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NN coupling and two-pion photoproduction on the nucleon
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Effects of nonresonant photoproductions arising from two differefN couplings are investigated in the
yN— 7N reaction. We find that the pseudoscal@S 7NN coupling is generally preferable to the
pseudovectofPV) wNN coupling and particularly the total cross sections are successfully described by the
model with the PSTNN coupling. In order to see the difference between the two couplings, we also show the
results of invariant mass spectra and helicity-dependent cross sections in various isospin channels calculated
with the PS and PV couplings.
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[. INTRODUCTION et al. [6] concluded that the decay of theN* (1520) reso-
nance was directly observed in thg@— 7" #°n reaction.

Many experimentd1-9] of two-pion photoproductions Theoretically, several workgl0-14 have been already
on the nucleon have been performed in the past over thdone to explain the total cross sections of two-pion photo-
second nucleon-resonance energy, wheré\thgl520) reso-  productions in various isospin channels. The total cross sec-
nance plays an important role. Two charged pion photoprotions of the yp— ot 7 p reaction have been well repro-
duction, i.e.,yp— 7" 7 p, is well understood by theoretical duced by several theoretical mod¢—14 where theA
models. However, none of the theoretical models have sudroll-Rudermann, A-pion-pole and N*(1520) resonant
ceeded to explain the data of all isospin channels simultaterms were found to be dominant. These models, however,
neously. This means that there are some unknown productiatould not predict the total cross sections of the above reac-
mechanisms that are not taken into account yet. tions accompanied by neutral pions consistently. The models

Recently, the total cross sections and invariant mass disf Tejedor-Osef10] and Murphy-Lagef11] underestimated
tributions of two-pion photoproductions followed by neutral the cross sections ofp— =" 7°n seriously, although the
pion emission, i.e.yp— 7" 7°n [6], yp— 7°7% [8], and  former model could reproduce the cross sectionsypf
yn— "~ 7°p [9] reactions, have been measured at the Mainz— 70 7%p.
accelerator facility MAMI using the detector system with  The model of Ochi, Hirata, and Takaki2,13 could re-
improved resolution at the photon energy up to around 0.§roduce theyp— 7+ #°n and yn— = #°p cross sections
GeV. The aim of these experiments was to obtain the inforas well asyp— 7" 7~ p cross sections, although it underes-
mation on the structure of the nucleon resonance and explotgnated theyp— #°#°p cross sections. Their calculations
the reaction mechanisms. Thep—a"7°n and yn  indicated that thep meson productions, i.e., tH¢* (1520)

— o~ w%p reactions have attracted special attention, since_>pN process ang Kroll-Ruderman process, play an essen-
the detailed study of them could provide a new aspect on thgy| role in the yp— 7+ 7% and yn— 7 % reactions
reaction mechanisms, which are relategptoeson produoc- where the mass op meson produced in the intermediate
tion. ;)I'here are notable differences between #eén"  gia6 is always smaller than the on-shell value at the relevant
(ma7) and " photoproductions. The meson produc- g rgies I their model, the meson is treated in a dynami-

. . - . 0
??Trl :OS) sgolgﬁrggﬁg;%ﬁ bpur'??se?(frb% dae”r(lj\g)e?hé)owghs& _ cal way where the finite-rangew m form factor is assumed.
dn order to obtain large cross sections of thp— 7" 7°n

toproduction due to isospin conservation. On the other han _ :
b P and yn— 7~ 7°p reactions, a rather softw form factor,

the isospin =077 system such as meson may contribute . S
to only the#%#° photoproduction. Furthermore, the strength which makes the contribution of theKroll-Ruderman term
large, was needed. Because of the goftm form factor,

of the A Kroll-Rudermann process in the " 7°(7~ 7°) ; .
photoproduction is weak compared with that in thé however, the dynamical model for the meson overesti-

photoproduction, where its process dominates and is supPates thems p-wave (isospin|=1) phase shifts at low
pressed in ther®7° photoproduction. Based on these char-€nergies. They speculated that the layg&roll-Ruderman
acteristic features and the comparison between the measurt&fm in their model might simulate a background process in

’7T+’7TO and 77-077-0 invariant mass distributionS, Lan"g'gaer the iSOSpinl =1 channel EffectiVEIy rather than tlilemeson

production. The presence of such a background process is

inferred from the fact that in the isovectarr spectral func-
*Email address: hirata@theo.phys.sci.hiroshima-u.ac.jp tion derived from ther— NN helicity amplitudes[15],
"Email address: takaki@onomichi-u.ac.jp there is a strong enhancement near e threshold as well
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as the_ resonant structure by themeson. This bump at Iow. ﬁiﬁN: ingNJ'ySTlﬂ(b 1)
energies is actually due to the nonresonant process described
by the partial amplitude of the nucleon Born term projected

to thel=J=1 7a(NN) channel. for the PS coupling, and

In this paper, motivated by the above speculation, we will
investigate the effect of the nonresonant reaction mecha- ¢
nisms, particularly, the background terms arising from the pv __aNN— , 5
7NN coupling that were so far considered to have only L= m, vy o, @
small contributions to the cross sections and were always
taken to be the pseudoveci@®@V) coupling. In the studies of ) .
single-pion photoproductions, it has been shown that the P¥or the PV coupling, wheré and ¢ are the nucleon and pion
7NN coupling is preferred at low energies but the pseudofields, —respectively, g\ /4m=14.4 and f y/m,
scalar(PS 7NN coupling is needed to get a better descrip-= —9~nn/2My and m, and My are the pion and nucleon
tion at higher energiegl6] and furthermore the twerNN masses, respectively. These couplings are equivalent when
couplings lead to rather different cross sections for the neuboth the nucleons are on shell. If a photon line is attached to
tral pion productior{17]. These facts imply that the PS cou- the 7NN system so as to become gauge-invariant, one ob-
pling becomes important at larger off-shell nucleon momentaains the Feynman diagrams of the Born terms for the one-
and thus will have a significant influence on the two-pionpion photoproduction whose expressions depend on the
photoproductions accompanied by the neutral pion such agNN coupling. Thew Kroll-Ruderman term is included in
the yp— 7+ 7°n and yp— #%#°p reactions. In our calcula- the PV Born terms. The Born terms calculated with the two
tions with two different couplings, we will show that the couplings are rather different from each other because of
nonresonant photoproduction by the PS coupling SignifiIhEiI’ different off-shellness. The PV coupling is preferable to
cantly contributes to the total cross sections of the two-piorthe PS coupling at low energies because the PV Born terms
photoproductions involving the neutral pion compared withare consistent with low energy theorems and current algebra
that by the PV coupling and consequently plays a similar roléoredictions. In fact, the model with the PV coupling is able
with the strongp Kroll-Ruderman term introduced in the to reproduce th&,, multipole up to theA (1232) resonance
model by Ochi and co-workeffd2,13. From the compari- €nergy region but the model with the PS coupling fails. As
son between the full calculations with resonant processes arifie incident photon energy increases over 500 MeV, how-
the experimental data, furthermore, we will demonstrate thagver, the pure PV coupling cannot explain &g andM;
the PS coupling is more favored than the PV coupling for themultipoles and the PS coupling is needed to describe them
two-pion photoproductions at the relevant energies. [16]. This suggests that theNN vertex for the far off-shell

