0.0
by using the recent information about the- 7"y decay  highly desirable for making progress in this direction.
and theoNN coupling constant of Bonn potential. This has

led us to introduce the uncorrelated-2xchange amplitude ACKNOWLEDGMENTS
with 7N intermediate state. This leading-order-2xchange _ _ o
amplitude can be calculated realistically using the coupling Y-O. is grateful to the Physics Division of Argonne Na-
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] 10 APPENDIX: TENSOR MESON DOMINANCE
AND f,-HADRON INTERACTIONS
The free Lagrangian and the propagator of the tensor me-
son were studied in Ref§53-57. The propagator of the
tensor meson which has momentymeads

1.0|||||||||||

. 1 .
S v (A1)
f

whereM; is the tensor meson mass and

P = 3@+ GG - 387, (A2)
with
_05|||||||||||||||||| ||_05 "N - +pEpV (A3)
%0 1 2 3 4 5 6 1 2 3 4 5 gw,—g,wMg.
-t (GeV)) -t (GeV))
FIG. 8. Spin asymmetrieB,, and, of model(A) and (B) at 1. foa coupling
E,=3.55 GeV. Notations are the same as in Fig. 5. The effective Lagrangian fof,77r interaction read$45]
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"

2G T v ! VG
Liaa™= "y "0 Sy, (Ad) (116,010 = giMen  (PIflp) = - €T 2* R,

wheref#” is the f, meson field. This gives th&mm vertex (A11)
function as
where the latter equation is consistent with E45). The

G . .
Vier= = (Pt Pou(Pat P (\),  (AS)  Pole dominance gives

wherep, andp, are the incoming and outgoing pion momen- Pl =S (plflp)F6,,]0)
mv

tum, respectively. The minus sign in the Lagrangia#d) is mr T A% - M?
to be consistent with the tensor meson domind®&. The 1
Lagrangian(A4) gives thef,— 77 decay width as - 2 9 ? aﬂzazﬁ 2_
2 2\5/2 M A
LNy (1 4 ’*) (AB)
I(f = -4— .
(T ) = g o M1 M?

M ’G 1A,A
E [oF pr(z 2 _ glwzz 3 M{i 22)
Using the experimental datd;(f,— 77)eyp~156.9 MeV f

[42], we obtain (A12)
Glrn hich lead
—Imm < 2,64, (A7) which leads to
47
. : - MZG
which givesG;,,.,~5.76. FL(A2) = - E 9t Ivflgp (A13)

2. Tensor meson dominance
Thus we have

The tensor meson dominan€EMD) is an assumption of
meson pole dominance for matrix elements of the energy 1
momentum tensor just as the vector meson dominance F1(0)=§f‘,ngfpp=§. (Al4)
(VMD) is a pole dominance of the electromagnetic current.
By using TMD, one can determine the universal coupling It should be noted that the sum of EA14) contains
constant of thef, meson from its decay into two pions, tensor meson nonet, i.€f3(1270 and f;(1525. But in the
which can then be used to determine th&lN and f,VV  case of thef,7# coupling, if we assume the ideal mixing
couplings. When combined with VMD, this also allows us to between thef,(1270 and the f;(1525, the f5(1525 de-
estimate thefyy and fVy vertices. It is interesting to note couples by the Okubo-Zweig-lizukéDZI) rule. Therefore
that the TMD underestimates the empiridaNN coupling  we obtainGy.,,~0, and the universal coupling constagt
while it overestimates th&,— yy decay width. But it shows s determined as
that thef, couplings with hadrons and photon can be under-
stood by TMD and VMD at least qualitatively. Here, for

completeness, we briefly review the method of Rp6,57 O = =~ 0.087, (A15)

to illustrate how to use TMD to get thig-hadron couplings. 27y
Let us first apply TMD to spinless particl¢46,59. The

energy-momentum tensor between spinless particles can tging the value of EqA7).

written as With the universal coupling constagt determined above,

one can now use it to estimate tfigNN coupling. For this
(p|6"(0)|p") =F1(A?)E, 3, + Fo(A%)(A,A, - 0,,A%), purpose, we apply TMD to spin-1/2 baryon state. The
(A8) energy-momentum tensor of the spin-1/2 baryons can be

. i _written as
with % =(p+p’), andA,=(p-p’),. Then with the covari-

ant normalization one has 1 s s
<p|0/.w(0)|p’> = U(p) Z('y,u,zv + ’)/VE;/,)Fl(AZ) + ﬁFZ(AZ)
N

