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Radiative pion capture and pion photoproduction in a chiral bag model
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Radiative pion capture on nucleons is studied in a chiral bag model at pion laboratory momenta

in the range qL -300-500 MeV. We calculate der/d0 and L-R asymmetry. Through detailed bal-

ance and time reversal invariance we also calculate do /dQ and P(8) (nucleon recoil polarization)
for pion photoproduction at equivalent photon laboratory momenta. A detailed comparison is

made with the data.

I. INTRODUCTION

After the inception of the MIT bag model, ' chiral sym-
metry was first built into the model by coupling the pion
field to the quarks through a pseudoscalar (PS) coupling
at the surface of the bag. In this model —the cloudy bag
model —the pion field was thereby excluded from the in-
terior of the bag. This picture had a good deal of success
in describing the axial vector coupling constant, g„, and
I(isospin) = —', , J=—,', P-wave 5 resonance.

However, it is well known that at the nucleon level the
pseudoscalar theory has difficulty in explaining pion-
nucleon S-wave scattering lengths in I=—,

' and —,
' states,

a, and a3, in particular their individual small sizes and
their ratio a, /as = —2. Not that the PS theory is funda-
mentally flawed, but that the Born terms produce very
large S-wave scattering lengths of the same sign. The
contribution of higher resonances and the continuum has
to be included to produce agreement with low-energy
pion-nucleon scattering data.

On the other hand, a pseudovector (PV) coupling of
the pions with the nucleons has the advantage that at the
Born level it reproduces the low-energy data and, theoret-
ically, the results of low-energy current algebra
theorems. In this sense the PV theory has the advantage
of simplicity and wieldiness over the PS theory at lou en-
ergies.

In order to describe low-energy S-wave pion-nucleon
scattering data, the cloudy bag model was modified by
transforming the quark field in a manner that the
effective theory became a PV theory, nonlinear in the
pion field which became nonzero inside the bag. In this
manner an agreement was secured with S-wave mN
scattering data.

A chiral bag model was proposed by Kalberman and
Eisenberg who devised a nonlinear o model at the quark
level. Such a nonlinear chiral bag introduces a PV cou-
pling throughout the bag volume and naturally repro-
duces the correct S-wave low-energy mN scattering data.
The models of Refs. 5 and 6 differ in cubic and higher-
order terms in the pion field.

In an earlier publication we had investigated pion
photoproduction in chiral bag models. In the present pa-
per we address the problem of radiative pion capture in

the Kalberman-Eisenberg chir al bag model. Time-
reversal invariance allows us to infer the differential cross
section and the recoil nucleon polarization in the pion
photoproduction process at an equivalent photon energy.
We believe that our present calculation is more reliable,
especially at small angles since both the cross section and
the polarization are calculated from the total amplitudes.
In Ref. 7 these quantities were computed from low-order
multipoles. The emphasis in Ref. 7 was on multipole
analysis.

The layout of this paper is as follows. We present a
calculation of radiative pion capture [do/dQ and the
left-right (L-R ) asymmetry] at the nucleon level in Sec.
II. We employ a PV coupling of the pion with nucleons.
We also include the contribution of b,(1232}. In Sec. III
we do the same calculation at the bag level and show
what replacements lead us to the bag description. Finally
in Sec. IV we present our results with a discussion.

II. A CALCULATION OF RADIATIVE PION
CAPTURE AT THE NUCLEON LEVEL

We start with a calculation of radiative vr capture at
the nucleon level. We use a PV coupling of the pion with
the nucleons and evaluate the amplitude at the tree level
where the contribution from the nucleon, the b reso-
nance and the pion poles and the seagull term are re-
tained. Our model is defined through the following
Langrangian densities,

+nNN++yNN++yrr~++ymNN++mNh++yNts &

where (we use the Bjorken and Drell convention)

f-&.tv Jv
= As)'„& ~"4'4

m

with f /4tr=0. 08 and m„ the pion mass, and

1+~, e& ex= —e4r 2
A g — fo „(tc + ystc }PF"",

4m
(3)

where m is the nucleon mass and the scalar and the vec-
tor anomalous moments of the nucleons are
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a. = —,(()( +a„)=—0.06, The interactions involving b, (1236) are assumed to be

~ = —,'(~q+)(.„)=1.85 .

