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Scattering amplitudes for the pion photoproductions have been derived on the chiral bag model
by taking into account pion cloud effects, pion-pole term, and antiquark propagation. The
differential cross section for '*C(y, 7" )!*B has also been calculated. '

I. INTRODUCTION

Restoration of the chiral symmetry in the MIT bag
model induced rapid development of the chiral bag mod-
els. This may be one of the most significant achievements
in the intermediate-energy physics. Successes of the
chiral bag models in description of the baryon structures
encourage analyses of various processes such as pion-
nucleon scatterings, electron-nucleon scatterings, and so
on.

A single-pion photoproduction can also be a good ex-
ample for application of the model. Since the pion fields
are involved in this process, the chiral symmetry is natu-
rally expected to play an important role in derivation of
the scattering amplitude.

The chiral bag Lagrangian is generally of nonlinear
form with surface or volume interaction between pions
and quarks."2 However, it might be shown that the La-
grangian with surface interaction could be transformed
into that with volume interaction by a unitary chiral ro-
tation of the quark field.

In practical purposes, these nonlinear Lagrangians are
expanded in a series of (f,R )™ where f_ is the pion de-
cay constant and R is the bag radius. The amplitude ob-
tained up to second order from the Lagrangian with
volume interaction contains a contact term in addition to
those involving intermediate fermion propagators, in con-
trast to the amplitude derived from the surface interac-
tion Lagrangian. This fact is worthwhile to keep in
mind. '

Araki and Kamal* analyzed the pion photoproduction
on the nucleon by the chiral bag model and obtained
reasonable results. However, their analyses are incom-
plete in the sense that not only the ¢-channel pion-pole
term but also pion field contributions are ignored. These
are expected to make significant contributions to the pro-
cesses under consideration, since it is already confirmed
that z-channel is important in the single-pion production
studied on the nucleon level,>® and the pion field plays a
key role in the nucleon electromagnetic form factors.” In
their calculation, the antiquark contribution to the (y,7)
processes was not taken into account ejther. Importance
of this contribution can be conjectured from the fact that
the antinucleon propagation played significant roles in
the scattering amplitude derived on the nucleon level.®

In the present paper, we analyze the pion photopro-
duction on a nucleon by taking into account the -
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channel pion-pole term, pion field contribution, and the
antiquark diagram on the basis of the KE chiral bag
model. Our calculations will be carried out in the static
limit, and later we will improve it by taking a phase-space
factor into account. We also extend our calculation to
the process °C (y, 7+ )1’B at E, =193 MeV.

II. THEORY

A. Interaction Lagrangians

Starting from the chiral-invariant Lagrangian with o
field,? one can derive the effective Lagrangian of KE mod-
el’> by the chiral transformations. In this model, the
pion-quark interaction is given in the pseudovector cou-
pling as

1 o
Lﬂqq~§§qay“ysr-aﬂarqaeu s 1)

where 6, is the volume step function and f is the pion de-
cay constant. The matrix element of £, with (m,(k,),
N(p’'=~0)| and |N(p=0)) gives the 7NN interaction

e _ .gTrNN'(k‘rr) , i
Loyy=—i My (N'|lok,7|N)
X(a;,—a; 278 Ey—Ey—w,) , )

where a,-T(a,) is the pion creation (annihilation) operator,
Ey and w, are the nucleon and pion energies, and the
7NN form factor due to the bag volume g, yy- is*

5 . . .
gnNN’(kﬂ)/ZMN:_é}‘—[KO(kTr;J%—';—J%)_%Kz(kn;.]%)] ’

(3)
with

K (k,,F)=0[2R 0—1)j}(w)] !