Recently, Nacheet al. [14] have improved the model of nucleon is largely pseudoscalar in nature. We note that only
Tejedor and Osdtl0] by including theA (1700) production the multipolesEqy, and M, _ are affected by changing the
and thep meson effect arising from thi* (1520) produc- coupling scheme and the twaNN couplings give rise to
tion. In their calculations with the PV coupling, they found significantly different cross sections for the neutral pion pho-
that thep meson effect largely increased th@— 7+ 7°n toproduction but are almost indistinguishable in the charged
total cross sections compared with the previous model angion photoproduction. Therefore, it is interesting to see the
put the calculations close to the data, although there stildifference between the PV and PS couplings in the two-pion
remained some disagreement with the data around the pe@kotoproduction around thé* (1520) resonance energy re-
for both the yp— 7" #°n and yp— #°#°p cross sections. gion, where the far off-shell nucleons are involved in the

We will discuss why their model can largely improve the intermediate state.

calculations of theyp— o 7°n cross sections without in- ~ Before going to theyN—mmN reaction, we discuss
troducing the strong Kroll-Ruderman term used in the briefly the strong interaction part relevant to the two-pion
model by Ochi and co-workefd.2,13. production. In themN— 77N scattering at low energies, the

In Sec. Il, we will discuss the background processes an@®orn terms constructed with the PV coupling are also pref-
7NN coupling. In Sec. Ill, we will review how to treat the erable to those with the PS coupling like thbl— N reac-
resonance processes. In Sec. IV, we will show our full caltion. In this case, for instance, tisavave isoscalar scattering
culations of the total cross sections, invariant mass spectigngth calculated from the PS Born terms is very large and in
and helicity-dependent cross sections and discuss the diffeisagreement with the data. In dispersion relation theory, the
ence between the PS and PV couplings from the Comparisdﬂs Born terms correspond to nucleon-pole terms and the PV
with the data. In Sec. V, we will give our concluding re- Born terms are understood to include strong corrections
marks. coming from the dispersive integral in addition to the pole
terms. These corrections are important to well describe the
low energy data of therN scattering and may be partially
related to thec meson exchange contribution as inferred

In this section we discuss the nonresonant processes arisom the linearc model. When constructing the model for
ing from the #NN coupling and vector mesons. There arethe yN— 77N reaction with the PSTNN coupling, these
two types of #NN couplings: the PS coupling and the PV corrections must be taken into account. To do so, we intro-
coupling. The Lagrangian is duce the following effective Lagrangian:

II. NONRESONANT PROCESSES AND NN COUPLING
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X /f X fn 1 ﬁ” X f 'Cyww:e(g,u(bx ¢)3AM1 (5)

whereA , is the photon field, an&, andF, are the electro-
magnetic form factors, which are taken to lbe=1 andF,

£

/t /‘” '\‘ =1.79/(2\1\) for the proton and F;=0 and F,

/ / ~ =—1.91/(2v) for the neutron, respectively. The other
yf‘j;: . 5 ngrangians for qogpling of a photon and hadroqs are ob-
(® (b) © @ tained from the minimal substitutio(—d,+ieA,) in the

Lagrangians ofrNN and w=NN derivative vertices. The
g XN N & N & resultant amplitudes for theN— 77N reaction will give
\ / / rather different cross sections depending on whether the PS
1 / / model or PV model is used because of their different off-
7 5 P shell behavior, as expected from the above discussion about
Y

/ the yN— 7N reaction. We will show the difference from the
numerical results later. As other nonresonant processes, we
include the contributions of vector mesons suclpaseson
andw meson. In the analysis of th@N— 7N reaction, these

(e) ® ® contributions are known to be important although their mag-

N N N N nitude is small. The hadronic Lagrangians involving these

P ” R vector mesons are

T

/:// /’ 7:'\ \ \Y m gPNN wv
a E=m- Q LonN= ¥ GonnYH— 2My a0, | Py T, (6)
Y

‘Cp‘IT‘IT: _fpp,u'(¢>< (?Md))v (7)

h i (i k
() ® ) (k) ol

— \ _
FIG. 1. Diagrams of Born terms arising fromNN coupling Lonn= Z(ngN i 2M
(8)—(g) and the effective Lagrangian of E) (h)—(k).

o%) o b (®

N
wherep, andw,, are thep andw meson fields, respectlvely,
and the coupllng constants are taken togﬁﬂN 2. 9,gpNN

Yy T pxa,d). (3 =18, 15f ,=6.0gy\N=7-98, andy],yn=0. The electromag-
netic Lagranglan for theymyw coupling is

ngN

‘CﬂTﬂ'NN 2M ‘ﬁl/f‘f’ ¢

(2 N)2

The sum of the PS Born terms and their correction terms U

calculated from the above effective Lagrangian are equiva- £W0w= — n71 € yupo( IHAY) e (07), (9)
lent to the PV Born terms for the strong interaction processes @

such astN— 7N andN— 77N. We note that therN isos-

calar scattering length calculated in these models are con3|ﬁ1
tent with the value obtained by takimg,—c in the linearo
model, wherem,, is the o meson mass.

whereg, ., =0.374 andm, =783 MeV. The other electro-
agnetic Lagrangians are derived from the minimal substi-
tution as done for the PS and PV models before. The dia-
. R . grams for theyN— 77N reaction involving thep and w

The dlagrams shown in Fig. 1 for theN— waN reaction 0564 are shown in Fig. 2 and are calculated by using the

are obtained by attaching an external photon line to.the diaébove Lagrangians. For the meson contribution, diagrams
grams of theN— 77N processes based on the requwemen% '
(o

. X ) ; g) and(h) in Fig. 2 are taken into account. The diagrém
of the gauge invariance. The diagrams calculated with th ) P
PV coupling correspond to Figs(dl—1(g) and especially the alled p Kroll-Ruderman term comes from the derivative

. . pNN tensor coupling. In the diagrams @)—(d) in Fig. 2,
diagrams(f) and (g) include thew Kroll-Rutherman term . . K
arising from the derivativerNN coupling. On the other the p meson decays into two real pions directly and sogthe

hand, the diagrams calculated with the PS coupling and th ropagato,, must include the decay effect, whose form is

above effective Lagrangian correspond to Fig&)21l(e) ssumed to be

and Xh)-1(k), respectively. They will be referred to as PV 1

model and PS model, respectively. For the second term D, (ys)= , (10)
(isovector term of Eq. (3), only the diagramk) of Fig. 1 is g s— m§+imprp( \/5)
computed in actual calculations because the contributions of
the other diagrams are negligible. Here the Lagrangians fowith
the yNN and y#m# couplings are given by
= 2 f2
L= —eHF 1y A, o0 (0,A) 0. (@ 973 Frs o ()
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5(a)] influences significantly on the magnitude of the
+

— "o p cross section and provides a good agreement
with the data[10].

