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Pion photoproduction in the 5(1232) region and chiral bag models
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We calculate pion photoproduction near the b, (1232) resonance using a version of the
chiral bag model based on an effective Lagrangian that reproduces correct pion-nucleon
phenomenology through third order in the pion field. The pionic corrections to the M 1 (or
M 1+) amplitude are common to a broad class of chiral bag models and substantially im-

prove agreement with experiment. We treat also the E2 (or E 1+) multipole which is acces-
sible in our approach since the effective Lagrangian induces quark-quark tensor coupling
through pion exchange; this in turn permits the admixture of baryon components involving

quark excitation to d states. The resulting E2 admixture is consistent with the rather loose
bounds set by the present experimental information on this quantity. The present work
neglects the tensor force and d state arising from gluon exchange between quarks.

I. INTRODUCTION

The MIT bag model' has been quite successful
in reproducing the static properties of hadrons. As
is well known, however, it breaks chiral symmetry
and generally gives a poor accounting of pionic
properties. This has motivated the consideration of
chiral bag models, in which the pion is incor-
porated as a separate, local field. In particular, the
cloudy bag model (CBM) has yielded a good
description of many features of pion-baryon interac-
tions, and, especially, of the 3,3 AN resonance.

In a previous study we found that a modified
version of the CBM allows for straightforward in-
clusion of the phenomenology of third-order pion-
field effects, as are required, for instance, in the
m.N~m. m.N reaction. This phenomenology does not
emerge simply in the conventional CBM, and the ef-
fective Lagrangian that we construct in order to
produce it then implies somewhat different quark-
pion dynamics. As in the conventional CBM, the
pion field penetrates the bag interior in our ap-
proach, but, unlike the usual version, our Lagrang-
ian induces pion-quark interactions in the interior
and not exclusively on the bag surface. (It has on
occasion been suggested that the penetration of the
bag by the pion field in the CBM may be viewed as
a crude representation of quark-antiquark excita-
tions in the bag. ) Our Lagrangian derives from oth-
er CBM Lagrangians through a chiral transforma-
tion in a fashion similar to the generation of the
chiral Lagrangian of Weinberg from the tT model of
Gell-Mann and Levy'; similar approaches, valid
through second order in the pion field, have been

considered by Thomas. (For the sake of complete-
ness the essential features are presented briefly in
Sec. II.)

As a consequence of the interaction of pions and
quarks inside the bag in the present model, we find
as one of its striking features a pion-mediated
quark-quark force—the direct analog of the NN ten-
sor force as generated by one-pion exchange which
admixes the deuteron d state. This force produces
d-state components in baryon states. Such admix-
tures have been discussed by several authors"' in
connection with corrections to the static properties
of the hadron. Vento et al. " found that a non-
negligible d-state admixture for the nucleon was
desirable in order to improve the value of the axial-
vector weak-coupling constant gz. Hulthage et al. '

used this d state to correct the values of the hadron
masses and of gz. (It has been suggested' that the
inclusion of quark states with I & 1 may lead to the
divergence of the quark self-energy because of the
sharp bag boundary. Since we are here restricting
ourselves to a phenomenological treatment of the
lowest excitations only we do not address this prob-
lem. )

Our main purpose in the present work is to study
within the framework of our model the influence of
quark d-state admixtures in baryons on photopion
production in the 3,3 resonance region. We shall
confront our results with present information on E2
contributions in that region which are expected to
reflect such admixtures directly. At the same time
we shall require information on the dominant M 1

multipole in the b, (1232) range, where it emerges
(Sec. III) that the inclusion of pionic effects leads to
an improvement for the agreement of the amplitude
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with experiment; this M 1 result is not specific to the
present version of the CBM, but has not been report-
ed previously. In the present calculations we en-
counter the well-known problem of the proper treat-
ment of the center-of-mass (c.m. ) motion of the bag,
reviewed by Jaffe and by Thomas. This difficulty
arises because there as yet exists no complete formu-
lation of the chiral bag model possessing translation-
al invariance. Nevertheless, it is to be expected that
the spin flip involved in the M1 N~b, transition
and the 1=2 orbital excitation entering in the E2
multipole are not heavily influenced by spurious
c.m. motion. This is because these excitations have
small overlap with states generated by boosting the
baryon as a whole. These expectations appear to be
borne out by the success of the static treatment of
the b, in n.N scattering. '

The experimental situation' ' on E2 com-
ponents in the b.(1232) region is, unfortunately, not
very clear. The analyses of the experimental data
tend to use either a formalism based on fixed-t
dispersion relations' or isobar-model fitting. ' ' In
the foiiiier the n.N scattering phase shifts are used in

order to calculate the resonant and nonresonant am-
plitudes, while in the latter the resonance parameters
are exploited together with Born terms and back-
ground fits. From these analyses it is difficult to ex-
tract unambiguously a value for the E2 amplitude
at resonance. We shall compare our results with the
relatively recent study of Metcalf and Walker'
which seems to provide a very good fit to the data.

