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A quark model approach to the photoproduction of vector mesons off nucleons is proposed. Its starting point
is an effective Lagrangian of the interaction between the vector meson and the quarks inside the baryon, which
generates the nondiffractive s- and u-channel resonance contributions. Additional t-chdnaetl o ex-
changes are included for theandp® production, respectively, to account for the large diffractive behavior in
the smallt region as suggested by Friman and Soyeur. The numerical results are presenteduf@nithe
productions in four isospin channels with the same set of parameters, and they are in good agreement with the
available data not only im and p® productions, but also in the chargpdoroductions where the additional
t-channelo exchange does not contribute so that it provides an important test to this approach. The investi-
gation is also extended to thi photoproduction, and the initial results show that the nondiffractive behavior
of the ¢ productions in the largé region can be described by the s- and u-channel contributions with
significantly smaller coupling constants, which is consistent with the findings in the similar studies in the QHD
framework. The numerical investigation has also shown that polarization observables are essential for identi-
fying so-called “missing resonances['50556-281®8)07510-4

PACS numbdss): 13.75.Gx, 13.40.Hq, 13.60.Le

I. INTRODUCTION u-channel contributions in the largeregion in which the
t-channel Pomeron exchange becomes less significant. Fur-
The newly established electron and photon facilities havehermore, we will attempt to provide a unified framework for
made it possible to investigate the mechanism of vector mepoth neutral and charged vector meson productions. Since
son photoproductions on nucleons with much improved exthe t-channel exchanges responsible for the large diffractive
perimental accuracy. This has been motivated in part by thgehavior in the smalt region, such as the Pomeron ex-
puzzle that the NRQM1,2] predicts a much richer reso- change, do not contribute to the charged meson productions,
nance spectrum than has been observeaNn- mN scatter-  the nongiffractive s- and u-channel resonances become more
ing experiments. Quark model studies have suggested thghminant, thus, they provide a crucial test to any model that
those resonances missing in theN channel may couple  ;oncentrates on the role of the s- and u-channel resonances in
strongly to, for example, theN andpN channels. Experi- e yector meson photoproductions. The quark model ap-
ments have been performed at ELE#} and will be done at -, - hrovides an ideal framework to investigate the dy-

TINAF in the near futur¢4]. Therefore, a theory on the namical role of the s- and u-channel resonances in the vector

reaction mechanism that highlights the dynamical role of Sheson photoproductions. The studies in the pseudoscalar
channel resonances is crucial in order to establish the “miss- P P ) P

ing resonances” in the forthcoming experimental data for thephotoproductlons have _shovv[rll] that every s- and u-
vector meson, in particulap and p, photoproductions. channel resonance, particularly, those hlg_h partial wave reso-
The experimental and theoretical studies on vector mesofa"1c€s such a8;s andFg7, can be taken into account, and

photoproductions have a long history since the first experithis has been proven to be very difficult for the traditional
ment carried out on the Cambridge Electron Accelerator ir?PProach at the hadronic level. Moreover, it introduces the
1964. There have been some experimental data of the vect@park degrees of freedom directly into the reaction mecha-
meson photoproductions in their threshold regions where thBism, thus gives a very good description to the pseudoscalar
s-channel resonances are expected to play an important rol@gson productions with much less parameters than the mod-
for instance, the data from Reff3,5-7 for the w and p els at the hadronic level. It is therefore natural to extend this
photoproduction I(E‘yhreszl.ll GeV), and the data from Ref. approach to the vector meson photoproductions in the reso-
[8] for the ¢ photoproduction E‘;"eszl.57 GeV). Histori- hance region.

cally, these studies have concentrated on the diffactive be- A major difference for the vector meson production from
havior in the smalt region for the neutral mesdm, p°, and  the pseudoscalar meson case in the quark model is that the
¢) productions, in which it has been shown that the vectoiinteraction between the vector mesons and the quarks inside
meson dominance modéVMD) [9] gives a good descrip- the baryon is largely unknown. Although phenomenological
tion in the low energy region, while the Pomeron exchangemodels have been developed to evaluate baryon resonance
becomes more important as the energy incref$8s The decaying into a nucleon and a vector meson, such as the
focus of this paper is not on the large diffractive behavior inquark pair creaction moddll2] or the 3P, model, these

the smallt region, but rather on the nondiffractive s- and approaches are unsuitable for the description of vector meson
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photoproductions. This is due to the fact that they only yieldment with the available data from smalto larget region.
transition amplitudes for s-channel resonances, but contaifihe overall agreement between the theoretical predictions
no information on how to derive the nonresonant terms in theéind the data available not only for the neutral mesoand
u- and t-channels. Therefore, we choose an effective Lap®, but also for the charged mespri productions in which
grangian here as our starting point that satisfies the funddhe s- and u-channel contributions become more dominant is
mental symmetries and determines the transition amplitudg@markable. It is even more remarkable that batand p
not only in the s-channel, but also in the u- and t-channelsproductions can be described by the same set of parameters,
Even though the effective Lagrangians are different fromwhich is by no means trivial. It suggests that the quark model
each other for pseudoscalar and vector meson photoprodugPproach provides a very good framework to investigate the
tions, the implementation follows the same guidelines. Théesonance structure in the vector meson photoproductions.
transition amplitudes for each resonance in the s-channel b&ur results also show that polarization observables are cru-
low 2 GeV will be included explicitly, while the resonances cial in determining the resonance structure, which has been
above 2 GeV for a given quantum numisein the harmonic shovyn to be the case in the pseudoscalar meson photopro-
oscillator basis of the quark model are treated as degenerat@uictions.
so that their transition amplitudes can be written in a com- In the reactionyp— ¢p. Since the threshold energy of
pact form. Similarly, the excited resonances in the u-channdhe ¢ production is above the resonance region, the primary
are assumed to be degenerate as well. Only the mass splittifigcus here is thepNN coupling constant. Because the pro-
between the spin 1/2 and spin 3/2 resonances witl® in  duction ofss from the nucleons should be suppressed under
the harmonic oscillator basis, such as the splitting betweethe Okubo-Zweig-lizukdOZI) rule, the¢)NN coupling con-
nucleon and\ resonance, is found to be significant, thus, thestant is expected to be smaller than thN or pNN cou-
transition amplitudes for the spin 3/2 resonance With0 in plings. The recent experiment on thep— X (X

the u-channel will be included separately. =1, 7,0,p,7m,7y) [17] has shown a significant violation of
The effective Lagrangian employed here generates nghe Oz rule, and it can not be explained by the diffractive
only the s- and u-channel exchanges, but also a t-channglocess, such as Pomeron exchange. Thus, large contribu-
term containing the vector meson exchange. For chargeghbns from the nondiffractive processes are expected to con-
vector mesons gauge invariance also mandates a seagiffhute to theg photoproduction near the threshold. This has
term. Although in principle, all the contributions from reso- been the Subject of many StUdieS, such as the recenﬂy devel-
nances have been included in the effective_ Lagrangian, W8ped quantum hadrodynamigq@HD) model approach18].
do not expect that such an approach can give an agreeme{ our framework, it could be achieved by fitting the s- and
with the data in the smati region in the neutral vector me- ,_channel contributions to the differential cross section of
son photoproductions since additional t-channel contributionproductiOnS in the largeregion[8], where the contributions
such as the Pomeron exchange, will be responsible for thgom the Pomeron exchange become less significant. The
strong diffraqtive behavior in thg smédilregion. As it has jpitial results show that thesNN couplings in the quark
been shown in Re{13] and also in Ref[14] and Ref[15]  model are small, but significant which is consistent with
about the diffraction duality, there can be a nonresonanihgse in the QHD approach.
imaginary background amplitude in neutral vector meson, |n sec. II, we briefly discuss some of the observables used
such asw and p° photoproductions, but not in the charged jn our approach, which have been developed extensively in
vector mesorp™ photoproductions. Therefore, the large dif- Ref.[19]. The framework for the vector meson photoproduc-
ference of the cross section between the neutral and chargggdns with effective Lagrangian for the quark-meson interac-
p meson photoproduction, observed in the direct channejon is presented in Sec. lil. In Sec. IV, we show our numeri-
resonance region, is due to such a background amplitud@g| studies of thaw, p, and ¢ photoproductions in the five

and it should be from the large contribution of the Pomeronsospin channels. Finally, conclusions will be presented in
singularity in the neutral photoproduction from high energiesgec. v,

down to the threshold. This has been one of our concerns in

the numerical investigations. Therefore, we add a t-channel

0 exchange to the amplitude far photoproduction and & Il. OBSERVABLES AND HELICITY AMPLITUDES
exchange term to the amplitude fof photoproduction sug-
gested by Friman and Soye[t6] who showed these two
terms play dominant roles im and p° productions, respec-
tively, over other meson exchange processes near the thre
old.