(| f OooX)dx|p) = ENp, (A9)

whereN, is the normalization constant. By comparing with

+ (A[LAV - g,uvAz) FB(AZ)}U(p,) . (A16)
Eg. (A8), one can find

F.(0)=1. (A10) With the covariant normalization, the conditions

Now we define the effective couplings for tensor mesons
as (pl f oo X)X p) = EN,,

025201-10
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<p, p=0,5=+ %| f {X1602(X) = X2601(X)}
Xdp,p=0,5=+3)=3N,,  (AL7)

give
F.(0)=1, F,0)=0. (A18)

Now using the form forf,NN coupling in Eq.(26), as-
suming the pole dominance gives the following relations:

= 49Gmny Gy
M; My,
0= 4ngfNNM_ + 4gf’Ff’NNM_- (A19)
N N

Again by assuming the decoupling of thgfrom the nucleon
coupling, we can havp46]

1M G:._ M
Ginn = 4——9 = =TT 2P~ 212,
Or Ms 2 M
FfNN: 0. (AZO)

This givesG?,J4m~0.38 asshown in Table I, which is
smaller than the values estimated b dispersion rela-

tions by an order of magnitude. It should also be noted

that the values estimated hyN dispersion relations may

be affected by the inclusion of other meson exchanges.
More rigorous study in this direction is, therefore, highly

desirable.

3. f,VV coupling

Before we discus$,yy and f,Vy couplings, we first ap-
ply TMD to f,VV coupling, whereV stands for vector me-

PHYSICAL REVIEW €9, 025201(2004)

Y Y
b 6 vt
- ~
A\
: kg

FIG. 9. f,— yy decay in vector meson dominance.
G G
(VIfV) = =E(e- €)(3,3,f4) + =5(e-3)(€ -3)
M¢ M

X(3,3, ) + %{(E 3)ES, +(e-D)ES,
f
H(€S)eS, + (e - D)eS I

G
+—2(= A?)(e €, + €,€)f",

m (A23)

while we have used“fwzfﬁzo in writing theG, term. For
our later use, an effective verték A2, p?, p'?) is introduced
to replace €G,/M;)A? as[51]

G
H(A% P2, p'8) = =3{= A%+ a(p? + p'2 - 2M{)
f

(A24)

Now we use the pole dominance again using &d.1) to
find

sons. The energy-momentum tensor between identical vector

mesons contains six independent matrix elemgsity

M,V =G1(A%) (e €)3,3, + Go(A%) (e - Z)(€' -3)X,3,
+G3(A%){(e-3)e, 3, + (e 3)elX,
(€ -3)e,3,+ (€ 3)eI,}+Gy(0D)
X{(e-A)e, A, +(e-A)e A, + (€ -A)e,A,
+(e - A)e,A,~2(e-A)(€ - A)g,, ~ A€ e,
+€,6,)}+ Gs(A%)(e- €)(A,A, - A%g,,)
+Ge(A%)(e-2)(e' -2)(A,A, - g,,A7,

whereZ, ,=(p+p’),, A,=(p—p"), ande, € are the polariza-
tion vectors ofV andV’, respectively. Then the conditions
like Eq. (A17) give

G1(0)=-3, Gs0) =3. (A22)
In the pole model, the form factogg (A?), ...,G4(A?) are

(A21)

dominated by tensor meson poles. Because of the symmetgstimated by using VMD and gauge invariance. We consider

property of the tensor meson, we have generally figV
coupling vertices

gM7G,
Gi1(AY) ==——, (A25)
AZ— M7
which leads to
% =0iG;, G3=-Gy, (A26)

combined with Eq(A22). Therefore, with Eq(A15) we get

G, =-G3=Gy,, ~ 5.76. (A27)

The above relation should hold fdhbpp and f,ww. The
SU(3) symmetry and the ideal mixing give

Gi(fsd) = V2G1(fopp),  Gi(fsdhw) = Gy(fobeh) = 0.
(A28)

Note that two couplingss; and G; are determined by
TMD but G, and G, cannot be estimated without further
assumptions.

4. f,yy and f,Vy couplings
The remaining two coupling§, andG, of Eq. (A23) are

f,— vy using VMD as illustrated in Fig. 9.
By usinge-k=¢'-k’=0 and VMD, we have

025201-11
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ez é ’ _ !
(k2= M2)(k'2 - M%){ m €K

X(k=K'), f*— %(e K') (€ -K(k-K),
f

(k) HK)IF) =

Xk, 7+ BT (e K =K,
(€ K)elk=K) o+ (€ -Ke,(k—K),

G
+(€ - Ke,(k—K) I+ M—“[— M? + a(K?
f

+k'2=2M9)](e €, + e,;ey)w}, (A29)

where we have introduced the notation

2\2 2\2
P w
with
MY
(Ol V) = 2= €u(V). (A31)
\%

PHYSICAL REVIEW (9, 025201(2004)

v Y
f 5 Y
\\ - \\
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FIG. 10. f,—Vy decay in vector meson dominance.