On the theoretical side, Chew, Goldberger, Low,
and Nambu (CGLN) pioneered the approach to
this problem based on dispersion relations. Their
evaluation indicated a vanishing of the E2 ampli-
tude at resonance. Other subsequent applications of
this technique ' yielded differing results. We
shall here calculate the E2 amplitude by coupling
quark s states to quark d states through the tensor
force arising from the pion-quark interaction [Figs.
1(a)—1(c)], and adding the contribution of the
seagull terms Fig. 1(d), as well as through the ternis
in Figs. 2(a)—2(c) treated through dispersion rela-
tions by CGLN; for these latter our results are the
same as theirs except for the appearance of the par-
ticular form factors dictated by the CBM.

II. GENERAL FEATURES OF THE MODEL

We start from the chirally invariant Lagrangian

g 1 2—q, Bq, BHv ——gq, (g'+ —~ ~@5)q,gz+ —,(g ~ g"~+BI'oB o.) —'
i222~2

a a

where q, is the quark field of color a, m. is the pionic field, i4 is a surface 5 function for bag surface, S, Oi a
step function for the bag interior with volume V, and m is the pion mass. The o field is chosen as in the non-
linear model'0

(f2 2)1/2 (2)

The Lagrangian of Eq. (1) fulfills PCAC (partial conservation of axial-vector current) in the limit of vanishing

pion mass.
We now transforin the Lagrangian by the chiral transformations

1
q, ~Sq, = (f+o+ir ny5)q, ,

[2f(f +~)]'"
2vr-V(~) = f+o

obtaining the effective Lagrangian of the present model,
r

—q, &q, —B ~y —, gq q, &g+—gq,y"
2 [gysr B„mg'~ (.m&&-d—„m)]q,8v.

(3a)

(3b)

+—1 1 1 1. ..a~~ a„~——,, m ~,
2 (1+g ~2) " 2 1+g vr

where g =1/2f. The fields obey

iraq, (x) =q, (x) for x HS,
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ie)q, (x)= —y"(1+g rr ) '[gysr B&z g—r n'&&8&m. )]q, (x) for x E V

(8~+m ~)m. = igg—q, y, rq, As +0(m3),

(5b)

(Sc)

where n is the outward normal to the bag surface. The Lagrangian of Eq. (4) possesses chiral symmetryP
under the transforinations

2m"—en. —=(1—g n. ~), (6b)

with an axial-vector current

J„"=(1+grr~) gq [2gr&Crry5+2g r'rrrr+r(1 grr —)]y5y&q Oi

1—(1+g~ ~) ~
Zg (t)„) +—(1—g )B„m'

Earlier we found that the terms in Eq. (4) to third
and fourth order in the pionic field agree with the
phenomenology of the m.N~m. rrN reaction, while
the same teriiis in the conventional CBM
misrepresent the experimental situation rather badly.
The terins linear in m. will be used in the calculation
of the photoproduction amplitudes (Sec. III).

In order to generate the necessary photon cou-
plings we proceed by introducing the minimal sub-
stitution

t) 8 —leA p,
where A& is the photon field. We obtain

Wqr =geqqa y'Aqa

W qz ieger——q y'Ay5(r rr r+m*)q—

where m =2 ' (m„+imz) is the field creating a ~+
particle or destroying a rr . Using the solutions of
the static cavity' we obtain a form factor for the
"catastrophic teria, "Eq. (11),of the form (between s
states)

(12)

where' coo ——2.04 is the lowest eigenmode in the
MIT bag of radius R.

III. THE PHOTOPRODUCTION AMPLITUDES

W r —— ie(m*V'~ ——m V~*) A,

PB ~~ ~B

(10) A. The M 1 amplitude

Photoproduction in the b.(1232) resonance region
proceeds mainly through the M1 transition. '

The decomposition of the transition amplitude in
terms of helicity amplitudes is well known and
yields

(b)
PB B

Ci Sd,B B

(c) /
I

PB BB ~B

BB

FIG. 1. Diagrams used in the calculation of the E2
amplitude. Bq represents a nucleon or 5 isobar with all
quarks in 1=0 states, and Bq represents such a baryon
with a quark in a d orbital. The )& insertion represents
the effects of the (nonstatic) quark-quark tensor force as
mediated by pion exchange.