With the above considerations, we apply our model to the
five isospin channelsyp— wp, yp—p°p, yn—p p, ¥p
—p'nandyp— ¢p. With the same set of parameters intro-
duced in our model, we obtained an overall agreement withvherek andqg are the momenta of the incoming photon and
the differential cross sections in the largeegion for the first  outgoing vector meson. The helicity states are denoted by
four channels, while with relatively smaller parameters in thex = =1 for the incident photon\,,=0,=1 for the outgoing
¢ photoproduction, we predict the behavior of the differen-vector meson, andl;= =1/2, A,=*=1/2 for the initial and
tial cross section in the largeregion. With the additional final state nucleons, respectively. Following RE9], the
t-channel 7° and o exchanges included in the and p°  amplitude can be expressed as & @ matrix in the helic-
photoproduction, respectively, we obtain an overall agreeity space,

Before presenting our quark model approach, we intro-
ce some general features of vector meson photoproduction
n the nucleon. The basic amplitugefor y+N—V+N' is
2fined as

F=(ahA2| TIkAA ), D)
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Hpoy Hyp  Hzoy  —Hyg in the center of mass frame, whevg is the total energy of
H H _H H the systemE; andE; are the energies of the nucleons in the
4 31 11 2-1 initial and final states, respectivelyMy represents the
Ho Hio —Hgzo Hao masses of the nucleon and,, denotes the energy of the
F=| Hy, Hg Hyo —Hyp |- (2)  outgoing meson.

These helicity amplitudes are usually related to the den-

Ha-1 Hig Ha —Ha sity matrix elements;, [20], which are measured by the
Hyo1 Hsz_y —Hpp H,, experimentg21]. They are defined as
. . 1
Because of the parity conservation, 0__ *
us p |y servatl plk A )\)\22)\1 H)‘Vi)\Z’)‘)\lH}‘Vk)‘Z’A)\ly
(NI TIKAN ) = (= DM A=Ay = Ao TIk=N =\ y),
() 1
Pilk:_ 2 Hxvxz,fan: Ao AN ?
whereA;=\—\; andA;=\y— \, in the Jacob-WickJW) Any TV Vicz
convention, thel—laxv(e) in EQ. (2) reduces to 12 indepen- .
dent complex helicity amplitudes: 2 _ ! *
Pik= A “\22)\1 AHxvixz,—Alekaxz,Mli
Hl)\v=()\v,)\2:+1/2|T|)\:1,)\1=—1/2>
i
Hov, = (M A=+ 12TIN=1)\=+1/2) p?ﬁx MZX AHAV_AZ,WHIWM,W, (8)
2M1 !
H3}\V:<)\V1)\2:_1/2|T|)\:11)\l:_1/2> Where
H4)\ :<Av,)\2:_1/2|T|)\:1,)\1:+1/2> (4)
Y A= E H)\VAZ,)\MH: Ao ANg? 9
Ay A2k i V2t

Each experimental observabi@ can be written in the

generalbilinear helicity product(BHP) form, wherep,, stands forva " and,. M, denote the helicity
i Vk !

Q*F=Q*BT(p) of the produced vector mesons.
For example, the angular distribution fof decaying into
:+1<H|Fawﬁ|H> 77~ produced by linearly polarized photons can be ex-
T2 pressed in terms of nine independent measurable spin-
1 density matrix elements
I * a B ,
) a'b%')\\,/ Ha}\vrabw)\v)\\’/H bX,,- (5)

31 R
W(cos6,¢,0)= — 5(1—p00)+ 5(3poo— 1)cosé
For example, the differential cross section operator is given

by —v2 Re p3esin 29 cos ¢
Q== = 7(9) —p]_;Sirf6 cos 2p— P,cos 2b(pysirtd
1 .
= §<H||H> + peeCoS0—v2 Re picsin 26 cos ¢
1 —pi_,sirfg cos 2p)
= 5 Z Z IHa/\vlza (6) ) 5 . )
a=1Xy=0,£1 —P,sin 2b(v2 Im pfgsin 26 sin ¢
where the box frames denote the diagonal structure of the +1m pi_;sin’6 sin 2¢)|, (10

matrices. Thd” and w matrices labeled by different and 8

correspond to different spin observables. With the phasgherep . is the degree of the linear polarization of the pho-

space factor, the differential cross section has the expressiqfn, ¢ is the angle of the photon electric polarization vector
with respect to the production plane measured in the c.m.

= (p.s. factoy7(6) system_, an(ﬂ and ¢ are the p0|éir and a;imuth(z)il angles of the
«* which is produced by the® decay in thep? rest frame.

o
dQcm,

_ aewm(Es+My)(Ei+My)

87s 11l. QUARK MODEL APPROACH FOR VECTOR MESON
PHOTOPRODUCTION
4
1 . . .
«lal= H.. |2 7 The starting point of the quark model approach is the
ol 3 agl )\VZEO,tl [Ha @) effective Lagrangian,
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— — ibo,,q" whereel,, €” are the polarization vectors of the vector me-
Let=— ¢y P ¢+ tﬂyﬂqu"lﬂ-i-J(an*‘ T) m sons and photons. However, we find that the condition
d (11) (\2]3,,9"IN1)=0 is not satisfied for the t-channel vector
meson exchange term,
where the quark fields is expressed as

€m
P(u) Mtfi:_a<Nf|§|: m{zq-ey-em—%qf'fm
Y= ﬁg; , (12) +K- eqy- el DN, (20)

based on the Feynman rules for the photon-vector meson

and the meson fielg, is a 3® 3 matrix, coupling, and the relation

%p%%w p* K* (Nily-(q—k)e'“"9n|N;)=0. (22)
2 2 To remedy this problem, we add a gauge fixing term, so that
= 1 1 13
d’m p— __p0+_w K*o ( ) em
Vit Mi=—aiN|Z 57 20 ey en7-e-en
K*~ E*O ¢ |

+k-eqy- ek DN, (22
in which the vector mesons are treated as pointlike particles. ) . . ]
At tree level, the transition matrix element based on the ef- The techniques of deriving the transition amplitudes have
fective Lagrangian in Eq(11) can be written as the sum of Peen developed for Compton scatter{®&2]. Following the

contributions from the s-, u-, and t-channels, same procedure as given in Ed4) of Ref. [11], we can
divide the photon interaction into two parts and the contri-
Mi=MS5+ME+ M}, (14)  butions from the s- and u-channel can be rewritten as

+ .
where the s- and u-channel contributions in Bgl) have the M =1(N¢[[ge,Hm]INi)

following form: 1
+iw N¢[H NN | =——h_|N:
i ) 1 E]: < f| m| J>< J| E|+w—E] E| I>
Mfi+Mfi:; <Nf|Hm|Nj><Nj|EiT_EjHe|Ni> L
+iwX (Nilhem———=IN;}(Nj|H,IN;),
1 i E| Wm Ej
+; <Nf|HeEiTm_Ej|Nj><Nj|Hm|Ni>’

(23)
(19  where

where the electromagnetic coupling vertex is ,

ge=> er-ee'® ", (29)
— |
He=—¢y,84A" Y, (16)
and the quark-meson coupling vertex is he:E er - e(1—a-k)e'kn (25)
|
ibO',u,,q"
Hn=—y|ay,t —5 —|émi 17 .k

wheremy is the quark mass and the constaa@ndb in Egs. _ _ _ -

(11) and(17) are the vector and tensor coupling constants, The first term in Eq.(23) can be identified as a seagull
which will be treated as free parameters in our approach. Théerm; it is proportional to the charge of the outgoing vector
initial and final states of the nucleon are denotedy and ~ meson. The second and third term in E2@) represents the
IN¢), respectively, andN;) is the intermediate resonance S- and u-channel contributions. Adopting the same strategy
state, whileE; and E; are the energies of the inital nucleon @s in the pseudoscalar case, we include a complete set of

and the intermediate resonance. helicity amplitudes for each of the s-channel resonances be-
An important test of the transition matrix elements low 2 GeV in theSU(6)® O(3) symmetry limit. The reso-
nances above 2 GeV are treated as degenerate in order to
Mfi:<7\2|~]uv€”€ﬁ1|>\1>, (18 express each contribution from all resonances with quantum
numbern in a compact form. The contributions from the
would be gauge invariance: resonances with the largest spin for a given quantum number

n were found to be the most important as the energy in-
(N2|J k¥ IN1) =(N5]d,,0"|N1) =0, (199  creases[11]. This corresponds to spid=n+1/2 with |
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=1/2 for the reactiongN—K* A and yN— wN, andJ=n  where the first two terms are seagull terms which can be
+3/2 with 1=3/2 for the reactionsyN—K*3 and yN rewritten as,
—pN.
Similar to the pseudoscalar case, the contributions from
the u_—channel resonances are divided ir_lto two parts as well. Mfsieagmh_)_ awmem<N |- ee! =91 N;)
The first part contains the resonances with the quantum num- w|ql
bern=0, which includes the spin 1/2 states, such asthE
and the nucleons, and the spin 3/2 resonances, such as the _ 'a“emm |E - e k0T N,).
3* in K* photoproduction and (1232 resonance ip pho- [¢] f "
toproduction. Because the mass splitting between the spin (30)
1/2 and spin 3/2 resonances for 0 is significant, they have

to be treated separately. The transition amplitudes for thes1ahe first term will be cancelled by a corresponding term

u-channel resonances will also be written in terms of the, . ihe t-channel to keep the gauge invariance, while the
helicity amplitudes. The second part comes from the excite econd term has more explicit expression as '

resonances with quantum number 1. As the contributions
from the u-channel resonances are not sensitive to the precise
mass positions, they can be treated as degenerate as well, so auen

that the contributions from these resonances can again be MpeaoUllL) = — T2 9,q- ee' "M, (31
written in a compact form. dler

where theg—factorgf) is defined as the following:
A. The Seagull term

The transition amplitude is divided into the transverse and
IongltL_JdmaI amplitudes accordmg_to t_he polarl_zatl_on of the gtu:<Nf|E_ |j|Ni>- (32)
outgoing vector mesons. The longitudinal polarization vector ]
for a vector meson with mags and momentuny is
The values ofgf) for every channel is presented in Table I.