G
ﬁ‘:[— M?Z + (K2 + K'2 - 2M2)]

=-2(k-k)B=(K¥+k'>-M?HB.  (A33)

Solving this system a®=k’2=0 andG,=-Gs gives

A=G,=0. (A34)

Since gauge invariance applies to isoscalar and isovector
photons separately, we gét=0 for V=p, . Still we do not
fix G4 and «, but have a constraint,

G4(M2+ 2aM?) = G,M2. (A35)

To complete the model, let us finally consid&ty vertex.
Here again, we use the VMD as in Fig. 10. The gauge in-
variance of the vertex 4¢=M?2 andk’?=0 leads to

Because of isospin, there is no mixing between the inter-
mediatep andw mesons. By looking at the amplituga29),
however, one can find that it is not gauge invariant, i.e., i . . .
does not vanish when replacireg by k,. This gives a con- ?Shf]"n solving the coupled equatiogs35) and (A36) gives
straint on the couplings. The most general form feyy
satisfying gauge invariance has two independent couplings ~
as[51]

Gy(MF + aM?) = Gy(M? - MJ). (A36)

~ M?-2M? M?2
G4:Gl f . V, _ f

= (A37
M? =ioaz A3

Thus we have determined all couplings of E423) with the
relation (A30).

The above procedure shows that they and f,Vy ver-
tices can be written with two form factors because of gauge
invariance, which read

e
(YK = W{A[(e-e')(k-k’) —(e-K')(€ -K)]
\Y

X (k=K),(k=k), 4 +B[(e- € )(k=K'),,
X(k=K),+€,(k=K)(e-K) +e,

X (k- k/),u(e -K') - e,u(k_ k') (€ -K) €, (y(k)y(k')|f2> — iEKE/)\flu“VAf'YY (k, k'),

X (k=K (€ k) - 2(k -K') M; e
X (e €, + €,€,) |14, (A32) 1
(HRV(K)[F) = —-e e MEALY (K K, (A38)
which then gives M .
_ where
G, ,
w, (CIOATE AT ) = B0 k) I T k), k),
g, . + Oty (k= K') (k= K'), + gy K (k= K'),
M * Kk =K, = g (k=K), = gk
X(k=k), = 2k-K'(9euOr * GOy
&, (A39)
M; ' The vertex functioAy”, (k, k') can be obtained from(3%,,
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by replacingf;,, andgy,, by gsv, andgsy,, respectively.
With Egs. (A38) and (A39), we can obtain thd,— yy
decay width a$

M 1
raz—»yy):56i<§zjgy+gaw>. (A40)
Then TMD and VMD give[51]
1 1
ffw: 0, Otyy =€ f_z + f_z Grwv- (A41)
p w

The vector meson decay constants &e5.33, f,=15.2,
and f,=13.4. By noting that TMD givesGny=Gg,, We
get

I'(f,— vyy) = 8.8 keV, (A42)

while its  experimental value

is I'(f,— ')")’)expt

=2.61£0.24 keV.Thus we can find that this procedure

PHYSICAL REVIEW €9, 025201(2004)

M, 1 .
I'(f,—Vy = _]_077(1 —X)3{ £|ffvy|2(l —X)4 - (ff\,ygfvy
X(1 —x)? 2( X x2>
—_ ==
12 |ng7| 1 2 6 '
(A43)
wherex=M2/MZ2, TMD combined with VMD giveq51]

+ f;Vyngy)

e
fivy=0, O, = f_vav- (A44)
v
This leads to

2 2
f
nuﬂpmnuﬂwwz%ﬂzﬁz&M¢Lz
foy P

(A45)

and[58]
2

2
X X
overestimates the experimental value by a factor of 3—4.I'(f, — pp)/T'(f, — yy) = 29—;”—2(1 —x)3<1 + > + E) =155.

The decay width of ,— Vvy can be computed using Egs.

(A38) and(A39) as

®Here we do not agree with the decay width formula of R&@).

fyy
(A46)

Those quantities are not measured yet. Therefore, measuring
those quantities will be very useful to test TMD and VMD.
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