Electromagnetic interaction of the pion and the seagull
interaction are

& tv'. =g'PaT d„H'

y)vE Ph 33 y54 p

(6)

e&ab3(3 ya(t)bA p

&,.)vtv= — &'"'Oys 'A 4' .
m

where we use g" = 1.9m ' and c =0.32/m
represents the 6 spinor and T; are the 4)&2 isospin ma-
trices with the following representation

0

0

0
1/&3

0
0

i /&3
0

0
t /i/3

0

0 0
1 0

Tz= —Q —, 0
0 0

(7)

With gt, ——(6++,Z+, Z, Z ) these isospin matrices
generate the following isospinors:

t =(k —q) are the Mandelstam variables. M, are the fol-
lowing gauge invariance spin matrices:

gbT, = (Z++ —b, /&3, h+/&3 —b, ),

Q~Tz= — —(5+++9 'Iv'3, b, +/v'3+5+), (8)z

yaT, = —Q—', (E+,E )

M, =iys((tg,

Mz 2iy,——(k Pc q e.Pk q)—,
M, =iy, (ttk q —ke q),
M4 2i y &(tt——k.P ke P —m—ttk'),

(14)

T; satisfy the following relations which are useful in pro-
jecting out the isospin amplitudes:

(9)

from which we get

where e is the photon polarization four vector and
P =

—,'(p+p').
The charge structure of the amplitude is de6ned by

TzT =—', 5 t)+ —,'[r, rz],
T T, = ,'5 t) 6([r,—r,] .——

The 6 propagator in the zero width limit is given by

1 1
i g„,——y„y„— (y&P, P).y„)—

3 3' g

(10)
A, (s, t) = A,(+)S.,+ ,'[r., r, ]A,( )+-r.A,") . -

From the properties of the isospin matrices T, displayed
in (10) it is seen that b poles do not contribute to A

In terms of A,-'+', A ', and A ' the vr-capture ampli-
tudes in different charged states are given by

2 P„I',
mg

(1 1)
(gf —ma )

In our calculation we have used a 6nite width of 120
MeV by modifying the denominator in (11).

With the Lagrangian of (1)—(6) we compute the tree
level amplitude for radiative m. capture on a nucleon

A, (~'+p-y+p) = A,'+'+ A,'",
A ( 1r + n y + n ) = A,'+ ' —A,' ',
A;(m ++n~y+p)=&2(A, .' ' —A '),
A, (m +p y+n)=&2(A( '+A( ') .

(16)

m. (q )+N(p )~y(k )+N(p') .

The Lorentz structure of the T matrix is ' ' "
(12)

Using the first four terms in (1) we calculated the am-
plitudes A, in diff'erent isospin states at the tree level (the
nucleon and the pion poles and the seagull term). These
amplitudes can be written in the compact form

4
T=u(p') g A, (s, t)M, u(p) . (13)

A '+ (s t)=S K( ' )+L(s, v)
(17)

A, (s, t) are the invariant amplitudes; s=(q+p) and where
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Al

A2
(S, V)K

3

A4

2m

t —m
(S, V)

(S, V)
i
—K

L(S, V) ef
m m

K(S, V)

(18)

SN is a diagonal 4X4 matrix with the following nonzero
elements:

1he contribution of 6-pole graphs is calculated by using
the last two terms of (1). As stated earlier, b, -pole graphs
do not contribute to A '. In matrix notation we get,

SN =SN =SNll 22 44 2+ 2s —m u —m
(19)

A a+'( s, t)=2 $aK~+'+L~+', (22)

SN—
s —m u —m2 2

where $a is a diagonal complex matrix with nonzero en-
tries,

A' '(s, t)= —Q K' (20)

where Q~ is a diagonal 4X4 matrix with nonzero ele-

ments,

In (17) the superscripts 0 and + on the left-hand side go
with S and V, respectively, on the right-hand side. We
can also write