The corresponding expressions for the t-channel amplitudes

1 |l are given in the Appendix. The last two terms in ER9)
el'=— q |, (27 will be discussed in the following sections.
1 ‘*’mm The nonrelativistic expansion of the transverse meson

quark interaction vertex gives

where w,,= g%+ 12 is the energy of the outgoing vector

mesons. Thus, the longitudinal interaction at the quark- b’
meson vertex can be written as HL:Z 50 (gXe)Tan e+ 5 — P| fjeian
g
(33
Hp=€l'J, = €0do— €33 (28)  whereb’=b—a, p| is the internal motion of thith quark in
the c.m. system, and
where €3 corresponds to the direction of the momentgm
The transition amplitudes of the s- and u-channel for the f ot .
longitudinal quark-meson coupling become aj(s)ay(u) for K
a/(s)a(d) for K*©
e . ] alda(u for p*
M2 (L) =i(N¢|[ge, HmlINi) — |w<Nf|{he’aJ0hNi> "= 1 0
- S @Wa(w-al(da(d) for p
w
+iw, <Nf|(60——m63)J0|Nj> ! for w(¢).
i Qs (34)
1 The vectorA has the general form,
X<Nj|EiT_Ejhe|Ni>
1 P (35)
+iwY, (Nfhe=———— [N }(N;| Ei+M; E+M;’
i Ei (,()m EJ

which comes from the center-mass motion of the quark sys-
€0— ﬁeg)\]dN) (29) tem._ln the s- and u-channéy, has the following expression
for different channels,

X




2398

q
s-channel A——m, (36)
h I A= ! + ! k !
u-channel A==1gxm, "E+Mm, ) E+m, T
(37

The transverse transition amplitude for the s- and u-channel

IS
MM (T)=i(N¢l[ge,HLIIN;)

1
+i TIN, = i
Iw; <Nf|Hm|N]><Nj|Ei+w_Ej he|N|>

1
i — . . T .
o2 (Nilhog g N (N HRIND.
(38)

The nonrelativistic expansion of the first term gives

M5E29U T) = —i(N¢|[ge, HIIIN:)

P-€
I R-e}

X e—(k—q)2/6a2| N|>

o-(PXe,)
+aenga(Nil| —z R
x e~ (k=a%6a?| Ny (39)

where{A,B}=AB+BA is the anticommutation operatd®.
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in the harmonic oscillator basis, where

! ST A
Z—mqo"(f ) 3,21

au
Mg:g%m

w

1 k-q
_gu@qu W,Pf'k . (41)

which corresponds to incoming photons and outgoing vector
mesons being absorbed and emitted by the same quark, and

am| , i k-q
M5=95H % 3m, ¢ (ka)FO<_6a2fo k)
vqr g et — K9 bk 42
920 € 5a2' 1 (42)

in which the incoming photons and outgoing vector mesons
are absorbed and emitted by different quaiksin Eq. (41)

and Eq.(42) denotes the four momentum of the final state
nucleon. The functiorr in Eq. (41) and Eq.(42) is defined

as

My

n—I)!(y+n5M2)Xn_|' 43

F'(x,y):ngl (

wherensM?=(M2—M?)/2 represents the average mass dif-
ference between the ground state and excited states with the
total excitation quantum numbaerin the harmonic oscillator

mass motion of the three quark system.

used in the quark model and is related to the harmonic os-

The seagull terms in the transitions are proportional to th&;jjator strength.
charge of the outgoing mesons and, therefore, vanish in the gjimilarly, the transverse transition in the u-channel is

neutral vector mesony, p°, and ¢, photoproductions.

B. U-channel transition amplitudes

The last term in Eq(29) is the longitudinal transition

amplitude in the u-channel. We find
ME(LD) =103 (Nelhe = [N;Y(N)| — 2 3olNp
fi wj f eEi_wm_Ej j j |q| ol Nj

(02 + K2V /62
=(M3+My)e (@ FkI/6 (40

!

given by

MM =i, <Nf|he;|Nj><Nj|HL|Ni>
]' Ei—wm—Ej

= (MY+MY)e (@ +KD)6a® (44)

where

uou D ] 0 k-q ia 0 k-qg
M3/93=—m2{gv(e><k)-(quU)—I—Ia'-(eXk)X(quU)}F Q,Prk —— o (exXk)A-¢g,F 3—az,Pf~k

4mg

ia " " ib'w
+ —12“2 o (eXK)e,- +6mqa2

i ke-qF?
gvlsmqa2 €,-Ke-(Q

k-q
W'Pf'k>

2meI

aw aw . K-d
(T'(qXEU)E'Q'f‘gUWE‘QA'GU_gU_E‘GU F Z!Pf'k

6m, 3a?

(45



PRC 58
and

!

b™ - k-q
Mg/ggzm{gv(ex k) : (qX GU)—lgaO" (EX k)X(qXGU)}FO( Pf k) -
q

H !
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A xK) €, K— o X e P e F = =3 Pk
24”13 0"(6 )ev' 12rnqa2 ‘T(q €v)e'q gu6a2 € 0A-€, gulz.nq € €, a f

aw

~9, T2mga

k-qg

—=— €, -Ke- sz( 6a —,Ps- k)

The g-factors in Eqs(41)—(46) are defined as

(N |E 10N} =ga(N{| oIN)), (47)
g§=<Nf|§ &jijofIN)/ga, (48)
gz=<Nf|§j &TiofINi)/ga, (49)
gu:<Nf|; &1 IN))/g40a. (50

0:=343g, (N2 Tigjori- iy, (51

ga= <Nf|2 liej( 07X ay),IN). (52)

29594

The numerical values of theggefactors have been derived in

2399
a oA er9 - <9 bk
622 Z—mqﬂ"(f )A- €, sa2'Fr
k
6a?’
(46)

in K* production have to be computed separately. The tran-
sition amplitude withn=0 corresponding to the correlation
of magnitic transitions is

1 M fe—(q2+ k2)/6a2 b’

Un—0)= —
M=) = = ome Prk+oM%72 2m,

xX[(939,+059,)(kX€)-(qXe,)

+i(93—0292) 0+ (kX €) X (aX €,)]. (53

The amplitude for spin 1/2 intermediate states in the total
=0 amplitudes is

(N¢[he[N(I=1/2))(N(I=1/2)|H | N;)

b’ Mfe—(q2+k2)/6a2
~2m, Prkr oMz LK (ax&)

q

t+io-(kXe)X(gXe,)], (54)

Ref. [11] in the SU(6)®0O(3) symmetry limit; they are whereuy is the magnetic moment, which has the following

listed in Table | for completeness.

The first terms of Eq(45) and Eq.(46) correspond to the

values for different processes:

correlation between the magnetic transition and the c.m. mo-
tion of the meson transition operator and they contribute to

the leading Born term in the u-channel. The second terms are
due to correlations between the internal and c.m. motion of Ok* AN
the photon and meson transition operators, and they only

contribute to the transitions between the ground agel

excited states in the harmonic oscillator basis. The last terms
in both equations represent the correlation of the internal

MA gK*ENIu,AE for yN— K*A
N psot gK*ANMAE for yN—K*S (55
Ok*sN
N, for  yN—pN;.

motion between the photon and meson transition operators,
which only contribute to transitions between the ground and

n=2 excited states.