Now we discuss the differences between the PS and PV
models through numerical calculations of the cross sections.
The cross section for theN— 7,7 zN reaction is given by

1 My 1J' d®p, d%q, d%qp My 1 1

o= — N = N
e ) e ) . Y/ &y 2|kl Ep, vrer) (2m)3 (2m)3 (2)3 Ep, 20, 20y
S )Y Vo ¥ X (2m)* 8 (py+k=p2=da—0p)
\ 1
\ Fd x 3 SKv2w | TIv2m)?, (139
b Ni Y Ni 75\/: Y Ni
(e) (f) (8 (h) where k:(|k|!k)! plz(Eplvpl)r pZZ(EpZaPZ)! and qy
) . . =(v,,d,) (y=a,B) are the four-momenta of the initial
nf:eior?s Diagrams of nonresonant processes arising oand )01 “initial nucleon, final nucleon, and outgoing pion, re-
w .

spectively,v,e is the relative velocity between the initial

nucleon and photon, andw,= JmZ + qz,/ and E,

Here thep meson massn,=775 MeV, its widthT',(m,) = VMy+ p?. The cross section is evaluated in theN

=150 MeV, andq,, stands for the pion momentum in the Center-of-mass system. TRematrix is in general expressed

mm center-of-mass system. In our present model,gime- @S T=A+io-B, which is summed over the final nucleon

son displayed in Fig. 2 is treated in the same way used i§Pin states ') and averaged over the initial nucleon spin

Refs.[10,14 where thepar vertex function is simply given States ¢). _ .

by the Lagrangian of Eq7). Even though one uses ther We show how to evaluate thHE matrix by taking one of

vertex function with the finite-range form factor employed in the diagrams as an example. Let us consider the process

Refs.[12,13, there is no drastic numerical change from thecorresponding tda) in Fig. 1 computed with the PS cou-

above way in the magnitude of theKroll-Ruderman term pling. TheT matrix is divided into two parts of the hadronic

as far as one uses the range parameter determined so asPf§cess and electromagnetic process and then into the par-

reproduce thers p-wave (isospinl =1) phase shifts. ticle and anti-particle intermediate states for the convenience.
For the diagrams involving the off-shell meson coupled to'Nus, theT matrix is expressed as

nucleon in Figs. 1 and 2, we take into account a form factor
of the following form:

1 M
XTTX:H()/]f\}N N H(Nllzlﬂ"n'
AZ_mZ Epz_k_ Epsz Epsz
F(g?)= : 12
(a%) A g (12) 1 M
+H®) HiRrr (19
)/NNEp _k+Ep —K Ep —k NN
wherem andg? are the meson mass and the square of four 2

momentum, respectively and the range paraméteés taken
to be A=1.25 GeV form, A=1.4 GeV for bothp and w,
respectively[14]. The pion form factor is used for the dia-
grams(d) and (e) in Fig. 1 and thep meson and» meson
form factors are used faof@)—(f) and (g)—(h) in Fig. 2, re-
spectively. For the diagram$) and(g) in Fig. 1 (7 Kroll- )
Ruderman termy the same pion form factor is used and =x'e(st)+ioVE)x, (15
evaluated at the momentum transfer between the incident
photon and the outgoing pion. The diagréoh in Fig. 2 (o with
Kroll-Ruderman termis treated in the same way as the
Kroll-Ruderman term. We note that the gauge invariance of
the transition amplitudes is destroyed by the inclusion of the

ooy

where the transition matricd$ are given by

H IN=eu(po) (F1y- e—iF ,0'"ek,)u(p,— k)

decay width in the propagator and the form factor for the
hadronic vertex. However, we consider such strong interac-
tion corrections are more importan_t than t_he gauge invari- Fi+F,k Fi—Fk
ance from a phenomenological point of view. In fact, the = M + E M

form factor used in the\ Kroll-Ruderman termsee Fig. p—k T Mn p, T Mn

Ep, My \/Ep2k+ My
2My 2My

p2- &, (16)
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\/E , My \/Ep2k+MN
2My 2My
Fi1+(Ep,-kt My +K)F,

X
Ep,—k+ My

kX e

FitFk  Fi—Fk
Ep, kT My Ep,+My

p2Xe|,

for the yN— N process,

p qa+MN

H( —U(pz K) 9Ny’ BT 5 2
(P1—0a)?— M3

X gNY TU(P1)

=x"gZu(SP+ia Vi), (18)

with

- \/Epz_k+ My \/Epl+ My

1 2My 2My
- (pl_k)
Ep,—k+ My

(e P21

X
Ep, + My

(O

TBTQ

(P1—Qa)2—ME’

V(l):\/Epz_k+MN\/Epl+MN

1 2My 2My
1

Ep, «ktM Ep +M

(19

X

(daXP1)

qaxq,B
Ep, -+ My

TBTa

(P1—0a)?— M3

(20

for the N— 77N process,

HAN=U(p)e(F1y e—iF 0 giK,)v(—pa+K)

=x"e(=) (S +ia- V@), (21)

with

o) \/E +M\/pk+MN
2My 2My
2

X
Epz_k+MN

(kX€)-pp, (22

E, +MN

7
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Epz,k+M
N 2My
F2]£

(kX &) Xp;

\/E , T My
2My
e

+F,

X k—

Ep,—k+ My

1
Ep, + My

Ep,—ktMy
(23

for the y—NN process and

p1—q,+M
H&. . =v(—p2tK)gmny’T —
NH # (p1—0,)%— M2

X QanNY TU(P1)
=xTg2 (D (SP+ia- V) x (24)
with

siP=o, (25)

Vo \/Epz—k+ My \/Ep1+ Mn
1 My oMy
1 1
Ep, «tMy Ep +My

X qa+ 4P

wa(qa+ qﬁ)
Ep,—k+ My

TﬁTa

(p1—0,)2— M3

(26)

for the NN— 777 process, respectively. Heteandv are the
Dirac spinors for nucleon and antinucleon, respectively and
x is the two-component spinor. In this expression, we neglect
the O[(Ep+ My) 2] contributions. However, we found this
approximateT matrix gives nearly the same result as the
exact one within the present energy region. The calculations
for the other diagrams are performed in a similar fashion. In
this sense, th& matrix is evaluated in a relativistic way.

In order to estimate the relativistic effect, we calculated
the cross section with the PV coupling for the diagraais
(9) in Fig. 1 in both relativistic and nonrelativistic ways.
Here nonrelativistic approximations mean that both the anti-
particle contributions and terms of ordgs/My)? or higher
in vertex operators are neglected but the denominators of the
propagator are treated in a relativistic way. We found that the
relativistic calculations are about 30—60% larger than the
nonrelativistic calculations around thé* (1520) resonance
energy. This indicates that the relativistic effect, which have
been so far neglected in previous studies, should not be dis-
carded for the nonresonant process in #¢— 77N reac-
tion.