S~ ——

s —m 2a+ i yq
'/&s u —m&

2

11 22 44Sq ——S~ ——Sq ——
2 . 3

—+
s —m ~+ iyq'W's 2u —mz

(23}

Qx =Qx =Qw =~x44 33

Qx =~a33 11
(21)

y is the dimensionless reduced width and q the magni-
tude of three momentum q in the mN center of mass.
K&+' and L&+' are columns defined by

t mm—+
2 6m~

2
m m

my 6m'
1+ (ma —m }

m

m&

~(+ ) ecg
3

mm (ma —m )
2 2 2

—
—,'(m + mq )+ 1—

6m&

mm (ma —m )
2 2 2

—,'(m + mz )+
6m 2~ 6m~

(24)

3m'
2m +m —t2 2

6m~

L~ '=
—,ecg*(+) 2 (25)

1

3m'
m

we also find

A~ =Q~ K~ +Lg( —) . ( —) ( —)

where Q~ is a diagonal matrix with nonzero elements

ll 22 44 33
Qa =Q~ =Q~ =~a

33 11
Q~ =~~

(26}

(27}

L( —) g
3 1

3m'
1

m

0

(28)

The column Kz ' is the same as K~&+' of (24). L~z ' is

defined as
The differential cross section and the left-right asym-

metry are then calculated as fo11ows. Define the center of
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mass scattering amplitude F(s, t) from the T matrix
T(s, t) as'

(W —m) 1/2fi= 8~% (D,Dz) A, +(W —m)A4

F(s, t)= T(s, t) .
4m 8' (29) (t —m )

(A —A )

F(s, t)=gf f(s, t)X, (30)

F(s, t) is then expanded in terms of Pauli spin matrices
as (we use the Coulomb gauge, co=0)

1/2
(W —m) D

8m% D1
A —(W+m)A4

and

f(s, t)=io"ef~+cr (kXe)cr qf2

+i o"ke qf, +i o qe qf4 . (31)

Xf and g, are the Pauli spinors for the final and initial

nucleons. k and q are unit vectors along the photon
momentum and the pion momentum, respectively, in the
center of mass frame.

Following Ref. 8 we relate f; to A; as follows:

(t —m )
(A3 —A4)

2 W+m
(32)

f3= (W —m) 1/2

Sm 8' (D|D2) q[ —(W —m)A2+(A3 A4)]

1/2
(W —m)f = q [(W+m)A3+(A3 A4)],

7T
1

where D~ ——m+E& ——m+(m +3q )3~~ 2 and D
+~2=m+(m +k )' . With these definitions
differential cross section is given by

dcT

dQ t I fi I

'+
I
f21'+-,'

I
f31'+-,'

/ f4 i
'+Re(f; f4) —Re(f2 f, )+cos8[2Re(f;f2)+Re(f3f~)]

+cos 8[——,
'

~ f3 ~

——,
'

~ f4 ~

—Re(f;f4)+Re(f2 f3)] cos 8Re—(f3f4)] .

The L-R asymmetry is given by

do.

A(8)=

dQ

(do /dQ)
sin8Im[2(f;fz) —(f",f3) (f2 f4)+(f3 f—4) —cos8(f

& f4+ f&f3) cos 8(f3f—4)] . (34)

The "up" direction is defined by n = (q X k) /
~ q X k

~

.
Time-reversal invariance implies that the I. Rasymmetr-y
parameter A(8) in radiative n capture is equal to the
recoil nucleon polarization P(8) in pion photoproduction
at the equivalent photon energy. Also, by multiplying
der/dQ of (33) by the detailed balance factor q /(2k ),
one derives the pion photoproduction cross section at the
equivalent photon energy.

III. A CALCULATION AT THE BAG LEVEL

%'e refer the reader to Ref. 7 for details. Here we will

present only an abbreviated version of the formalism.
The effect of the bag is to give the coupling can-

stant a momentum dependence [see Eqs. (2.9) and (2.10)
of Ref. 7]. We incorporate this effect by multiplying the
n.¹oupling constant f by a form factor

(35)

~here

RI(f )=N f r drj I(qr)f —r
R

N =2

2R (~—l)jo(a))

(36)

~, the lowest frequency mode for massless quarks, is 2.04
and R, the bag radius is assigned two different values of
3.65 GeV ' and 5.0 GeV '. The ~NA-coupling constant
g

*
( = l.9/m „) is also multiplied by the form factor

F(q ) of (35).
The reason for using the form factor only from the

chiral bag model is that the chiral bag model in absence
of center-of-mass corrections and the pion cloud effects
predicts too small a value for the pion-nucleon coupling
constant. Indeed when we tried to use the chiral bag
model value of pion-nucleon coupling constant to calcu-
late the cross sections we badly underestimated them.
Our procedure of using the form factor from the chiral
bag model amounts to the assumption that pionic cloud
effects generate' the experimental value of the pion-
nucleon coupling constant but that the form factor would
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TABLE I. Nucleon level and bag level vertices.