Thus, we obtain the spin 3/2 resonance contribution to the

As pointed out before, the mass splitting between thdransition amplitude by subtracting the spin 1/2 intermediate
ground state spin 1/2 and spin 3/2 is significant, the transitiostate contributions from the total=0 amplitudes as fol-

amplitudes forA resonance ip production or>* resonance

lows:
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TABLE |. The g-factors in the u-channel amplitudes in Eqs.  TABLE Il. The operators in the longitudinal excitations ex-

(45) and (46) for different production processes. pressed in terms of the helicity amplituddésand g are the unit
: i vectors ofk and q, respectively. Thed functions depend on the
Reactions 95 9 9 O, 9i Oa Os 9y rotation angled betweerk andg. All other components ofi,, , are
Yp— wp 1 0o 1 0 0 1 0 3 zero.\,= = 3 denotes the helicity of the final state nucleon.
_2 2 _
yn=en & 3 0 1o ! ; 3 Operators Hio(A o= %) Hoo(N2= %)
yp—p'n —% % % % % % —% 1 Hso()\zz_%) H40(7\2:_%)
- 1 4172 1 41/2
nop~p 2 1 3 1 9 _s Ay 1 q-€ X %od—?/z)\z digdi,
yn—p 3 3 5 5 5 T o (€xK) Iﬁdi,gz 0
'yp—>p0p % % % 2 0 i %’ - i o-(eX 61) id%odl—%/zxz - Id%odig)\z
2 7 +ivadigih,
0 2 2 5 A 1 Al A A . .
mopn ot 60T 0 —on 2 o (ex)Geg vadigieh,  ivadigdid¥in,
a1l 41 41/2 4l g1 4172
yo—K*FA —1 L1 11 \/g 3 % \/g —idigdoed =1, +ididodasa,
(exk)-qo-k —idid¥, ididi/a,
U R
C. S-channel transition amplitudes
—K*F30 -1 1 -3 -7 9 ! o 1 , : .
P 3 3 Y M3 7 The third term in Eq(29) and second term in Eg38) are
the s-channel longitudinal and transverse transition ampli-
ok 50 1 1 3 17 -9 1, _1 tudes. Following the derivation for Compton scattering in
V2 V2 Ref.[22], we obtain the general transition amplitude for ex-
Py cited states in the s-channel,
yp—K*Z*T -5 § -3 2 0 3 0
3
ynoK**s- -1 -2 -3 2 o -i o0 1 H) = 2Mr h (58
- 3 3 3 aNy o— i a\ !
Yp— Bp 1 0 1 0 0 1 0 3 v s=Mg(Mg=il'(q)) v
2 2
yN—¢n -5 § 0 -1.0 1 0 3 where \s=E;+ w=E+ w, is the total energy of the sys-
tem, and—ljmv are the helicity amplitudes defined previously.
s I'(g) in Eq. (58 denotes the total width of the resonance,
. b’ M (@ kIees . which is a function of the final state momentum For a
M™=— 2Mg P, k+ SM2/2 {[(939, +929,)/2mq— ] resonance decaying into a two-body final state with relative
f angular momenturh, the decay widtH'(q) is given by
X (kX €)-(qX &) +i[ (94— 94g5)/2my— ren] -
) 6 (@) =T Vs S |qu) Di(q) 59
X o [(kX €)X (gX . =lr il TRy TR
ag [( 6) (q eu)]} ( ) RMR 7 ! |qIR| Dl(q|R)
- - . . with
Substituting theg-factor coefficients into the above equation
gives the following general expression for spin 3/2 resonance (M2—MZ+M?2)2
with n=0: |q_R|:\/ RN 1 M2 (60)
I 4MR I
b’ M fgsef(q2+ k2)/6a? and
= {20 (gx )0 (kXe)
2mg My(Py-k+ 3M?/2) (5- M2t M)
N i 2
lal= Vs —M? (6)

—io-[(gXe)X(kx €]}, (57)

wherex; is the branching ratio of the resonance decaying

where the value ofj is given in Table I. into a meson with maddl; and a nucleon, anby, is the total

Note that the transition amplitudes here are generallydecay width of the resonance with the maég. The func-
written as operators that are similar to the CGLN amplitudegion D,(q) in Eq. (59), called fission barrief23], is wave-
in pseudoscalar meson photoproduction. They have to b&inction dependent and has the following form in the har-
transformed into the helicity amplitudes defined in E. In ~ monic oscillator basis:
Tables Il and 1ll, we show the relations between the opera- @
tors presented here and the helicity amplitudes; they are gen- _ _
erally related by the Wigned-function. D|(q)—exr< 3_012) (62)



PRC 58 VECTOR MESON PHOTOPRODUCTION WITHN . .. 2401

TABLE I1ll. The operators in the transverse excitations ex- TABLE IV. The angular momentum and flavor parts of the
pressed in terms of the helicity amplitudésand g are the unit  helicity amplitudes foryp— wp(#p), or yn—wn(¢n), in the
vectors ofk and g, respectively. Thel functions depend on the SU(6)®0(3) symmetry limit. They are the coefficients of the spa-
rotation angled betweerk andg. \y=*+ 1 denotes the helicity ap tial integralsA, B, and S in Egs.(71) and (72). The analytic ex-

meson, and\zz i% denotes the he||c|ty of the final nucleon. preSSiOI’IS fOA, B, andS in Tables IV=VI are giVen in Table VII.
The asterisk in Tables IV-VI denotes those states decoupling in
Operators Hi (A= ) Hap (A= 1 spin and flavor space, thus, their amplitudes are zero.
Hay,(\2=—3) Han,(\2=—3)
States Sipp A Az
C - / /
(exk)-(6x0q)  —\dp, dY¥ip, =\, 15, S A B A B
o7 —ikvdildl—lzllzxz ikvdildigxz 2
. N(®Py)1/2- 0 0 S 0 0
—ivand, ot Pz 36
o (exk)k-g, iv2dg, dia 0
( ) oY, NPy s/ 0 0 i 0 0
o (ex0)de  IVINdi], dif VAl ¥, 3v3
_i)\vdiod(lnvdl—/zl/zxz +i)\vd%0d(1))\vdi%2 N(*Pu)1/2- 0 0 _i\/_ * *
3V6
€€ dixvdl—/i/z\z dixvd 1%\2 L L
§-ek-e, di, 0402, d3, 05,913, NCPu)arz- Y
o (eXQ)k-¢, i‘/idéodclmvdigxz 1 1
N(*Pw)s/2- 0 0 — 0 —
+idiedh, i3, —idigdh, i3, 30 J10
0’(€vXR)a' € _i‘/idiodl—lxvd%xz _i‘/idiod%xvdl—lzuzxz N(*Dg)3/2+ - % \/§ —% % — i *
5
o (€,X€) —ivad}, di2 2\/—
Vv 2 N(ZD ) + \/E \/Z 1./3 i *
—idL g2 idl g2 S/5/2 5 5 3Vs /5
M-, Y2,
N _ _ 2g 1
o-(kX0g)e €, "/Zdl—lodi\vd%gxz |\/§diod%)\vdl_/21,2)\2 NSz 1 * 3 * *
" oA . . 2
(eX€)-qo-q "/i)\vdbvdiodﬂ%\z "/i)\vdbvdilodl—/zl/zxz N(*Su)1/2+ 0 * gj * *
—i )\vdixvdclmdl—/ilzxz i )\vd%xvdéodigxz
A s - 2 T N(“Sy) 32+ 0 * 1 * 1
(eX€,)-qo-k *')\vdixvdl—llzxz iNydiy dija,, MI3/2 32 /6
(ex€,)-ko-q i‘/id%xvdi 1%\2 i‘/id%xvdl—lodl—lzllzxz ) 2
) / N( DM)3/2+ O O —_—— O *
il 1 4172 il 1 41/2
—idiy dogd=1/a, +idy, docdi/a, 3,5
A _ ) 2 N 2
(exe) kok  —id} @, i}, 413, NOOwlsar 00N 0
N(“Dy) 12+ 0 0 e * *
which is independent df In principle, the branching ratig 310
should also be evaluated in the quark model. . 1 1
For a given intermediate resonance state with gpithe ~ N(*Du)3/2+ 0 0 370 0 Nes
twelve independent helicity amplitudhéxv in Eq.(58) are a
S - . 1
comblnatlo'n of the.meson anq photon helicity amplltudesN(4DM)5/2+ 0 0 _ 0 _\/%
together with the Wigned- functions J210
han, =2 AR, 4 (DAY AL 63  Ne¢D 0 0 ! 0 —
A AN P! + JR—
ay £ A ("Dm)7s2 NeS J21

whereA;=\y—\,, A;=A—\; andk-qg=|k||q|cos@).
The A, andA, in Eq. (63) represent the helicity ampli-
tudes in the s-channel for the photon interactions; their ex- hl,=dl, 5 O)AY AL
.. . . . 11 1/2,3/ 1/2223/2»
plicit expressions have been given in Rgf4].
More explicitly, the 12 independent helicity amplitudes h) — g 0)SY | A
are related to the photon helicity amplitudag,, A}, and 10= 0= 17234 0)S- 23,
vector meson helicity amplitude®),, AY,, andAY,, through
the following relations: hi_1=d2 g 34 O)AY 3A% (64)
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fora=1, and\y=1,0,—1, 3a -
=l A )AL AL, ~2vam, VIPoe T "
h%o: d’ 12,14 0)s’ 1AL _3p’
h2-1=d? 5204 OAY 3AY, (65 B= 2m, lal{yrle™ ) 74

fora=2, and\y=1,0,—1,
3pa i
h31=d37234 0) A3 AL, S=- W(¢f|e REETT) (79

h%o: di/2,3/2( 0) S¥/2A%//2 , _ . _ _
where pz =p,—ipy. In Eq. (71), L3, and o3, denote or-

hi_1=d’ 5 3L DAY LAY, (66) bi\t/al and s\r/)in flip operators. The helicity amplitudag,,
Az, ands;,, are the matrix elements of E¢r1) and Eq.
fora=3, and\y=1,0,-1, and (72). We list the angular momentum and flavor parts\df,,
hlmdd ()AL A7 AY,, andS/,, for w andp photoproduction in Tables IV-VI
4 Vs 31272 in the SU(6)® O(3) limit with A, B, andS in the second
row to denote the corresponding spatial integrals, which are
hio= 1014 ) SA s, given in Table VII.
3 ; Vo oay The resonances with=3 are treated as degenerate since
hz-1=d~ 12 1A OAZ 1AL (67)  there is little information available about them. Their longi-

tudinal transition in the s-channel is given by
for a=4, and\y=1,0,—1.