Now we show the calculations of total cross sections for
three isospin channelsyp—«* 7 p, yp— =" #°n, and
yp— 7°#°p in Fig. 3. Here solid and dashed lines corre-
spond to the full nonresonant calculations for the PS and PV
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culation and is roughly consistent with the size of the
Kroll-Ruderman term introduced in the model of Oehial.

[12,13, by which the large measured cross sections have
been successfully explained. In order to reproduce the data,
however, the small range paramater of ther form factor
must have been used and it gave rise to the largerscat-
tering p-wave phase shift at low energies compared with the
experimental value. We think that the Kroll-Ruderman
term with this form factor simulates a non-negligible back-
ground process originating from the strong coupling between
the nucleon and =J=1 77 system as is inferred from
strong enhancement at low energies in the isoveetar

spectral function derived from the7— NN helicity ampli-
tude[15]. Therefore, the Kroll-Ruderman term is consid-
ered to represent the nonresonant process arising from the PS
coupling effectively.

In Fig. 3, we also show the results for the Born terms
coming from the PS couplin@otted line$ corresponding to
the diagramga)—(e) in Fig. 1. We find that the contribution
to theyp— o 7w~ p channel is extremely large and is mostly
attributed to the pion-pole ternjdiagramd(d) and(e) in Fig.

1]. The similar situation occurs when one calculates#ine
i isoscalar s-wave scattering length with the PS coupling.
These unfavorable results can be improved by introducing
the contact interaction of Eq3) as mentioned before. This
effect is seen in the calculations with the contact tefdash-
two-dotted lines in Fig. B Here the contact terms corre-
spond to the diagramg)—(k) in Fig. 1 and consist of the
isoscalar and isovector parts. The isoscalar term contributes
to the yp— 7" 7w~ p and yp— 7°#°n channels and the is-
ovector term contributes to thep—= 7 p and yp
— 7" 7% channels, and the isoscalar term has larger cou-
E (MeV) pling constant than the isovector term as understood from
o ) Eq. (3). The size of these terms can be seen in the calcula-

FIG. 3. Nonresonant contributions to total cross sectlon§ fokions in Fig. 3.
yp—m @ p, yp— 7 m°n, andyp— m’n°p reactions. The solid For comparison, the result for the Born terms coming
and dashed lines cc_)rre_spond to the_PS and PV calgulatlons W'Fh_tl}?om the PV coupling[diagrams(a)—(g) in Fig. 1] is also
vector meson .Cont”bu“ons' respectively. The meaning of remainingy 5w by dash-dotted line in Fig. 3. The dash-dotted line is
lines is given in the text. - L - . .

drawn only in theyp— 7" 7~ p channel but omitted in other

channels since the full nonresonant calculati@@shed ling
models including the vector meson contributiof$g. 2,  in other channels are almost overlapped with the dash-dotted
respectively. We observe that the PV results of ther~ line. The difference between the solid and dash-two-dotted
channel are close to the PS results, while in ther® and  lines or between the dashed and dash-dotted lines arises from
m%7° channels there are significant differences and the P$e vector meson contributions of the diagrams in Fig. 2. The
calculations are larger than the PV calculations. The similacontributions are relatively small. This smallness is mainly
feature can be seen in the one-pion photoproduction wherattributed to the effect of form factors used. In this paper, we
the difference between two couplings is prominent in thedo not pursue this effect furthermore.
neutral pion photoproduction but is very small in the charged In order to see the difference between the PS and PV
pion photoproduction. This arises certainly from the differentmodels in further detail, thers invariant-mass spectra are
off-shell behavior between the PV and BBIN couplings. calculated and the results at 750 MeV are shown in Fig. 4.
For the one-pion photoproduction, such difference appears ilthe meaning of lines is the same as that of Fig. 3. Apart from
the Born terms proportional to the anomalous magnetic mothe size of the distributions, the difference of the shape can
ment obtained using the second term of &j. In fact, if F, be seen in these distributions, especially in the
is set to zero, the difference between the PS and PV calcu- 7°#°p channel. Even in the PS calculations for thp
lations disappears. The same things happen for the two-pios 7 7~ p and yp— 7" 7°n channels, there are some shifts
photoproduction, which has been examined numerically. of the peak to the higher invariant mass compared with the

It is interesting to observe that the PS calculation in thePV calculations. Here it is interesting to note that theJ
yp— 7" %n channel is remarkably larger than the PV cal- =177 system relevant to the meson can contribute to the

o[ pb]

of ub]

ol ub]
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FIG. 4. Nonresonant contributions to ther
invariant mass spectra foyp— a7 7 p, yp
— a7, and yp— 7°#°p reactions at 750
MeV. The meaning of lines is the same as that of
Fig. 3.

3 3 0011
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yp— 7t p and yp— 7+ 7°n reactions and on the other

hand thel =J=0#x= system relevant to thee meson can
contribute to theyp— 7+ 7~ p and yp— #°#p reactions.

Ref. [12]. The parametersng, forz, andq,,, are deter-
mined to fit thewm p-wave phase shifts as well as the mass
and width ofp meson. We taken)=910 MeV, f ., =7.8,

The correlations for the finalrm system might influence andg,,,,=800 MeV/c, which are used in the calculation of
both the shape and size of the distributions but in our calcuthe N* self-energy. In the previous papr2,13, Uprr WaS
lations they are not taken into account. In this work, as a firshdjusted to fit theyp— 7" #°n data instead of thers
step, we would like to demonstrate how different the PS ang-wave phase shifts. In the case of Réf3], 0, Was taken
PV models are within our present framework. In order toto pe 200 MeW¢, which made the size of the Kroll-
compare the calculations with the experimental data, thguderman term quite large. This parametrization was only a
resonant contributions must be included. We will employ away to phenomenologically reproduce thye— 7" 7°n re-
simple model for the resonant processes, which will be disaction cross section within the previous model.
cussed in the following section. The #N scatteringt matrix in the Py channel is written
as
IIl. RESONANT PROCESSES

o FonaFina
PI= = 0 i
Vs=M{-32y

A. Isobar model (29
The two-pion photoproduction in the second resonance

energy region involves the resonances suchpaseson,

A(1232) andN* (1520) as important intermediate states. Wewhere /s andM¢ denote therN center-of-mass energy and

treat these resonances with the isobar model, where the sc@fare mass of\ (1232), respectively. The vertex function for
tering of wr or 7N in the relevant channel is assumed to bethe 7N— A transition is expressed as

described solely by the resonant state. We employ the same
formalism used in Ref§12,13, which is briefly reviewed in 5w E
T _ i 2 / @WrEp + 2
FﬂTNA__I 6 MN gﬂ'NA(p)(S p)v (30)
wherep is the three momentum in theN center of mass

this section.
In this model, therw p-wave scatterind matrix in the

system andg is its unit vector.S' is the spin transition op-

erator from 1/2 to 3/2 and ,n» iS given by[18]

energies from threshold to temeson resonance is assumed
to be written as

FomnF o

pmw pw
T , 2
2m2( \/g_ mg_zpﬂ‘ﬁ) ( 7)
2 2
wherem® and \/s denote the bare mass pfmeson and the 9anal(P)= Fa P2 , (3D
f ’ V2(m,+My) Mz | Q3 +p?