X foerdr ik, r)F @

2,
R

Here, ®=2.0428 is obtained by the bag boundary condi-
tion, jolw)=j,(w). The form factor g, yy'(k,) given in
Eq. (3) is associated with the lowest-order diagram shown
in Fig. 1. Substituting the experimental value of the pion

2295 ©1989 The American Physical Society



2296

, . N
L = d +—$Li—‘¢l+

’
~ -

FIG. 1. Diagrams for renormalization of the mNN coupling
constant.

decay constant f=93 MeV, we find the bare 7NN cou-
pling constant [g,yy(0)]>/47=9.58. The renormalized
7NN coupling constant [g,yy(0)]?/47=14.35, which
implies f ~76 MeV, might be obtained by evaluating the
higher-order diagrams. In this paper we take a conceiv-
able way to obtain the dressed 7NN form factor by using
the value f=76 MeV in Eq. (3) and multiplying a
monopole-type factor’

2 2
Ag—m?:

wvplky)=—5 55,
S o Ay —m2+k2

(5)

with Ay=8m_ and A,=6m _, which was evaluated in
the baryon space. Thus, g vy (k) in Eq. (2) is replaced
by

gﬂNN'(kvr)=gerN'(kﬂ)fﬂNN'(k77) . (6)

Similarly, one can easily derive the 7NA coupling La-
grangian by replacing g ,yy, 0, and 7' in Eq. (2) by &4,
S,and T"

s _ 4 ,ngA(kﬂ) i
Loya=—i M, (A|S'k,T'IN)
X(a,—a] 278(Ey—Ey—0w,) , @)

3
GAIX(A)(ky)= E GJN(A)(k

M. T. JEONG AND IL-T. CHEON 39

where S and T are the transition spin and isospin opera-
tors.!? By SU(6) symmetry, we have

6V2

g”NA(kv):“s—gﬂNN(k,,) , (8)
and, then,
Eonalk ) =gonalk ) f nalk,) (8a)

The photon-quark coupling is generated by introduc-
ing the minimal substitution d,—9d,+ied,, as

Lygg=—€q.v" 4,4, » 9)

L, =ie[nt(@m)— @ 1 )ml4, , (10)
ie _ _ _

"quqzﬁ%yﬁfiyys(’r at—rtrm )9, » (11)

where e, is the quark charge. The Lagrangian (9) can be
converted into the baryonic bag space in the forms

Gylky) ~
-LﬁNN':wWN—(N Ia-kyxe|N)
X27r6(EN,—EN—-a)7) , (12)
Gi(k.,)
LyNA:ie;TNy<AIS-(k7,x€)T3]N)
X2m8(Ey—Ey—w,) , (13)

where ky and o, are the photon momentum and energy,
€ is the polarization vector, and

v
/=t (14)

GP(k,) | o
-m—(l 2k1/ Kl(k}/’]()]l) s

G¥(k,) q L = k‘,gf,NN,(k) bEK (k,;joi1) 1s)

M 2002 2f f (Eyn—M,—o, \Eg—M,—w,) ’

N S,S'=N,A 907 MNky 0 Dy N s k B s k
G¥(k,) Fralky) (o dk dk'kPkg (k') oy (k) o
— T . . CB B . , . . )
2MN S A 16772M1%k7/ fO 0O SJS fO dr rjl(k r)J1(kr)J1(kyr) (16)

The form factors due to the quark bag volume GjB(ky)
are associated with the diagrams shown in Fig. 2. The
previous work* did not take into account the contribu-
tions of pion cloud, i.e., Gf(k,,) and Gf(ky ), which play
important roles in baryon electromagnetic form factors.
We have introduced the y 7 form factor of a familiar type

ootk )=(1+k2/m2)"!

o is the mass of rho meson. The

and c?2 are given in real numbers as

in Eq. (16), where m

coefficients a %, b2,

bﬁA = —-4bZA :32 s

cfh=—cy=(2)ch=—(2)ci=2

for the nucleon, and
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FIG. 2. Feynman diagrams for y NN vertex.