The amplitudes with negative helicities in the above equa-
tions are not independent from those with positive ones; they
are related by an additional phase factor according to the
Wigner-Eckart theorem,

hiy —o=(M3(L)+M3(L))e @6 (7g)
any=0 3 2

v PRy where
AV = (=1l A, (68)
where J; and J; are the final nucleon and initial resonance MS(L)=gSa—M| i o (exK) i( k'Q)”
spins, andly, is the angular momentum of the vector meson. 3 3|q| 2my n!\ 3a?

The angular distributions of the helicity amplitudes in terms K.q\n-t
of the multipole transitions have been discussed in R, +g ﬂzq, € ;(_qz) ] (77)
and the expressions here are consistent with their analysis. "3a (n=1)!'\ 3a ’
The evaluation of the vector meson helicity amplitudes
are similar to that of the photon amplitudes. The transitiongng
operator for a resonance decaying into a vector meson and a

nucleon is A i 1(—k-q\"
b’ a ) ME(L)=—95W[QQH U'(EXk)n—,(W)
Hp=2 i3 01 (aX€)+5—p/ € (T1e7 9", ! '
L a 69 T L[k 78
©9 %629 € -1\ 6a?| |- 7O

for transverse transitions and
The g-factors in Eqs(77) and(78) have been defined previ-

H'r-nzT_'T 2 fle—iqw' (70) ously, and
|
. . s T L ~
for longitudinal transitions. Thus${,, andH, have the group a5=(N{| E e C,J_Z| N;)/ga=en+as, (79
structure, i
HiL=13(ALg +Bog), (7))  wheree,, is the charge of the outgoing vector meson.
g The transverse transition amplitudes at the quark level are
an

A hy —eq=(MS(T)+M3(T))e™ (@+K6®  (gg)
HL =138, (72 Mvzsr TS ?

where where
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TABLE V. The angular momentum and flavor parts of the helicity amplitudes/for> p°p in the SU(6)® O(3) symmetry limit, while
those foryn— p°n are given byA(yn— p°n)=(—1)'"2A(yp— p°p), wherel is the isospin of the resonances.

States Si2 A1 Aszp States Si2 Axp Aszpz
S A B A B S A B A B
1 2
NCPW2-  — V2 — * * NCSy)1/2+ -1 * - * %
3v3 3v3 W3
2
1 A(4S/S)3/2 0 * % % _c
NCPy)s- —21y2 —— 22 -1 * 373
m)3/2 2 v V3 3 3
2
1 A(4SS)3/2 0 * 2 % _c
N(*Pw) 1/2- 0 0 = * " 9 Ve
1873 2¢ y1/2+ 1 2
N(“Sy) -3 * -5 * *
1 1
N(4PM)3/2’ 0 0 — 0 — 1 1
1815 65 N(*Sw)arz+ 0 * 18 * —
V15 V5 18 67
1 1 2 + 1 1
N(“Pw)s/2- 0 0 — 0 — A(“Sum)1r2 3 * -5 * *
M)s/2 T N 1
1 1 NCDWar  3VE  -3VE B3 if *
A(ZPM)J./Z* 7% % % % * * )
. N(Dw)sr —32 —1\2 2% 5E *
A(CPw)3s2- %\/g i —%\/g i * .
N(*Sw)arz* 0 * i * ™
) 1 1 V5 1
N(“Dg)sjpr — —— _ = * L
3\ V30 9 3V10 N(*D)1r2+ 0 0 S *
18\5
1 1 2
NCDYspr —— —— -3V& —— *
° J3o 35 'Y 310 N(*Dy)szs O o -t 0 o
18\5 6115
2
A(*Dg)yjz+ 0 0 ﬁ * * N(*Dw)s/2+ 0 0 _lls\/% 0 -\
1
A(PDy)ars — L 1.3 1z 1
A(*Dg)zso+ 0 0 _2 0 2 ("Dwm)arz+ —3v2/5 3\/2 9\/; 35 *
95 3\15
2
A(*Dg)s/o+ 0 0 NE 0 EFNTING IR N NN o *
A(*Dg) 72+ 0 0 %\/% 4342
b’ M3(T)/gz=7—19,(axe,)- (exk)
M3(T)/g3=5 >1{g,(a% &) (exK) ST Amg
q
L(k-a)” +igio- (gX €,) X (€xK)} 1(_k'q>n
: ig o € € —|—=—
+io-(gXe,) X (exk)} — —2 9a0- (A7 & n'l 6a®
n!'\3a
ia ib’ +[ 2 (exk)e -k
@ 5 O (€ €,
+— (eX K+ .
12m§ o-(exk)e, -k quaz o-(q 24mg
_ ib'w
aw 1 k-g\"* ——=——>0-(0X¢€,)€e-q
X g+ . — 2 v
fv)e q gv 6mq €, E] (n_1)| (3&2) 12]'T'Iqa
Ck.q\n-1
tg -2 keq— k-q)"* —9512:: GU'E] ﬁ(%)
9 1&ﬂq0[2 €,-Ke-(Q (n_2)| 3a2 ) q ( ! o
(81 o aw ) 1 —k-q\"2
9 7amea? © K€ (1)1 | Ba?

and

(82
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TABLE VI. The angular momentum and flavor parts of the helicity amplitudey/fer: p* n in the SU(6)® O(3) symmetry limit, while
those foryn—p~p are given byA(yn—p p)=(—1)""*2A(yp—p™n), wherel is the isospin of the resonances.

States Si2 A1 Aszp States Si2 Axp Aszpz
S A B A B S A B A B
2 2 4 2
NCPW) 1 —— — - * * INGSA T 0 * = * 1,2
3.6 3‘/3 9\/6 ( 85)3/2 M 3\/;
2 2 4 2 2
N(*Pn)s/2- — — — — * A(*S 0 * - * 1./2
33 36 93 3v2 (Sarzr w2 W
1
N(*Pm)1/2- 0 0 — * * N(®Sy)1/2+ 2 * A * *
9V6 3v2 W2
1 1 1 1
N(*Pu)a/2- 0 0 - 0 -— N(*Sy) 32+ 0 * - * -
9,30 3y10 MIsr w3 306
1 1 1 1
N(*Pn)s/2- 0 0 -—— 0 ———= AGSy)it il * - * *
3430 3V15 M2 33 w3
1 1 1 4
2 - = = = 2
A(°Pum) 12 36 33 G * * NCDw)az: -2k 2 “oF ~12 *
1 1 1 1 5
ACPW s @ — = = = * N(2D,,)e ot 2 4 afz 22 *
33 3\/5 93 3v3 (“Dm)sr2 i5 3\/§ s V1o 3\/;
1
N(®Daz -2 33 -3z - ——  « N(*Dy)yzr O o -t X
V5 910
2
N(2D5)512+ % g %\/g g g = * N(4DM)3/2+ 0 0 _1 0 _ 1
35 910 3,30
2
A(*Dg) 1)+ 0 0 —— * *
sz 9V10 N(*Dy)s/2+ 0 0 W 0 N
2 4 1 1
A(D 0 0 __c 0 1 [2 N(*Dp)7/2+ 0 0 S 0 =
(D o Vs W i
1 1 1 1
ACDy) gy 2ty
4 M)3/2
ACDYsr 0 0 -3JE 0 3% 355 30 96 310
2 2 1 1
A(*Dg) 72+ 0 0 T 0 r— A(’D _— _ _1./3 1./2 *
3\/3—5 3\@_ (“Dm)srz+ \/% 3\/§ 5 V1o 3Vs5
N(*S9)1/2+ 3 * § * *

Qualitatively, we find that the resonances with larger parnucleons and baryon resonances,

tial waves have larger decay widths into the vector meson

and nucleon though this is not as explicit as in the pseudo-

scalar cas¢11,26. Thus, we could use the mass and decay R(@K = yanR(@yq kv, ®3

width of the high spin states, such &5,(2190) forn=3  wherey,=M;/E; andy,=M;/E;. A similar procedure had

states andH 1o(2220) forn=4 states in thes photoproduc- been used in the numerical evaluation of pseudoscalar meson

tion. The relation between these operators and the helicitphotoproductiori26]. There are two overall parameters from

amplitudeshaw has been given in Tables Il and llI. the quark model formalism; the quark masg and the pa-
rametera related to the harmonic oscillator strength, and we
adopt the values commonly used in the quark model ap-