7 center-of-mass energy, respectively. Them vertex

function is assumed to have the form _ _ .
whereF, is the coupling constant an@, is the range pa-

rameter. The\ self-energyEfTN is evaluated using the vertex
functionF!, . The parameter$, F,, andQ, were ad-
justed to fit the experimentd®;; scattering amplitud¢18].
The N scatteringt matrix in the D3 channel has the
same form with the abovB5; amplitudetps; as follows:

Fpﬂ'ﬂ': th(K)(Sp' K):
(28
pmw

hy (k)= —————,
T L+ (klGyg)”

wheref .. andq,,, are thepmm coupling constant and

range parameter, respectively, ais the polarization vec-

tor andk is the relative momentum between two pions. The

p self-energy2 .. is evaluated with the same way used in

+
FWNN*FWNN*

b= v (32
\/5_ M N* 2{\cl)tal
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whereM}, denotes the bare mass Nf. The vertex func-
tion for the #N— N* transition is written a$19]

2
7 My V2(m,+My) \ ponne

x e~ (PIPann) (ST, v, (p)), (33)
wheref yn+ IS the aNN* coupling constant an@ .\« IS
the 7NN* range parameteS®' is the second-rank spin
transition operator from 1/2 to 3/2, which is defined by

SAT= \@[STX a]®@.

The N*(1520) resonance can decay into both #d and
77N channels. ThermN decay occurs through three domi-
nant modes, i.e.,71A)s_wapes (TA)g—wave, @aNdpN . These

(39

PHYSICAL REVIEW C 67, 034601 (2003

TABLE |. Parameter set foN* used in this paper.

s d
fWAN* f

TAN*

fﬂTNN*

f e M. (MeV)

1.147 0.398 1.435 0.942 17009.

?TAN* fonnx) @nd the bare mass

(Mﬁ,*) are adjusted to fit thBl* resonance energy, its width
and the branching ratios at the resonance energy. We use
1520 MeV as the resonance energy and 120 MeV as the
width, respectively. We take a fraction of 60% for the decay
into 7N, 8% into swave wA, 12% intod-wave 7wA, and

20% decay into theN channel, respectivelj20], which are
slightly different from the values used in the previous model
[12,13. We note that the parameters cannot be uniquely
fixed due to the limited experimental information and their
uncertainties. The parameter set used in this paper are given

S
constants { ynx,f s« f

branching fractions are known to be comparable. Thus thg, tape |. The signs of the coupling constants are the same
total N* self-energy E o) IS €xpressed as

RIS RS I LIRS J (35)

wheres Ny, 33,39, ands , are due to the coupling to
the 7N, swave wA, d-wave wA, andpN channels, respec-

tively. 27’\',; is evaluated from the vertex functidmerN* and

as those in Ref.13]. With this parametrization, theN D5
scattering amplitudes calculated agree with the data around
the resonance energy but are deviated as the pion energy is
away from it. The range parameters are necessary to be var-
ied in order to get good agreement with the data over a wide
range of the pion energies, but they are not uniquely deter-
mined in the present case and the fitted parameter sets in-

the other components of the self-energy are obtained fromlude a very small range parameter which is hardly accept-

the following vertex functions:

2w

™ s

st _ 312
F,TAN*(p) i(2) 2(m7-,-+MN) TAN*

S A
x e~ (PP Y oo P)

(36)
for the N* — (7A)s_wave
2
2w P
at _ 3/2\/: ¢ el T —
Frans(P)=—1(2m) Z(mw+MN)f7TAN*< pdAN*)
g R

x e~ PP (ST Y, (p)), 37

for the N* — (7mA) - wape, and

2(0 E _ 2 ~
(2m) =y onnee” PP (ST £, Yoo ),

(38)

+
F NN*

p

for the N* —pN. Here S, ., f ., andf g are the

swave, d-wave wAN*, and pNN* coupling constants, re-
spectively. pr’gN* and p,nn+ are the 7AN* and pNN*
range parameter§$)" is the second-rank spin transition op-
erator from 3/2 to 3/2 defined in Reff12]. 35§ and 3,
contain the effect of the decay process- =N or p— 7
and their explicit forms are given in Ref12].

In this paper, we simply choose 400 Me\Mbr the range
parameters PinN*,prAN* ,piAN* ,Ponn+)  Which  repro-
duces the nucleon size in quark modgl9]. The coupling
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able from a physical point of view. Furthermore, the
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FIG. 6. Total cross sections of two-pion pho-
toproduction on proton and neutron in various
isospin channels. The solid and dashed lines cor-
respond to the PS and PV calculations. Data are
from Refs.[1](triangle down, [2](open squane
[4](black diamong, [5](stap, [6](open circle,
[7](triangle up and black squard 8](open dia-
mond, and [9](black circle. The data(black
circle) of yn— 7~ 7% correspond to the cross
section over the DAPHNE acceptance.

background=N interaction may be needed and thus onefor the A resonance and
must go beyond the present framework of the isobar model.

We think that the above description foF is sufficient for

the present purpose, namely, to examine the difference be-
tween the PS and PV couplings.
Now we consider the resonant couplings by photon. The

+
W FWNN*FVNN*

TN=—"— T
N* 0 N*
\/S_ M N* 2total

(41)

yNA and yNN* coupling constants can be determined byfor the N* resonance.

using the multipole amplitudes in the relevant channel for the The A resonance can contribute to bakth, . (3/2) and
YN—=N reaction. The multipole amplitudes for theN  E,_ (3/2) multipole amplitudes. Since the magnitude of the
—aN reaction have non-negligible background contribu-g,  (3/2) multipole is small compared witM,, (3/2), the
tions and thus are generally expressed as the sum of tfE2 yNA coupling is neglected. ThegN— A vertex function

background and resonant terms, i.e.,

Like the N elastic scattering amplitudes, the

N_ N N
TN=TN+ TN,

T2\ is given by the isobar model as

for the M, (3/2) channel is written as

(39

resonant term .
Whereg,\,Il+ and e are theM1 yNA coupling constant and

photon polarization vector, respectively, akddenotes the

Fina=—igu, S kxe,

! (42

E gt initial photon momentum. We usgwl+=0.1991(in natural
aNAF yNA . L . . .
Tf‘:% (40 unit), which is obtained from the resonant coupling given by
Vs— Ma—27n the Particle Data Grouf®0].
10— — W—T—T1 11— O~
L 650 MeV 1 | 750 MeV | 850 MeV ]

8- - 8 8-
% 6 - 6F 6 FIG. 7. Invariant mass spectra afr for yp
£} 1t L — 7 7 p at 650, 750, and 850 MeV. The solid
% 4 [ 4 and dashed lines correspond to the PS and PV
= L 1l L L calculations, respectively. Data are normalized

S 4 ok 5 appropriately and from Refl1].