Nuclear level calculation

f {)rN coupling constant)
g* (ONE coupling constant)
(1+~3)
(~ +~3~ )

(1+~,)~

Bag level calculation

fF{q')
g*F(q')
F (k )+v3F (k )

Fs(k2)+~ Fv(k2)

7F (k)+53F (k)
——'[r, r3]F( {k')

be given by the chiral bag model.
In Table I we have summarized the replacements one

has to make in going from a nucleon level calculation to a
bag level calculation. The net effect of the replacements
shown in Table I is that the columns K( ' ' and I.( ' ' of
(18) are now modified to read

F(S, V)m

tion of GM(0), which is directly related ' to the proton
magnetic moment p&, is too low. Indeed when we tried
to use the value of C in (41) with Gsr(k ) given ' by the
chiral bag model the calculated cross sections for reac-
tions involving neutral pions, ~ p~~yp and ~ n~~yn,
turned out to be too low for any reasonable bag radius.
This is not surprising since the value of C used in the nu-
cleon level calculation is 0.32/m [see Eq. (6)] while with
R =5 GeV ', (4l) gives C =0.2im„at k =0. A smaller
bag radius makes matters worse. Again we took the atti-
tude that pionic cloud effects (and center-of-mass correc-
tions} would raise the predicted value of G))r(0). We
hence normalized GM(0) to give the proton magnetic mo-
ment correctly. This assumption amounts to using the
chiral bag model only for the momentum dependence of
G)tr(k ). In doing the bag calculation there is a technical
problem of enforcing gauge invariance due to the appear-
ance of form factors. This is done "by hand. "

~(s, v)
" efF(e'}

2m F(s, v)
1

t —m

F(S V)
2

F(S, V)
2

F(s, v)
2

I (s, v)
' (-'fF(q }

0
0

(37)

(38)

IV. RESULTS AND DISCUSSION

We have calculated the differential cross sections and
L-R asymmetry for radiative pion capture in all charged
combinations. Since the pion capture data is rather
sparse we have also calculated the pion photoproduction
differential cross section through detailed balance.
Time-reversal ihvariance also makes the L-R asymmetry
in radiative pion capture equal to the recoil nucleon po-

70—

The relation between FI z '(k ) and the electric and mag-
netic form factors GE(k ) and GM(k ) is given in Eqs.
(2.22) to (2.26) of Ref. 7. Here we transcribe these equa-
tions in a slightly different form

60

2

Ft(k )= 1+
4m

' —1

F, (k )= 1+
4m

k2
G (k')+ G (k')F.

12 2 M

k2
Gg(k )+ GM(k )

12 m'
50

k
' —1

FS2(k') = 1+
4m

k
—1

Fq(k )= 1+
4m

[-,' GM «'}—Gs (k'}]

[-'Gsr «'}—Gz «'}]

(39}
U
o 40

where Gz(k ) and G~(k ) are defined in Eqs.
(2.24) —(2.29) of Ref. 7. We reproduce the final forms,

30 —'

G~(k )=R()(j()+j) ),
(40) ~ ~ ~ ~

GM(k ) = R ) (2jpj, )
k

(41)

It is well known ' that the chiral bag model predic-

Finally the constant C is replaced by [see (2.36}of Ref. 7]
b~~

C~ GM(k ) .
3m+m&

20
30 60

I

90

0 (deg)

120
I

150
I

180

FIG. 1. do IdQ and A(8) for n. p~yn at qL ——317 MeV.
Solid curve, nucleon level calculation; dashed curve, bag model
with R=3.65 GeV ', dotted curve, bag model with R=5.0
GeV '. Data: Ref. 16.
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FIG. 2. der/dQ and A(0) for ~ p~yn at qL
——452 MeV.

Theoretical curves identified as in Fig. 1. Data: Ref. 16.

larization in pion photoproduction at an appropriate
photon energy.