IV. THE NUMERICAL RESULTS proach for these parameters,

Before discussing the details of tle p, and ¢ produc- m..=330 MeV
tions, it should be pointed out that the nonrelativistic wave q '
function in the quark model becomes more inadequate as the a=410 MeV. (84)

energy of the system increases. A procedure to partly remedy
this problem is to introduce the Lorentz boost factor in theNow, we turn our attention to the details of the p°, p~
spatial integrals that involve the spatial wave functions ofand ¢ photoproductions.
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A. The w photoproduction TABLE VII. The spatial integrals in the harmonic oscillator

The t-channel exchange M‘ in Eq. (14) would corre- basis.

spond tow exchange which is absent since the amplitude 'ﬁwultuplet
proportional to the charge of the outgoiagmeson. As dis-
cussed in Ref.16], the 7% exchange is dominant in the small - 3a q

t region over other meson exchanges and largely responsiblé0.1 11 )
for the large diffractive scattering behavior near the thresh-

Expression

= aexp — =
2my3 6a”

old. The Lagrangian for the® exchange model has the fol- B— b_ 3 q_ze p(_q_z)
lowing form [16]: mg ' ° 6a°
_ _ V3ua q?
Lann= — 19 anngys(7 @) i (85 S=— &5
2
for the 7NN coupling vertex, and o __ p( q_)
Lonty = g oy A0 (89 = |( el
2v3mg 6
for the w7y coupling vertex, where the’ and 7° represent
the w and#° fields, theA? denotes the electromagnetic field, S=- \/—|q| ) F’( )
ande,g,s is the Levi-Civita tensor, anl , is the mass ofo
meson. They .y andg,, ., in Egs.(85) and(86) denote the [56,0'1, B— |q|( ) p( q_)
coupling constants at the two vertices, respectively. There- 2v3m, 6
fore, the transition amplitudes of t-channef exchange )
have the following expression: ma q) XF{— q_)
S il 6a*
9anND o 3b’ q2
ML 7% = M X + _> 4
)= ot (o€ (X&) [56.0' ], 5= om0~
+wk-(eXe€,) o Aef(qfk)zlsai (87 S= ?"u_ae F{‘ q_2>
lal 6a’
for the transverse transition, and 20.0" 2 q?
ok ol 2] ool
ENTaNNDwr
Mt(ﬂ'o)=——y “ (exk)-qo- A~ (@R 2 2
: 2M,,(t—m2) Jo] <71 -2 9) exp( iz)
(89 2v3|q| \ @ 6a
. . . o a 2
for the longitudinal transition, where in the transition am- [70,2°], A=—|q|exp<76iz)
plitudes denotes the energy of the photon with momerkum 22 @
and A=—[q/(E;+My)+k/(E;+My)], and t=(q—Kk)? b’ q\2 q?
2 = —
—M2—2k-q. The factore (=~K847 in Egs.(87) and (89) B= 2‘[3mq|q|(a) Xp( W)
is the form factor for bothwNN and wy7 vertices, if we ) )
assume that the wave functions for nucleerand 7 have a ma q) Xp(— q_)
Gaussian form. The constaat. in this form factor is treated \/—|q| 6a°

as a parameter. The coupling constaptgy andg,,,, have
the values as used [16]. Therefore,

terms of the helicity amplitudes can be obtained. They are
=14, listed in Tables Il and Il for the transverse and longitudinal
amplitudes, respectively.
As shown in Table IV, the Moorhouse selection r{2F]
92,,=3.315. (89 has eliminated the states belonging 7®,1" ], and[70,2" ],
representations with symmetric spin structure from contrib-
Note that the values of ,yy andg,,, were fixed by sepa- uting to thew photoproduction on the proton target so that
rate experiments and, therefore, are not free parameters the s-channel state;(1650) D ;5(1700) D5(1650) are not
Ref.[16]. Qualitatively, we would expect that,. be smaller present in our numerical evaluations. Of course, configura-
than the parameter=410 MeV, since it represents the tion mixing will lead to additional contributions from these
combined form factors for botirNN and wry vertices resonances which, however, cannot be determined at present
while the parametes only corresponds to the form factor for due to the poor quality of data. Only the resonances
the 7NN or o NN vertex alone. Following the same proce- P3(1900) andF,5(2000), at present classified as 2-star
dure as in Sec. Il, the explicit expressions for the operators inesonances in the 1996 Particle Data GréBpPG) listings,

giNN
4
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FIG. 1. The differential cross sectiofsolid curve$ for yp— wp atE,=1.225, 1.45, 1.675, and 1.915 GeV. The data come from Ref.
[3]. The 7° exchanges are shown by the dashed curves and the contributions from s- and u-channel exclusively are shown by the dotted
curves. In(c), the dot-dashed curve represents the differential cross section without contributions from the rebqg@089).

have masses above thedecay threshold, and therefore have presented in Fig. (t) as well. The results indicate that the
branching ratio into thewN channel. We have not performed differential cross section data alone are not sufficient to de-
a rigorous numerical fit to the available data because of théermine the presence of this resonance considering the theo-
poor quality of the data. However, the numerical results havéetical and experimental uncertainties. Since our numerical
shown that the resonanégs(2000) plays a very important calculation shows that the resonance couplings o_f thg
role in w photoproduction. F15(2000) are larger than those of other resonances in this
Figure 1 shows our calculations for the differential cross™ass region, the sensitivity of the differential cross section to

section at the average photon energiesgf 1.225, 1.45, other resonances around 2 GeV is even smaller.

1.675, and 1.915 GeV, in comparison with the d&h The i In Eontrasglto ”;]e diﬁerentihal crosz secti?n,dthe p((j)lariza-
results for the t-channet® exchange and contributions from lon observables Snow a much more dramatic dependence on

the presence of the s-channel resonances. We present results
only the s- and u-channel processes are also shown sep four single polarizations at 1.7 GeV in Fig. 2. The absence

rately. We find that the remaining paramters in our model A the resonancé,{(2000) leads to a sign change in the

a=—-1.7 target polarization, and the variations in the recoil as well as
the meson polarization observable are very significant as

b'=25 well. The absence of the resonarizg(1900), also shown in
Fig. 2, leads to very significant changes in the recoil polar-
a.=300 MeV, (90 ization. Although we do not expect our numerical results to

give a quantitative prediction of polarization observables at
in order to give a good overall agreement with the datathe present stage, since the calculations are limited to the
particularly in the larget region. Our results with ther®  SU(6)®O(3) symmetry limit that should be broken in a
exchange are consistent with the findings of R&6] though  more realistic quark model wave function, our results clearly
the form factor in our calculation is different. Figure 1 suggest that the polarization observables may be the best
clearly demonstrates that the t-chana€lexchange is domi- place to determine s-channel resonance properties.
nant in the smalt region, while the s- and u-channel reso-  Our results for the total cross section are shown in Fig. 3,
nance contributions become more important as the momeria which the contributions from the s- and u-channel reso-
tum transfert increases. To test the sensitivity of s-channelnances alone are compared to the full calculation. Our results
resonances to the differential cross section, the differentiaghdicate an increasing discrepancy between theory and the
cross section without the contribution from the resonancelata[3,5,28 with increasing energ¥, . This discrepancy
F15(2000) at 1.675 GeVYnear the threshold d%,5(2000)] is  comes mainly from the small angle region where th®
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(a) Target Polarization (b) Recoil Polarization

o8 f (c) Meson Polarization + (d) Photon Polarization

6(degree) 6(degree)

FIG. 2. The four single-spin polarization observablesyip— wp are given by the solid curves &,=1.7 GeV. The dotted curves
correspond to the asymmetries without the resondng€2000), while the dashed curves correspond to those without the resonance
P15(1900).

exchange alone is not sufficient to describe the diffractive B. p° photoproduction
behavior at higher energies. One might expect that Pomeron
exchangd 10,29 plays a more important role in the higher
energy region. However, Fig. 1 shows that our results for th

p° meson photoproduction has some similar features as
ghotoproduction. The most significant one is that it also has

) ) : . . trong-forward-peaking diffractive behavior in the differen-
differential cross section at the large angle region are in gooiI » tion. The t-channel vector meson exchange i
agreement with the data, and it suggests that contribution Al Cross section. The t-channel vector meson exchange 1s
from the s- and u-channel resonances which are the maiwoportlonal to the meson charge in Ha4), therefore has

focus of our study, give an appropriate description of the! contributions to the transition amplitudes. However, since
reaction mechanisr,n. the p meson is an isovector, its photoproduction has also