=1,
byn=b3a

CA=SCN=_‘/§

=%bNA=(22i)b2N=15 >

for A* and A°. The propagator J&Z is

JE=[(Ey—Ms—o  NEp—Ms—a;)]"!
+[(0,— oy —opNEp —wp—Mg)] ™!
+[(EN_(Dk_Ms)(_‘Cl)k“a)k"‘a),},)]“l . (17)

Similarly, the seagull term can be expressed in the
baryonic bag space as follows:

L yy=—ie[g})(k, ) N'|o-er|N)
—2g 2’(k }{N'|(0 -k, N Ek)T|N)
X278(Ey+o,—Ey—o,)], (18)
where k., =k, —k_  and

5 : . .
g(y’#(kw)=*67[Ko(kyﬂ;13*%ﬁ ) HIK, (ki D], (19)

g%(k”)zny k,3i3) . (20)

The second term in Eq. (18) is very small compared with
the first term and, then, we neglect it in the actual numer-
ical calculations.

B. Antiquark contribution

The wave function of the ls-state antiquark is given

asll
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FIG. 3. Feynman diagrams for the pion photoproduction. (a)
is the Seagull term. The s-channel diagrams (b) and (c) are cor-
responding to the processes in which the intermediate state
baryons are nucleon and A particle, respectively. The diagram
(d) shows the antiquark propagation in the s channel. The u-
channel diagrams are given in (b’), (¢’), and (d’), and the ¢ chan-
nel is shown in (e).

The yqg and 7gq interaction Lagrangians in momentum
space are expressed in the forms
= _ £(1) ey —
.,quq(k )=—f"k, )b e,(o- £)b 277'8(wq 0, ~w,),
(22)

L (k)=—i fP)blrmb, 278w, —0;+0,)
(23)

where b7(b") and b'(b) are antiquark (quark) creation
and annihilation operators, coq=a)/R and a)qz—w/R

are the quark and antiquark energies, and

F P, ) =0 [Ko(k,;j5— i)+ 2K, (k551 ,  24)

f‘Z)(kﬁ)=51?K0(kv;j8+j%) . (25)

C. Transition amplitudes

Making use of the interaction Lagrangian, one can

© 172 derive the transition amplitudes for the pion photopro-
q= 87R (o—1)2(w) duction on a single nucleon. The contribution of the
TRA® Jot® pion- pole term [Fig. 3(e)] can be calculated from the La-
s R P grangian (10). Then, separating the transition amplitude
]1.[. (@/R)rlo? X, 0,(r—R) 21) into seagull term [Fig. 3(a)] from the Born term [Figs.
ijol—(w/R)r] |Am™v : 3(b), 3(c), 3(b"), 3(c"), and 3(e)], we find
J
(1)(k )
ijji=ii\/:‘ze§7—gh—”—<xf|a-€[x,-> (26)
N
~ Z.nnlk;) (ok ok, X&) Gk
T) =V 7
N N N T Of N
(0k, XENoK,) Gpr(k,) otk ) (k,E)o- k
+i2v/7e SN Zrml £k — : 27
Ey—My—ow, 2My xp)xi2ve 2My Syally) {3, k2. +m?2 |X'>

The antiquark contributions, Figs. 3(d

) and (3d’), are obtained in the similar fashion as
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Tant, = 1/5 (1)(k ) (2)(k ) a” + a* ( I €| ) 28)
yrt = TV 26k k) | TR e, T e R e, | Xl e (

where the positive (negative) superscript of G;; (k, ) denotes the proton (neutron), a t= Z,and a” =—1%. We neglect

here a small term corresponding to the second term in Eq. (18). This term appeared in F, in Eq. (3-17) of Ref. 4 and
was proven to be negligible. Similarly, the A-pole contributions are given as