Differential cross sections for the radiative pion cap-
ture process m p~yn have been measured at pion labo-
ratory momenta qL

——317, 452, and 491 MeV by Berardo
et al. ' In Figs. 1 —3 we have shown our calculated
do /dQ vs 8 (in the center of mass) together with the
data of Ref. 16. From the do. /dQ plots it is clear that

the nucleon level calculation overestimates the cross sec-
tion both in the forward and the backward directions.
The backward peaking in ~ p~yn is associated with
the u-channel nucleon pole. It is worth noting that the
u-channel nucleon pole contribution is considerably
suppressed in ~+n~~yp reactions since the particle ex-

changed in the u channel is a neutron. The bag model
calculation tends to suppress the backward peak due to
the electromagnetic form factor effects. The cross sec-
tions calculated in the bag model are lower than those in
the nucleon level calculation. Although this is a distinct
improvement, the agreement with experiments is far from
good. Data in forward directions (8~30 ) would help.
The data in the interval 40'& 0& 150' show no tendency
to rise in the backward direction. Moreover, there is no
evidence of a dip around 30' which the theoretical calcu-
lations show. If the rise in the differential cross section in
the backward direction could be suppressed, the dip
around 30' would also be eliminated. Inclusion of other
nucleon resonances, such as N(1440), in the u channel
could help suppress the backward rise in

der�

/d Q.
In Fig. 4 we have plotted the L-R asymmetry at four

different pion laboratory momenta: qL
——427, 471, 547,

and 625 MeV. Data exist' at these momenta. We have
not shown the data in our plots since Ref. 17 does not
provide a tabulation of the measured asymmetry. How-
ever, a comparison of our calculated L-R asymmetry
with the plots of Ref. 17 shows that our calculated asym-
metries fare quite well at qL

——427 MeV but progressively
worse at higher momenta. The predicted L-R asym-

0.5
0.4
0.3
0.2
0.1

50

40

0.5—
0.4
0.3
0.2
0.1

1
lO

30

0o

20 '-.

Il ~ ~

~ ~

~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~
~ ~

~ ~

~ +

0.5—
0.4
0.3
0.2
0.1

0.5—
0.4—
0.3
0.2
0.1

qL= 547 MeV—

qL= 625 MeV—

10—

30
I I

90 120

8 (deg)

150 180

FIG. 3. do. ldQ and A(0) for ~ p~yn at qL
——491 MeV.

Theoretical curves identified as in Fig. 1. Data: Ref. 16.

30 60 90 120

8 (deg}
150 180

FIG. 4. A(0) for m. p~yn at qL
——472, 471, 547, and 625

MeV. Theoretical curves identified as in Fig. 1. Bag predictions
use R =5.0 GeV ' (R =3.65 GeV ' results are almost identi-
cal). See Ref. 17 for data.



38 RADIATIVE PION CAPTURE AND PION PHOTOPRODUCTION. . . 1341

metry shows very little energy dependence. The reason
for this is that the imaginary part of the amplitude is gen-
erated in our model calculation by the width of the 6
propagator in the direct channel. The real and the imagi-
nary parts of the calculated amplitudes are fairly smooth
functions of energy. The energy dependence of data' at
higher energies than qL

——427 MeV is presumably due to
higher nucleon resonances, such as W(1440), in the direct
channel, contributing to the imaginary part of the ampli-
tude at larger incident momenta.

In Fig. 5 we have plotted do/dQ for yn~1r p ob-

tained by using detailed balance at laboratory photon mo-

30—

20—

menta ki ——340, 430, and 530 MeV. We notice that the
bag model calculation with either radius, R =3.65
GeV ' or 5.0 GeV ', fares better than the nucleon level
calculation. This is to be expected from our discussion
above of the results for the inverse reaction ~ p ~y n at
similar energies. The backward peaking of the nucleon
level calculation of do /d 0 is due to the nucleon (proton)
po1e in the u channel. The bag model calculation tends
to suppress the backward rise, although not enough to fill
in the dip at 8=30'-40'. The calculation with R =5.0
GeV ' does marginally better than the one with R =3.65
GeV

In Fig. 6 we have plotted our calculated do idQ for
yp~~+n, using detailed balance, at kL ——-340, 430, and
530 MeV. The nucleon level calculation does quite well
at kL ——340 MeV. The bag model, particularly the one
with R =5.0 GeV ', does fairly well at higher photon
energies. The trend of falling cross-sections at the back-
ward angles at kL ——430 and 530 MeV is not reproduced
by our calculations.