(c)

FIG. 2. Born terms for photoproduction of M1 and
E2 amplitudes (notation as in Fig. 1).
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Al = &~(0, —, )
I

~ j I
N(q ' ——, ) & (13a)

2q

A = ~~(0 —, )
I

e' j IN(q'
v'2q

(13b) p s s s

where q is the photon momentum, b.(0,p )
represents a b, isobar of zero momentum, spin pro-
jection p, and N(q', v) denotes a nucleon of momen-
tum q

' and spin projection v. The calculation of
these amplitudes in the MIT bag model yields
values for A i and A3 that are 30% less than the ex-
perimental values.

These amplitudes are here calculated using the di-
agrams of Fig. 3. In all cases we construct baryon
(N, b, ) states within the nonrelativistic quark model
as was done by the MIT group' and for the CBM,
and the calculation proceeds in the nonrelativistic
approximation. From the diagrams of Fig. 3, with

Ps P B

FIG. 3. Diagrams entering in the calculation of the
M 1 amplitude (notation in Fig. 1).

the neglect of recoil effects and the use of the stand-
ard multipole expansion of the electromagnetic field,
we arrive at an expression for the M 1 amplitudes of
Eq. (13),

A i(M1) = A3(M 1)=—1 V2g Np
(125J, +76J2+8J3+100J4) &M1) ——

7~2 J5, (14)
324m

where the first, leading teiiii arises from Fig. 3(a) and the square-bracket term stems from Fig. 3(b). In the
latter,

d~= J G; '(k)a (k)a&& 'k dk, i =1,2, 3,4

and

(isa)

6 i
——

cok ((ok+ 5—coy), 62 ——((ok +5)(Q)k +5—roy),

63 (cok +5)(cok coy) 64, —ct)k (ck ocoy)
(15b)

while

R QP0Pa(k)= f rrdr jo(kr) jo0 R
QP0P'

311
4 2

QP0P'——,j2(kr)j,

1

jp((op)

C00
(17)0

2(cop —1)R

where rok ——(m +k )'~, (oy is the photon laboratory energy, and 6 is the b, (1232)-proton mass difference. In
Eq. (14) the normalization factor is

1/2

2N() R ' ro pr (o pr
2

rdr. (18)

r drj ((roy)J'&(k'r)J'i(kr) .

The photon-pion interaction, Fig. 3(c), yields the last term in Eq. (14), in which

a (k)a (k')k dk k' dk' 5
J5 —— —S

(okrok [((oi + rok ) —~
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TABLE I. M 1 transition amplitudes.

Helicity amplitude A i (10 GeV '/
) A 3(10 3GeV '/z)

MIT bag model
(Ref. 25)

Chiral bag model
(unmodified coo)

R=1 fm
R =0.9 fm
R =0.8 fm
Chiral bag model
(modified coo)

R=1 fm
R =0.9 fm
R =0.8 fm
Experiment

(Ref. 26)

—102

—139
—145
—155

—130
—133
—141

—141+7

—176

—263
—275
—294

—250
—252
—254

—259+10

From Eq. (14) we then obtain the M 1 amplitudes at
resonance through numerical integration.

Table I displays the M 1 amplitudes compared to
the experimental values and the MIT-bag predic-
tions. It is seen that the pion corrections of the
CBM nearly fill the gap between experiment and the
MIT bag values. Changing the bag radius from
R =1 fm to R =0.9 fm yields an overestimate of
the amplitude since the pionic effects increase with
diminishing bag radius. Nevertheless when the bag
radius is less than 1 fm one has to correct the bag
eigenfrequencies by a non-negligible amount which
compensates in part for the pionic effect. Using the
appropriately modified values of coo we arrive at a
result that agrees very well with the experimental re-
sults when a bag radius of 0.9 fm is used, as can be
seen in row 6 of Table I. A large hadron radius
R ~ 1.2 fm will cause the suppression of all pionic
effects while, on the other hand, if small values
R & 0.7 are preferred, higher-order pionic terms
must be taken into account. The results of Table I
show about 20% contribution of the pionic effects
to the M 1 amplitude in the yN~nN process (in
rough agreement with the pionic effects in the re-
sults of the CBM (Ref. 5) for the ~N~~N process
at resonance).

In sum, we see that the M 1 results are consistent
with a bag radius in the often-used' range
0.8 & R & l.2 fm.