s V2 Gar(k,) Zonalk,) | (x/ISk,|A)CAIS-(k,X8)|x;) N (x/I8-(k, X&)A)(AIS-k,|x;) (29)
v 3 2MN 2MN EN—MA+w1r EN_MA—“’”
By using the formulas for the Hermitian vectors A and B,
(0-A)(0-B)=(A-B)+ig-(AXB), (30)
(S- A)(S:B)=2( A'B)———;—a-(AXB) , (31)
these expressions are rewritten in the more practical forms
—_ o a o (a.k'}"”)(kﬂ'.é\)
Ty”i—-cl(a-s)-i-czk,,-(k,,><e)+c3(a-€)(k,,-k;,)+c4(a-k7)(kﬂ-e)+c5——2—+—m2—— . (32)
yT T
The coefficients are given as
(1) -1 _
|, 8ynlkys) ) at at
C =.\/2 + YT ym 1+ K _ (1) (2) k
1=t M, My Sk k) /R =, T Ga/R) T e, || 33
Cy=F& (k, k) F2n (k) k,), (34)
Cy=+ig"(k,,k)Fin*(k,,k,), 35)
C,=—itt(k,, k) Ein*(k,,k,), (36)
-1
8ann(Kyr) D
=+i2V2e—"——T1-f (k
Cs i2V'2e M, Syalky) 1+MN , (37)
where
= g NN(kﬂ) 1 —
+ =V u F(k, )+ k)], 38
&5k, k) 2e M, 2MNco,,[GM( )EGy (k)] (38)
valks) Gu(k,)
at(k ,k,,)=ﬁeg NA 1 + 1 uily) (39)
L4 9 2My OpAN— @, ozyto, | 2My
—

with w,y =M, —M,. In order to improve the static lim-
it, we have inserted a phase-space factor (1+w,/My) "}
in Egs. (33) and (37). This factor is considered to yield
approximately the first-order nucleon recoil effects.’> No-
tice that all the coefficients C; are determined by the bag
radius R. On the other hand, the corresponding
coefficients in the CGLN amplitude® are expressed with
the phase shifts of 7-N scattering.>'> And these phase
shifts should be determined by analyzing the 7-N scatter-
ing. The pion photoproduction amplitude derived in the
present work contains only one free parameter, i.e., the
bag radius R which is in the range of 0.6—1.0 fm.

III. RESULTS AND DISCUSSION

The differential cross sections for the pion photopro-
duction by the nucleon can easily be obtained with the

transition amplitudes derived in the preceding section.
Our results are shown in Figs. 4 and 5. Although our cal-
culations contain only one free parameter, the bag radius
R for which we used R=0.8 fm, excellent agreements
with the measured cross sections have been obtained.
The shape differences between (y,7 ") and (y,7 ) cross
sections'>'* are arising from the form factor Gj{(k,,) and
the antiquark propagation. Particularly important are
the contributions of GZB(ky) and Gf(ky), Egs. (15) and
(16), which describe the pion cloud effects. These effects
were completely ignored in the previous calculations.* In
Fig. 6 we show the features of contributions from each
term. The solid curve is the result obtained with all con-
tributions considered in the present work. The dot-
dashed curve has been calculated without the 7NB form
factors. The figure shows that these form factors are im-
portant to suppress the cross section so as to fit the data
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FIG. 4. The differential cross sections for y+p—n+mu*.
The experimental results are taken from Ref. 13.

over all angles. When the pion-pole term is ignored, we
obtain the dashed curve which shows disagreement with
the data at smaller angles. The dotted curve corresponds
to the result without the pionic effects, diagrams with
pion propagations in Fig. 2. Obvious is the importance of
pionic effects in the pion photoproduction. This is con-
sistent with the fact that the pion field plays a conclusive
role in the nucleon electromagnetic form factors, particu-
larly the neutron electric form factors.®”!> Although we
do not show quantitatively the A contributions in this
figure, A particles in the intermediate states of the pro-
cesses play important roles to reproduce the experimental
results. Even the shapes of the differential cross section
cannot properly be reproduced without the A particles.
We also find that the antiquark propagation plays a role
to suppress the ymt cross sections as much as 8% and
enhance the Y7~ cross sections as much as 18%.