In Fig. 7 we have plotted our calculated der/dQ for
yp~~ p at kL ——340, 430, and 530 MeV. Here the bag

x4
10—

yn n25—
kL=430
Data: R

co 20

15

~e
~ o

~ ~
~ ~e

~ ~ ~ o
~~

'e ~ o
~ ~

~ ~
~ ~ e ~ ~
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Data: $ Ref. 18

Ref. 19
20—

yp~ 7I" n

kL= 340 MeV

Data: Ref. 21
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Data: Ref. 24
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FIG. 5. do. /dQ vs 0 for yn~m p extracted through de-

tailed balance at kL ——340 MeV (data: Refs. 18 and 19; Ref. 18
is a pion capture experiment); k =430 MeV (data: Ref. 19) and
kz ——530 MeV (data: Ref. 20). Dashed curve, R =3.65 GeV
dotted curve, R = 5 GeV

0
0 30

I

8 (deg)
120 150 180

FIG. 6. do/dO vs 0 for yp~m. +n extracted through de-
tailed balance at ki ——340 MeV (data: Ref. 21), kL ——430 MeV
(data: Refs. 19, 22, and 23) and kL ——530 MeV (data: Ref. 24).
Dashed curve, R =3.65 GeV ', dotted curve, R =5 GeV
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model estimates are too low by almost a factor of 2. The
nucleon level calculation appears to do better than the

bag model calculations particularly at higher photon en-

ergies.
In Fig. 8 we have plotted the recoil nucleon polariza-

tion in yp~m. +n at laboratory photon energies kL ——340
MeV and 530 MeV and in yp~m p at kL ——340 MeV.
These polarizations are the same as the L-R asymmetry
in radiative pion capture at laboratory pion momenta

qI ——300 MeV (corresponding to kL ——340 MeV) and

qL
——500 MeV). The polarization at kL ——340 MeV ap-

pears to be well reproduced by both the nucleon level cal-
culation and the bag model calculation with bag radius
R =5.0 GeV '. At kL ——530 MeV neither calculation
reproduces data in the forward angles.

In summary, the chiral bag model calculations appear
to reproduce do. /dQ for ~ p~yn at qL=317 MeV

0.5
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yp 7r' p0.3—
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FIG. 8. P(0) vs 0. (a) yp ~n.+n at kL ——530 MeV (data: Ref.
29). (b) yp~m. +n at kL =340 MeV (data: Ref. 28). P(0) for
R =3.65 GeV ' and R =5.0 GeV ' are almost indistinguish-
able. (c) yp~m p at kL ——340 MeV (data: Ref. 27). Dashed
curve, R =3.65 GeV ', dotted curve, R =5.0 GeV '. P(0) in
photoproduction equals L-R asymmetry in pion capture at the
appropriate energy.
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with the nucleon and 6-resonance contributions. Agree-
ment with data declines at qI ——452 and 491 MeV. Our
model calculation for L-R asymmetry shows the same
trend. We anticipate that at higher incident pion mo-
menta the contribution from higher resonances such as
N(1440) would be significant and complex. The LR-
asymmetry should be sensitive to N(1440) contribution
at higher energies.

Our model bag calculation of do. /dO for yn~~ p
appears to do well in the region kI ——300—500 MeV. For
yp~~+n the agreement with data declines at energies
kL =450—550 MeV. For yp~m p our calculations, in-
cluding those at the nucleon level, underestimate the
cross sections at all energies, although the angular depen-
dence has the correct shape. A reliable calculation at
higher energies (qL ~ 500 MeV} must include the effect of
higher resonances. This is particularly true of the polar-
ization and L-R asymmetry.

FIG. 7. da/dQ vs 0 for yp~m p extracted through detailed
balance at kL ——340 MeV (data: Ref. 25), kL ——430 MeV (data:
Ref. 25) and kL ——530 MeV (data: Ref. 26). Dashed curve,
R =3.65 GeV ', dotted curve, R =5.0 GeV
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