It is interesting to note that the small bump around 1.7Shown some different characters from photoproduction.
GeV in the total cross section comes from the contributions'here are more s-channel resonances, such aa treso-
of the resonancé,5(2000). As discussed above, our calcu- hances, which will contribute to the® productions due to
lations find that the resonanég(2000) has a strong cou- the isospin couplings.
pling to thewN channel. Thus, this resonance is perhaps the From the Lagrangian introduced in our quark model ap-
best candidate whose existence as a “missing” resonangeroach, the amplitudes from s- and u-channel are not suffi-
can be established throughphotoproduction. cient to reproduce the diffractive behavior in the small
region. Following what we have discussed at the beginning
r r r r r of this section, it is reasonable to include an additional t-
A Saphir data ] channel meson exchange term in the transition amplitude
L connoenge 4 [13]. As Friman and Soyeuf16] have discussed in their
“““ Fffective Lagrangian predicion ! work, the & meson plays a dominant role over other t-
J channel processes in thd photoproduction. As a phenom-
J enological approachg exchange is included to give the
J smallt diffractive behavior which can be understood as the
still sizable contribution from the Pomeron exchange from
high energies down to the threshddi4,15. In terms of
T s ] Regge phenomenology, it corresponds to the nontrivial back-
-------------- ground integral of the Regge trajectory expangib®| which
1 2 3 4 5 contributes to the diffractive behavior at smallregion.
Ex(GeV) However, we have to mention that, only if the resonance
FIG. 3. The total cross section gh— wp is fitted by the solid ~ contributions have been taken into account consistently,
curve with 7° exchange taken into account. The dotted curve decould the proper large behavior be described. The follow-
scribes the pure contributions from s- and u-channel. The data ai@g are the transverse and longitudinal transition amplitudes
from Ref.[3] (triangle, [5], and other experimen{R8] (squarg. of o exchange:

afub)
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100

(a) Ey=1.225GeV

100 4
(b) Ey=1.305GeV

do/dt(ub/GeV’)
e

dofdt(ub/GeV”)

0.1 0.1

100 o 4 1004

dofdt(ub/GeV”)

0.1

0.1 T T T

T T
0.2 0.4 0.8 1.0

H(GeV)

T T
0.8 0.8

H(GeV)

0.0 0.2 0.4

FIG. 4. The differential cross sectiofisolid curves for yp— p°p at E,=1.225, 1.305, 1.400, 1.545, 1.730, and 1.925 GeV. The data
come from Ref[3]. The o exchanges are shown by the dashed curves and the contributions from s- and u-channel exclusively are shown
by the dotted curves.

t _ IeNgUNngOU‘y _ . +k. ) gU'NN:8
M+(o) Mp(Mﬁ—Zq-k—Mi){ wownL€E €,+K- g€ €, ype )
4. k. e Lo (a-kZ6a?
0 ek &) ! o1 0%,,=7.341. (93)
Numerical investigation indicates thaf exchange contribu-
iengonND,0 ) tion in p° photoproduction is so small that it can be ne-
M (0)= NEANZOOY | qlq- ee™ (@6, glected in the first order approximation. With the same val-
L 2/nf12 2
ML(M{—29-k=Mg) ues for parametea and b’, we fit the differential cross
92 sections, total cross section, and the single spin polarizations
in yp—p°p. Forn=<2, there are 27 resonances given by the
I quark model. However, the Moorhouse selection rule will
where e (7K6%; s the form factor for t-channet ex-  eliminate those belonging to the representati@®,1”];,

change.a, is treated as the parametey,yy andg,o,, are [70,0*],, and [70,2%],, in which there areS,;,(1650),
the coupling constants of the verteAIN andp®oy, respec- D;5(1700), andD;5(1675) belonging t§70,17],, but those
tively, which are determined by the experimental analysisbelonging to[70,0"], and[70,2*], have not been deter-
As a phenomenological freedom, the massrahesonM,  mined very well in experiments.

has the same values as [i6], M =500 GeV. g,y and The experimental data frofi8] have been reproduced in
d,0,, have the following values: our model aE,,=1.225, 1.305, 1.4, 1.545, 1.730, 1.925 GeV
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o2 (a) Target Polarizarion ] (b) Recoil Polarization

/N

(c) Meson Polarization (d) Photon Polarization

T T T T T T T T
0 50 100 150 200 0 50 100 150 200

6(degree) 6(degree)

FIG. 5. The four single-spin polarization observablesyim— wp are given by the solid curves &,=1.7 GeV. The dotted curves
correspond to the asymmetries without the resondngf2000).

for the differential cross sections. We find that the same sethrough diffractive process. This also explains why the ef-
of parameters in the could also be used to describe the fects of an individual resonance is not significant in the dif-
productions as well. The additional parameieris found to  ferential cross sections.
be

C. p* photoproduction

a,=250 MeV. (94) In the charge meson productiongn—p p and yp

0 ] ) —p™'n, the three channels s-, u-, and t- have contributions to
The fact that bothw andp™ production can be described by the transition amplitudes. The charge exchange process has
the same set of the parameters is by no means trivial. §jiminated contributions from such diffractive behaviors as
shows the advantage of the introduction of the quark d_e'greqﬁ the w and p° photoproduction while the t-channel charged

of freedom so that the andp can be described by a unified \ector meson exchange and the Seagull term will account for
framework, moreover, the isospin mixing betweeandpiS  the small forward peaking shapes of the differential cross
small and they have very similar masses. Although @he gections, and this is also required by the duality hypothesis
exchange dominates in the smeltegion, s- and u-channel \yhen we have taken the contributions from all the s- and
contributions play obviously important roles in the large _channel processes into account. Therefore, charged meson
region. In fact, it is the s- and u-channel contributions thatyroqyction provides an important test of this approach, as
result in the backward peaking behavior which is similar togyery term in these two reactions is generated by the effec-
the Compton scattering phenomeri@@]. In Fig. 4, the in-  tjye [ agrangian, and there are no additional free parameters.
dividual results fromo exchange and s- and u-channel are |, . ,*n, for the Moorhouse selection rule at the pho-
presented as well. It shows that the cross sections are mainfy, interaction vertex, those resonances belonging to
from the diffractive process. Moreover, since the number of

contributing resonances is large, the contribution effects T T

a  Old data

from individual resonance are not significant. That is to say, o A Saphircata i
it is quite impossible to derive the resonance informations T Etctie Lot pditions
from the differential cross sections. i
The polarization results are provided in Fig. 5. Much at- 2
tention has been paid to the “missing resonance” g
F15(2000). It shows that the polarization observables are®
quite sensitive to the presence of this state, especially in the 104
recoil polarization and meson polarization. Double spin po-
larization investigations are in progress in our framework
and they should be more sensitive to the resonances. 0
In Fig. 6 all available datd3,5,2§ for yp—p°p are 05
present. With the same set of parameters, the theoretical re-
sult gives a good description of the experimental data. In Fig. FIG. 6. The total cross section ¢p— p°p is fitted by the solid
6 the dotted line denotes the contributions from s- and ucurve with o exchange taken into account. The dotted curve de-
channel which shows that the cross section of produpthg scribes the pure contributions from s- and u-channel. The data are
through resonance channel is quite small in contrast with thatom Ref.[3] (triangle), [5], and other experimen{g8] (squarg.

EX(GeV)
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(a) p~ Photoproduction (b) p* Photoproduction
10l at Ey=1.85GeV ) at Ey=1.85GeV
<
D
Q
3
%
14 i i
00 04 08 12 16 20 00 04 08 12 16 2.0
H(GeV) HCeV?)

FIG. 7. The differential cross sections f@ yn—p p, and(b) yp—p'n atE,=1.85GeV. The data ifa) come from Ref[6].

[70,17];, [70,0%],, and[70,2"], are eliminated from con- toproduction is given in Fig. ®). _ .
tributing to the amplitudes. But in—p~p, without the While the shapes and magnitudes of the differential cross

constraint from Moorhouse selection rule, more resonancegections are well reproduced within our approach we find

have contributions to the amplitudes. little sensitivity to individual resonances. For example, in the
As we have shown in the and p° photoproduction, the €N€rgy region oft,~1.7 GeV, removing theF5(2000)

same set of parametessandb’ gives an overall agreement state—one of the “missing” candidates—changes the cross

with the available data; the challenge is whether we can reg,ection very little, indicating the differential cross section

produce the daté6] in the p* channels with the same pa- may not be the ideal experimental observable to study the

rameters, because they possess the same isospin symme gucture of the baryon resonances. In contrast to the cross

This should be one crucial test for the model. As expecteds ctions, the polarization observables show a more dramatic
the data in the reactiongn—p~p are in very éood agree- dependence on the presence of the s-channel resonances. To

ment with the quark model predictions, indicating that theillust[ate thei+r effects, asan examplg, the target polgrizgtions
qguark model wave functions appear to provide the correc or p thangp Zgg%ductlon with and ert]hout t_heFt_:ontgrlbwlor;
relative strengths and phases among the terms in the s-, om the F ) resonance aré shown in Fig. . e do
and t-channels. In Fig.(@), the experimental data foyn not expect the quark model in #8U(6)®0(3) limit to
—.p~p from Ref.[6] are présented 4. —1.85 GeV. which provide a good description of these observables. However, it
is ’t)he average .of the measurementyreal.m In F(Q) Ave demonstrates the sensitivity of these observables to the pres-

present the prediction of the differential cross sectioryin gngr\?;tiéihg?gisgeesrﬁ?a?r}ﬁe;haT|h'zSinShﬁlvgsrct,?:to??i?]ﬁnﬁ
—p*n, and it shows a similar behavior as ym— p~p. yzing