P I I T . 11 P I I L L I P I I
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For theN* resonance, we use the helicity amplitudes in-wheregy , is the helicity 1/2 coupling constant akddenotes
stead of the electric and magnetic multipoles. T¥N* the unit vector of the initial photon momentum. For the he-
vertex has two mdependent he|IC.It)./ couplmgs:' Fhe hel'c'tylicity 3/2 transition,F“;NN* is written as
1/2 and 3/2 couplings. For the helicity 1/2 transﬂ@iNN*
is written as ot i R R

Foie=0az (ST @+ (S K)o kxe|, (44

w2t _ . 0 C
Fonne =~ i91AS"-k)(o-kXe), (43 wheregs, is the helicity 3/2 coupling constant. For the pro-
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ton target, the helicity 1/2 amplitude is small compared withisospin channdl10,12). The termsT ,xg and T ,pp dominate
the helicity 3/2 amplitude and so the helicity 1/2 coupling isfor the 7" 7~ production and becomes small due to the iso-
neglected. For the neutron target, both couplings are takespin factor for ther™ #° (7~ #°) production and then are
into account. We usgy,,=0 andgs,=0.1612 for the proton prohibited for them®#° production. Although theN* exci-
target andg,,,= —0.0496 andy,,= —0.135 for the neutron tation terms have only weak strength, they contribute to all
target, respectively, which are obtained from the resonanisospin channel and their interference with the Kroll-
couplings given by the Particle Data Grolg90]. Ruderman term has significant effects to the cross section.
Generally, the yNA and yNN* coupling constants The other processes arising from the requirement of the
(9wm, 912,932 include both bare couplings to the reso- gauge invariance are neglected because they are known to be

nances and vertex corrections due to the interference with tHgmall.

background processes and thus are complex and energy de-The A Kroll-Ruderman term is written as

pendent in nature. One way to determine the coupling con-

stants is to extract them from the experimental multipole N

amplitudes by assuming an appropriate nonresonant back- Te— FanaFakr (46)
ground terngN. The other way is to use the resonance AKR \/g—wW—EA—E(A”N)(q,\/E)'

couplings given by the Particle Data Gro[g0] which cor-

respond to the bare couplings. In most of previous models

[11,10,14, real coupling constants obtained by the Iatterwherecuwz\/mZWJrq2 and EA:\/(MA°)2+q2. 3(™(q,s)
method have been used to calculate the cross sections for tiegthe self-energy oA moving with the momentung that
two-pion photoproduction. Since the imaginary values arearises from the coupling to theN channel. Its expression is
small for these resonances as predicted in the phenomengiven in Ref.[19]. The yN«A contact term operatdf | is
logical calculationg16], we also employed the latter method gptained from the strongrNA vertex function so as to sat-

for simplicity. isfy the gauge invariance, the detail of which is given in Ref.
[12]. Instead of using the effective Lagrangigi®], we em-
B. Resonant amplitude ofyN— 7 aN ploy the vertex function with a form factor. Thd— 7A

We use the same approach with the model of Rif,13 transition operator is assumed to have the same form as the

for the resonance production processes and make a brief ré-— 7N vertex function. Since the range parameg{(N
view about it in this section. The resonafg matrix for the ~ — 7A) is not necessarily the same as the param@iein
two-pion photoproduction is expressed as Eg. (31) and thus is unknown, we treat it as a free parameter

and vary it to fit theyp— =" 7~ p cross section. The pion--

ole termT is obtained by replacing . in Eq. (46)
To=Taket Tape Thema* Tiwma + Trveont Tanen \F/)vith the yNﬁTPAP pion-pole vertex functiorFAZKpi,, whose de-
(45) tailed expression is given in Rgfl2].
The resonanfly matrix consists of six amplitudes: the The yN—N*—m7N transition takes place the following
Kroll-Ruderman term Tsxg), A pion-pole term Tpp), N* two possible processed* —wA (s-wave ord-wave wA

o ) - s(d)
excitation terms T3 and Ty« ) and thewA production ~ States and N*—pN. They are described b¥fy., and
term accompanied by nucleon exchang@ {.,). These dia-  TN*pN: res_pec'uvely. Using the_|sobar model |;r(1$nt|oned in
grams are shown in Figs. (&-5(€), respectively. The the preceding section, the matrix elements ofl,° . and

strength of these resonant processes depends strongly on fig« ,y are written as

s(d)t =t
s(d) _ FanaF e Fonne (47)
* AT T T
N 5= w,—Ey—3M(0,9)1(Vs— MO, — SN )

+
FmepNN* F YNN*

zwp[\/g_ wp_Eqp_Epn'ﬂ'(qp ,\/g)](\/g— M[(zj* _2{\(‘):& ’

Trxpn= (48)

respectively. Hereq, is the momentum ofp meson and FpfoOEt

Epm(qp,\/g) is the self-energy of meson moving with the oNa~ YNAT 7NN

momentumg,. The p meson is described by the isobar [@_wW_EA_ggwm(q,@)](Ek_ww_EHq)'

model[see Eq.(27)]. (49)
The A production term accompanied by nucleon ex-

change is written as

Anex—

where therNN vertex functionF! ., is assumed to have a
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usual nonrelativistic form. Unlike the other resonant pro-proach. Although the value d@,(A— #N) is taken to be
cesses, the intermediate particle, i.e., nucleon, is far off-shel358 MeVk given by Betz and Leg18], the value ofQ, (N
Since only the on-shell resonalt, , (3/2) multipole ampli- — 77A) does not need to be the same, since the form factors
tude is known, some prescription is needed to include thggr A— 7N and N— A are functions depending on the
off-shell effect in the abov@ matrix [Eq. (49)]. We take the  rejative momentum ofN andwA systems, respectively. At
mTod|f|_ed pole approximatiof21] where the angular part of 5 given relative momentum, in fact, the square of the pion
F,na IS evaluated at the center of mass systemifand itS  foyr-monentum evaluated in theN center-of-mass system
magnitude is evaluated at the total energy of the fimBl g jarger than that in the'A center-of-mass system due to the
state. The contribution oF ynex t0 the cross sections is €X- ass difference betwedt and A.

pe(l:t(;d tt%_be Smﬁ‘t” g“e, to the Olﬁ'slh?” effect. Ho_;/v;:ver, WE " First, we show the results of the total cross sections of five
include this amplitude in ourocaocualons, since it becomess i channels, i.e.yp—m 7 p, yp—mtaon, yp
non-negligible for theyp— 7 #"p reaction due to large —707%, yn— a7 n, andyn—m «0p, in Fig. 6. Here

coupling constants i, , (3/2) channel. the calculations withTpg and Tpy are presented with the
solid and dashed lines, respectively. We find that the PS cal-
IV. NUMERICAL RESULTS AND DISCUSSIONS culations are in good agreement with the data in all channels
In this section, we present our numerical results of tota®nd on the other hand the PV calculations underestimate the

cross sections, invariant mass spectra and helicity-dependef@ta except form" ™ channels. The discrepancy between
cross sections obtained by using the model introduced in th&vo calculations is clearly due to the d|ﬁer$n%e of the non-
previous sections and compare them with the experimentdfsonant processes. Our results of $fe— =" 7"n and yp