The dot-dot-dashed curve in Fig. 6 shows the result
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FIG. 5. The differential cross sections for y+n—p+m—.
The experimental results are taken from Ref. 14.

calculated by neglecting both pionic effects and the pion-
pole term. This curve is indeed the result obtained only
with the diagrams proposed in the previous work.*

An application of the scattering amplitude, Eq. (32), to
the pion photoproduction on nuclei is also possible. At
low energies below the A resonance, one may expect that
quarks are confined in the chiral bag which is well
separated from the other bag in the nucleus. Namely,
quarks are confined into nucleon and A particle and nev-
er exchanged between two baryons. Then, one can make
use of the conventional nuclear wave functions to analyze
the process. In Fig. 7, we expose our results for '*C
(y,7%) *B. We have used the Cohen-Kurath wave func-
tions'® for the nuclei, and the local Laplacian optical po-
tential'” has been applied to obtain the pion distorted
wave. All effects considered here have been included to
obtain the theoretical curves.

The dashed curve calculated with the “adjusted” pion



P(¥,7*)n

E; = 220MeV

1 -

- - 1 L
(0] 30 60 90 120 150 180
B(deg)

FIG. 6. The differential cross section for y +p—n-+7" at
E, =220 MeV. The solid curve has been obtained with all
effects considered here. The dot-dashed or dashed curves are
the results obtained by ignoring the #NB form factors f, yz(k.)
or the pion-pole term, respectively. The dotted curve corre-
sponds to the calculation without the pionic effects. The dot-
dot-dashed curve is obtained by neglecting both pionic effects
and the pion-pole term. The data were taken from Ref. 13.
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FIG. 7. The differential cross section for 3C(y,7*)*B. The
solid and dashed curves have been calculated with the renor-
malized mNN coupling constants associated with f=83 MeV
and 76 MeV, respectively.
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decay constant f=76 MeV is higher as much as 30%
compared with the experimental results. The pion cou-
pling to the nucleon inside the nucleus might be different
from that to the free nucleon. The A particle-nucleon
hole coupling could take place through the pion field in
the nucleus, although it is absolutely absent in the free
state of nucleon. This coupling gives rise to modify the
7NN coupling constant in the nucleus as'®

a/3

*vv(0) =~ 0) |1+
8 ann(0) =g yn(0) 1—a/3

) (40)

where g_yn(0) is the bare coupling constant obtained
with f=93 MeV and the optical parameter « is given
with the pion Compton wave length, the nuclear mass
number 4, and the nuclear radius R , =R, 4 '/3 as"’

hr

=34
RA

a477'

(41)

For Ry,=1.25 fm, we find @=0.335 which induces
[g2yn(0)1?/47=12.23 corresponding to f=83 MeV.
Use of this value yields the result shown by a solid curve
in Fig. 7. Improvement is obvious.

IV. CONCLUSION

Our calculations based on the chiral bag model contain
only one free parameter, i.e., the bag radius R, while the
CGLN amplitude is given with the pion-nucleon scatter-
ing phase shifts which should be determined through
analysis of the pion scattering by the nucleon. Neverthe-
less, the results are excellent. The secret of success is ac-
tually the point that we have taken into account the pion
field effects, renormalization of the wNN coupling con-
stants, z-channel contribution, and Y7, NN, mNA, mAA
form factors. All these contributions were neglected in
the previous calculation.*

The antiquark propagations in intermediate states con-
tribute significantly to the positive and negative pion pho-
toproductions. This can be seen in the scattering ampli-
tudes of m photoproductions at threshold. Without an-
tiquark propagations, we obtain

flyp—nat)=—flyn—pr~ )=0.0284m !

and 0.0286m  'forR =0.9 fm and R =0.8 fm, respective-
ly. Inclusion of the antiquark propagation gives

flyp—nm")=0.0275m !,
flyn—pmr~)=—0.0315m !

for R=0.9 fm and

flyp—nmt)=0.027Tm ',
flyn—pm~)=-—0.0314m !

for R=0.8 fm. The experimental data®® are
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fyp—nm")=(0.028340.0005)m !
and

flyn—pmr~)=(—0.0313+0.0020)m ;' .

Our results are in good agreement with the data.
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