In Fig. 8, the total cross sections fpi- [6] are presented. resonances.
In Fig. 8@), the cross section gb~ photoproduction with
0<|t|<1.1 GeV? is well reproduced, along which the total
cross section is also consistent with the experimental estima- Because the isospin of this the same as that of the
tion [7]. The prediction of the total cross section@f pho-  the formalism for the s- and u-channel contributions tog¢he

D. The ¢ photoproduction

(a) Total Cross Section
8+ of p” Photoproduction B

(b) Total Cross Section
of p* Photoproduction

ofub)

EY(GeV)

EY(GeV)

FIG. 8. The total cross section fgg) yn—p~p, and (b) yp—p*n. The dotted line in(a) represents the cross section fiof
<1.1 Ge\~. The data in(c) were taken with the restrictiont|<1.1 Ge\? given by Ref.[6].
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(b) p" Photoproduction |

(a) p’ Photoproduction

Target Polarization

0 30 60 20 120 150 180 0 30 60 90 120 150 180
0 (degree) 0 (degree)

FIG. 9. The target polarizations fg¢a) yn—p p, and(b) yp—p*n at E,=1.7 GeV. The dotted lines show the results without the
contribution from theF ,5(2000).

productions should be the same as that oféhgroductions V. DISCUSSION AND CONCLUSION
except the different threshold energies. The major difference

between thew and the¢ productions is the mechanism of . o
i q du (@) ks for th ducti d malism for the description of the vector meson photoproduc-
generatingl (d) andu (d) quarks for thaw productions an tions in the constituent quark model. Consequently, the ap-

the s ands quarks for theg production that are suppressed plication of this approach to thew and p meson

by the OZI rule. Such a difference will be reflected in the yhotoproduction has produced very encouraging results. The
difference of the coupling constants betweerand ¢ pro- sq of an effective Lagrangian allows the gauge invariance to
ductions, of which the coupling constant for thé&lN vertex be satisfied straightforwardly

is expected to be much smaller than thaf[ fo“mN vertex. The advantage of using the quark model approach is that
Thus, we shall concentrate on the nondiffractive effects gen. . . .

. L tpe number of free parameters is greatly reduced in compari-
erated from the effective Lagrangian in the s- and u-channeson with hadronic models which introduce each resonance as
reaction. Since we have not included the Pomeron exchanggz

term to give the strong diffractive behavior in the small

region, our results thus could only be regarded as an estim@Ur @Pproach, only three parameters appear inShig6)
tion. ®0(3) symmetry limit, the coupling constanéssandb (or

The numerical results with the following two sets of pa-b') which determine the coupling strengths of the vector
rameters are shown in comparison with the d&in Fig.  Meson to the quark, and the harmonic oscillator strength

In this paper we have developed the framework and for-

new independent field with unknown coupling constants. In

10. They represent theéqq coupling constants in the non- with 70 and o exchange taken into account, an overall
diffractive processes of the production, description of thew, p° p*, andp~ photoproduction with
the same set of parameters has been obtained in this frame-
a=—0.35, work. It shows that intermediate resonance contributions
have played important roles in theand p meson photopro-
b’'=0.7, (95) duction especially in largeé regions. This shows that our
effective Lagrangian approach in the quark model has pro-
and vided an ideal framework to investigate the reaction mecha-
nism and the underlying quark structure of the baryon reso-
a=-0.6, nances. The crucial role played by the polarization

observables in determining the s-channel resonance proper-
ties is demonstrated. Data on these observables, expected
b'=1.2. (96)  from TINAF in the near future, should therefore provide new
insights into the structure of the resonakgg(2000) as well
It should be noted that the same valueaofs that in thew  as other “missing” resonances.
production has been used in the evaluations at present stage. The introduction of t-channet® and o exchange in the
Our results show that the differential cross sections are vergpeutral productions can be quantitively understood in the
sensitive to the parametessand b’ in the larget region, picture of the Regge phenomenologh3] or the diffraction
where the Pomeron exchange is expected to be small. Thudyality picture of Freund14] and Harari[15]. In such a
the data in the large region could provide an important picture, the large difference of the cross section between
constraint to the¢NN coupling constants. Moreover, the andp™ is due to such a background amplitude which origi-
coupling constants in Eq$95) and (96) are indeed signifi- nates from a sizable contribution of the Pomeron singularity
cantly smaller than those for the photoproductions in Eq. in p° photoproduction from high energies down to the
(90). These results are also consistent with those obtained ithreshold. Our numerical investigation has really shown the
the QHD approachl8]. case, therefore, to some extent, suggests that the duality hy-
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T T r T T T T T 3 mesons that were important in tH®, model are neglected
] here. A possible way that may partly compensate this prob-

] lem is to adjust the parameter’, the harmonic oscillator
L3 1 strength. In general, the question of how to include the finite
] size of vector mesons while maintaining the gauge invari-
3 ance is very complicated and has not yet been resolved.
Moreover, as configuration mixing effects for the resonances
----------------- LN ] in the second and third resonance region are known to be
---------------- ] very important, more precise quantitative agreement with the
1 data cannot be derived from the current form. But such ef-
— T ] fects could be investigated in our approach by inserting a

I mixing paramete€Cy in front of the transition amplitudes for

the s-channel resonances, as has been investigated in Ref.

do/dt (ub/GeV?)

0.01

0.0 ) 0?2 ) 0?4 ) 0?6 ) 0?8 ) 1!0 ) 1?2 ) 1?4 ) 1?6 ) 18 [26] . .
) The fact that thew andp productions can be described by
-t (GeV') the same set of parameters shows the successes of the quark

model approach. Thus, the model presented here could pro-
vide a systematic method to investigate the resonance behav-
ior in the vector meson photoproduction for the first time,
which will help us to identify the “missing resonances.”

FIG. 10. The nondiffractive contributions from the effective La-
grangian to the differential cross section of #ephotoproduction
at E,=2.0 GeV. The data come from Refi8]. The solid and
dashed curve represent the results with parameters of( #gsand
(96), respectively.

. . ACKNOWLEDGMENTS
pothesiq 31] constrains also the vector meson photoproduc-
tions. The authors acknowledge useful discussions with B.

In the reaction of¢ photoproduction, the sizable non- Saghai, F. Tabakin, and P. Cole. Helpful discussions with F.
diffractive contributions can be phenomenologically inter-J. Klein regarding the data are acknowledged gratefully.
preted as the s- and u-channel contributions generated fro@henping Li acknowledges the hospitality of the Saclay
the effective Lagiangian. Further studies that include theNuclear Physics Laboratory. Q. Zhao acknowledges helpful
Pomeron exchange in this approach will be pursued later. discussions with Yang Ze-sen and Hongan Peng. This work

One significant approximation inherent in the presentedvas supported in part by the Chinese Education Commission
approach is the treatment of the vector mesons as point pa&nd Peking University, and U.S.-DOE Grant No. DE-FG02-
ticles; thus, the effects due to the finite size of the vecto95-ER40907.

APPENDIX

The matrix element for the nucleon pole term of transverse excitations in the s-channel is

MNe—(q2+k2)/6w2 . waeN b’
S = — . — —_— . I .
M(T) X [gu B, & € Oangm [(&Xa)-(exk)+io <eu><q>><<e><k>]}, (97
while the one for the u-channel is
— (g2 +k?)/6a? ,
M= - MR 0 98 s (X0 (6 XO) i (€3 K) X (6 X))
N P¢-k "EntMy - 0 SATT2m, v v
efe*(q2+k2)/6a2 ~gla e b y o5
Pf'k EN+MNq.€ C € IgAZ_mq 0.'(61) Q)qe . ( )
The matrix element for the nucleon pole term of the longitudinal excitations in the s-channel is
i,lLa. (W+MN) 2 2 2
MR(L)= =0} — —5—— uno- (exk)e (@ Fk6" 99
while the one for the u-channel is
RS L (WM — (02+k2)/6a?
MN(L)—gU|q| Pk eiq- €t+ipug v ¢ (exk) e , (100

wherew=E;+ w=E;+ o, is the c.m. energy and thgfactorg! has been given in E432).
The t-channel matrix element for the transverse transition is
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a . k
Ei+M¢ En+My

ae
MY(T)=— q—;: —gl{wm+

q

[
€ €U+9AH o-(kXQ)e €,
q

1 N 1
E;+M; EntMy

t . . — - - .
q ek €U+gA2mq g ((k Q)va)q €

_gv

+gaz— o (k=) X ek- eU]e“@z’ﬁaz, (101

2mq

and for the longitudinal transition it is

L aen ® i 22
Mi(L)=— — 2 {agll1—-——|g-e+0.— o (k—0a) X (k—q)/6a” 102
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