data. In our model, th& matrix for the two-pion photopro- — 7%7%p reactions for the PV model are not consistent with
duction is written as those by the model of Nachet al.[14], where the nonreso-

nant amplitudes are constructed using the nonrelativistic PV
T=Tnrt+ Tr, (500  wNN coupling. Their results are more close to the experi-

mental data compared with our result for the PV model. We
whereTyr is the nonresonant matrix given in Sec. Il and think that this inconsistency comes mainly from the way of
Tg is the resonant matrix [Eq. (45)] in Sec. Ill. ForTyg, the calculation of the diagranfe) in Fig. 5, where the
we consider two kinds of models: PS and PV models withnucleon in the intermediate state is far off-shell. We have
vector meson contributions. Correspondingly there are tw@valuated this diagram with the modified pole approximation
kinds of full T matrices for Eq(50) which are expressed as and on the other hand they adopted simply iINdA vertex
TpsandTpy, respectively. To demonstrate the difference offunction without cutoff factor that has a linear dependence of
7NN couplings, we always compare the calculationsTy  the photon momentum. Consequently, t#¢A coupling be-
with those byTp,, which are shown in figures below. comes very large in the energy region of th&(1520) reso-

In our model, there is a free parameter: the range parammance and leads to the large cross section.

eterQ,(N—A) of the N— A vertex function appearing Second, we calculated the invariant mass spectra of three
in the A Kroll-Ruderman term. At present we do not know isospin channels, i.eyp— 7" 7 p, yp— " #n, andyp
how to determine it by using other reactions than the two-— 7#%#%. The invariant mass spectra for the 7~ system
pion photoproduction. We us®,(N—7A)=430 MeV/c in the yp— 7" @~ p channel are shown in Fig. 7. The calcu-
determined so as to reproduce thp— 7" 7~ p cross sec- lations are performed with three photon energies, i.e., 650,
tions. Here theN— A vertex function is assumed to have 750, and 850 MeV. In this case, the values of the data are
the same form with th&d — 7N vertex function used in this plotted arbitrarily and the calculations are normalized so as
paper, since thA propagator used in Eq46) is calculated to fit the peak value of the experimental distributions. For the
with the sameA— 7N vertex function. In this sense, we shape, two calculationd®S and PV calculationsare almost
think, it is not appropriate to use the monopole type of formequivalent each other and are in good agreement with the
factor employed by the authors of Refd0,14] in our ap- data.

yp>5 n’n
— T 0.2 T — T T
750MeV

0.2

0.15 015 n FIG. 9. Contributions of resonant processes in
invariant mass spectra of " 7°, #°n, and7"n
systems foryp— 7" #°n at 750 MeV. The dash-
dotted and dashed lines are the calculations with
s T pn and  TykrtTappt Tanext Trsma
—0.05- 7 YW\ 4 +Tﬂ* - (see text, respectively. The nonresonant

/ \ PS calculatior(solid line) is also plotted.
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For the yp— 7" #°n channel, the invariant mass spectra
for the " #°, #°n and 7 n systems are calculated at four
bins of photon energies, i.e., 650—700 MeV, 700—740 MeV,
740-780 MeV, and 780—820 MeV and are shown with the
data in Fig. 8. We find that the PS calculations agree well
with all data but the PV calculations show some discrepancy
about the shape of the* #° invariant mass spectra in addi-
tion to the magnitude. Ther" #° invariant mass spectra
have a peak shifted to the higherr invariant mass and the
peak position of ther’n and 7" n invariant mass spectra
corresponds to the mass 4{1232). In order to see which
process makes such behavior, the contributions of some com-
ponents of the resonant processes are shown in Fig. 9. Here
the dash-dotted and dashed lines correspond to the calcula-
tions  with Ty,  and Tagr+Tappt Tanex™ Tospa
+Tﬁ* A Tespectively. For reference, the nonresonant PS
calculations(solid lineg are also plotted in figures. Clearly,
the peak shift for ther ™ ° invariant mass distribution is due
to the contribution oN* — pN process and the peak position
of the #°n and 7' n invariant mass distribution is directly
related to theA (1232) production in the intermediate state.

For the yp— 7°#%p channel, the invariant mass spectra
for the 7%7° and #°p systems are calculated at the same
bins of photon energies with thgp— 7" 7°n channel. The
results are shown with the data in Fig. 10. In this channel, the
A Kroll-Ruderman ternjFig. 5@)] and pion pole termfFig.

5(b)] do not contribute to the cross section and so the mag-
nitude of the cross section is rather small compared with
other channels. Furthermore the J=1 7# system such as
the p meson is not produced because of isospin conservation.
Therefore, only the processes T)jnex,TE* - and Tﬂ* A
among the resonant processes contribute to the cross section
in our model. We note that the production of theJ=0 =
system such as the meson could take place in this channel.
From the comparison with the data, one finds that both PS
and PV calculations can almost reproduce the data of the
x°p invariant mass spectra, which has a peak at\t{E232)
mass. For ther®#° invariant mass spectra, there are some
discrepancies, especially, between PS calculations and the
data. The PV calculations are almost consistent with the data
except for the bin of 780—820 MeV, where there are two
bumps in the distribution. On the other hand, the PS calcu-
lations show broader distributions than the data, arising from
the nonresonant processes as shown in Fig. 4. In our calcu-
lations, the final state interactions fef7° and #°p are not
taken into account. As pointed out in RE22], the final state
interaction form#° is expected to be important because of
strong correlation between two pionslirs J=0 channel and

the influence of ther meson. Such effect might be one of the
possibilities to improve the PS model and so it will be worth-
while to further study this channel by taking into account
such effect.

Finally the calculations of the helicity-dependent cross
sectionso, and o4, are shown with the data in Fig. 11.
Here we display the cross sections in three isospin channels:

— 7% at four bins of incident photon energy. The solid and the yp— @7~ p cross section with the three charged par-
dashed lines correspond to the PS and PV calculations, respectivelycles in the DAPHNE acceptancef23,24], the vyp

Data are from Ref[8].

— 7" 7%n cross section with ther™ in the DAPHNE accep-
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o1 1S overestimated. The detailed description of the reaction
mechanism is still unsatisfactory for this channel and is
needed to pursue what is missing in our model. Forythe

— " 7%n reaction, the PS model can almost explain two
helicity-dependent cross sections simultaneously except for
the cross sectiowry;, around 750 MeV. On the other hand,
the PV model underestimates the cross sedtigpand also

o1y Slightly. In this model, nonresonant processes in the he-
licity 3/2 channel are not strong enough to explain the data.
This result is not consistent with that obtained from the
model by Nacher and Osé23]. This is due to the same
reason mentioned in the discussions of the total cross sec-
tions. For theyp— 797°p reaction, we observe that there is

a large difference between the PS and PV models in the cross
sectiono . The experimental data, if they exist, could pro-
vide an important information on the reaction mechanism.

V. CONCLUDING REMARKS

Several theoretical studies on the two-pion photoproduc-
tion have been performed in the past but none of them have
succeeded to reproduce the data in all isospin channels si-
multaneously. Particularly, unexpectedly large cross sections
of the yp— 7" 7°n and yn— =~ #°p reactions were found
not to be explained with the usual reaction mechanism and
thus the presence of a new reaction mechanism in these
channels is suggested. Ochi, Hirata, and Takaki intro-
duced thep Kroll-Ruderman term, which influences only on
the above isospin channels, as a new reaction mechanism.
However, a soffpmrm form factor was needed to reproduce
the large cross sections and the isobar model with such a
form factor failed to explain thersr scattering at low ener-
gies. Thus, the Kroll-Ruderman term was inferred to rep-
resent the effect of the background process followed by the
production of thd =J=1 =& system rather than the me-
son itself.

In this paper, we have discussed the effect of the nonreso-
nt processes arising from the PS and #\'N couplings

in the two-pion photoproduction in order to pursue an alter-
native reaction mechanism. The nonresonant amplitudes can

— 7" m pandyp— =+ °n, the cross sections over the DAPHNE be obtained by attaching an external photon line to the dia-

acceptance are shown. Data are from R§f8,24).

tance[23,24] and theyp— #°x°p cross section without ki-
nematical limits for outgoing particles. The quantity,

gram ofN—arowN calculated with the twarNN couplings.

In order that the model with the P@\N coupling is equiva-
lent to the model with the PMrNN coupling in the strong
interaction procesdl— wwN, the effective contact interac-

(o150 is defined as the cross section for the absorption of dion [Eq. (3)] is added to the former model. Using these
polarized photon by a polarized target proton in the helicitymodels, we examined the effect of the two couplings on
3/2 (1/2) channel. The solid and dashed lines denote the calarious isospin channels numerically. For thp— 7" 7°n
culations with the PS model and PV model, respectively. Itand yn— 7~ 7#°p reactions, we found that the cross sections
should be noted that the electromagnetic coupling of thesalculated with the PS model were larger than those with the
N* (1520) to proton is known to be dominated by the helicity PV model and their magnitude was almost consistent with
3/2 statg[20]. This is why the peak of the resonance is seerthe p Kroll-Ruderman used in Refl12]. Consequently, the

in the data forog, but not for oy,. Therefore, the cross nonresonant process described by thes®8\ coupling can
sectionoy, is sensitive to the reaction mechanism not re-be regarded as a candidate for the new reaction mechanism

lated to theN* (1520) resonance. For thgp— 7" 7 p re-

in place of thep Kroll-Ruderman term.

action, one finds that the PS calculation is almost equivalent The importance of the PSNN coupling in the two-pion
with the PV calculation like the total cross sections. Al- photoproduction has not been so far noticed. In fact the non-
though the calculations agree qualitatively with the data, theesonant process has been always described by theNAV
cross sectionoy, is underestimated and the cross sectioncoupling and has been found to have only a minor contribu-
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tion to the two-pion photoproduction. The PANN coupling  moment term in theyNN coupling[Eq. (4)] [25]. In fact the
is more favored than the PSNN coupling for the yN difference disappears i, is set to zero. In our modek,, is
— aN reaction and therN scattering at low energies. There- taken to be the on-shell value. It would be interesting to find
fore, the PV coupling has been also used for th out the influence of the off-shell effects in theNN vertex
— N reaction as a matter of course. Recently, Drechselor the two-pion photoproduction and furthermore to know
et al. [16] pointed out in the study of thgN— 7N reaction  how the PS coupling at high photon energies is connected to
that the PS coupling was needed to describe the data with thibe PV coupling at low energies in terms of the off-shellness
increase of the incident photon energy. This implies that thef the intermediate nucleon. We note that the off-shell struc-
PS coupling is preferable to the PV coupling at larger off-ture of the yNN vertex appears as the modification of the
shell nucleon momenta. Accordingly the PS coupling is ex-anomalous magnetic moment tef2g].
pected to be important for the two-pion photoproduction, Second, the resonant processes in the present model have
since the far off-shell nucleon is involved in the intermediatebeen treated in a naive way. The strong coupling constants
state. for the N*(1520) resonance are determined from its total
In order to demonstrate the importance of the PS couplingvidth and the branching ratios given in Particle Data Group
and compare our theory with the data, we constructed tw$20] and their form factor ranges are assumed to be consis-
types of modelgPS and PV modelsby adding the vector tent with the nucleon size in quark models. The electromag-
meson contributions for the nonresonant procefSigs 2) as  netic couplings of theéN* (1520) to nucleon are taken from
well as theA(1232) andN*(1520) contributions for the the PDG and their values are real number. In order to inves-
resonant processéEig. 5 to the nonresonant contributions tigate the role of the resonance in detail, the theory must be
coming from thewrNN couplings(Fig. 1). Using these mod- refined so as to describe three reactions, imeN— 7N,
els, we calculated the total cross sections, invariant masgN— 7N, and yN— 77N simultaneously. For instance, the
spectra and helicity-dependent cross sections for variousffective coupling constant ofNN*(1520) becomes com-
isospin channels. Generally, these observables are succestex due to the interference with the background process,
fully described by the PS model compared with the PValthough its effect is not expected to be large because of the
model except some details. Particularly the calculations omall imaginary numberl6].
total cross sections and invariant mass spectra foryjhe Finally, we have not included th&(1700) resonant pro-
— o 7% and yn— 7~ 7% channels by the PS model are cess in our model. Nachet al. [14] have pointed out that
in good agreement with the data and on the other hand thogke A(1700) resonance has a significant contribution on the
by the PV model are largely underestimated. There are someN— 7N reaction cross section due to the strong interfer-
discrepancies between the calculations with the PS modelnce between th&(1700) resonant process and theéroll-
and the data in the invariant mass spectra for ty = Ruderman process although the contribution of only the
—m%7% channel. Because the magnitude of the cross sea\(1700) resonant process is almost negligible. They used
tion in this channel is very small, the higher order processethe realyNA(1700) coupling constant given in PDG like the
might emerge in the detailed structure. Therefore, we thinkN* (1520) resonance in our model. However, it was pre-
it may be necessary to investigate the mechanism originatingdicted in the phenomenological analysis of ti¢— 7N re-
with the o meson and the final state interaction which are notaction[16] that its imaginary part was comparable to its real
taken into account in our model. Although there are stillpart, which is quite different from the case of the
unsatisfactory points, we conclude that the PS coupling ceryNN* (1520) coupling. This complex coupling constant, if
tainly plays an important role in the two-pion photoproduc-used, should largely influence the results of R&#] about
tion, especially, theyp— 7" #°n and yn— =~ 7% chan- the interference effect. Further investigation is needed to

nels. draw a definite conclusion on the(1700) resonant process.
Now we would like to make some remarks about our
model. First, the difference between the PS and PV couplings ACKNOWLEDGMENTS

prominently appears in the neutral pion productions such as
yp— 7°p and yp— 7" w°n reactions. This is understood ~ We would like to thank V. Metag for providing us the
from the fact that it stems from the anomalous magnetiexperimental data of thgp— 7 7°n reaction.
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