B. The E2/M 1 ratio

In order to study the small component of the E2
multipole in the h(1232) region, we first consider
the possible quark d orbital excitations that can ad-
mix with a nucleon or a b;isobar state. Of the two
available d states, d3/z and d5/z, we consider mainly
the d3/z state which is higher in energy by some 150
MeV but was here still found to contribute an am-
plitude larger by nearly'an order of magnitude than
that for the d&/z state. From Eqs. (5a) and (5b) we
obtain

q3/z (r, t) =Ni

CO )I'
jz

Ct) i I—io'r j& R

&&u Xe (20)

where Ni is the normalization factor
1/2

CO
&

2(~i —2)ji (~i)
Ni —— (21)

(
~ )i/zYm —in(-)
21

( + )i/zYm+i/z(~) (22)

and X is an isospinor. The eigenfrequency cubi is
determined by Eq. (5b) through the boundary condi-
tion jz(nii)= —ji(n~i), which yields for the lowest
such mode the value co =5. 12 The Appendix
displays all the N and b, states containing a quark in

d3/z orbital. Configurations such as (P i/z ),
p 1/z p 3/z, (p 3/z ) do not contribute directly to the
lowest-order photoabsorption and were thus omit-
ted. We also neglected the mass shifts due to the
different color-spin interactions between quarks

a d-state quark is present so that
~E=(nit coo)/R =648 M—eV for R =1 fm.

The E2 amplitudes for the transitions of Eqs. (13)
are obtained from the diagrams of Fig. 1 as

Ai(E2)= A3(E2) =—1 No Nig (E2) 1 25 80
[25Ii —10Iz —V 5(8I3 —5I4)+ —,I5+ —,I6

183/5ir '1/2ni& nii —nio

gzN 4

(Iii +Iiz —Ii3),
3677 co i,

(23)
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where the integrals are

I;=f b; '(k)a(k)b(k)kpdki, = 1,. . . , )3

and the functions F are shown in Table II in tei nis of the auxiliary integrals

(24)

b (k) fr=dr jz(kr) jp
COpT CO)P'

J
upr

Ji
co&r

R
COpP'

J1
2
Jo(kr)J i'

CO pr+ji (kr) jo ji
CO &I"

R
COpr

+Ji R j2 (25a)

R COpr
c(k) fj, (p=ppj), (kr) jp' CO pl—5Ji r dr, (25b)

NoNi & co i r

floor

103/10ir o R R
CO pI"

r dr (26)

After numerical evaluation of these integrals, we
arrive at the result

E
1

= —Q. 0092 (27)

for R =1 fm. Reduction to R =0.9 fm yields a
change of &5% in Eq. (27). Experimentally'
the value of this ratio ranges from' 0 to' —0.05;
the former value is obtained by dispersion-relation
analysis, and the latter by a fit to the amplitudes us-
ing the m.N scattering phase shifts and the Watson
theorem. The analysis based on the isobar model
yields a value of —0.012+0.013; this very large
range of uncertainty also encompasses almost all the
other results (a mean value using all the analyses
would give = —0.02). The fits to the cross sections
and the resonant multipole amplitudes obtained by
Metcalf and Walker' are rather better than the
dispersion-relation approaches, ' and we thus view

TABLE II. Functions in the integrands of Eq. (24).

F;

cog —co&+6
6)g —

CO&

cOg+5

coA +5+DE —co&

k '(cog, +5)(cok+5+ bE co~)—
k '(cok+5)(cok+b, E coy)—
k '(b E+ k)( cok+co5 —coy)

k '((ok +5+b E )(cok+ 5—(oy)
k '(5+ b E+cok )(cok —co~)

5 '(k +5)a (k)k/c (k)
(cok —co~)a (k)/c (k)
(cok+5 —co~)a (k)/c (k)

1

2
3
4
5
6
7
8
9
10
11
12
13

I our result of Eq. (27) as being in accord with the
available information.

In a previous study Vento et al. " found that a
better fit for gz is obtained within their model when
a significant d-state admixture in the ground state of
the hadron (=45% for N, =60% for 5) is included.
Using their values we would obtain an

~

E2/M 1
~

ratio of )2% which is somewhat larger than our re-
sult. Nevertheless, the contribution of the d-state
admixture of the 5(1232) to the

~

E2/M 1
~

ratio
obtained from Fig. 1(a)—to which the considera-
tions of Ref. 11 are restricted —is only (0.2 of the
value of Eq. (27), i.e., about 0.17% which is much
smaller than the 2% obtainable through the ap-
proach of Vento et al. " Of course this implies that
our specific radial matrix elements do not allow for
a sufficiently large correction to gq through the
mechanism of d-state hadronic admixture (here
1.5% for N, 2% for b, ). On the other hand, the very
large admixtures of Ref. 11 lead to an M 1 ampli-
tude which is reduced by 30% from our CBM value.

The value for the E2/M 1 ratio that we have ob-
tained in Eq. (27) is almost energy independent and
thus should be taken as relevant through the
b, (1232) range, say 300 to 40Q MeV photon labora-
tory energy. A major part of the energy dependence
of the E2/M 1 ratio stems from the diagrams of
Fig. 2 as was seen in the CCrLN (Ref. 20) calcula-
tion. The fact that these diagrams become impor-
tant at photon energies less than 200 MeV is due to
their dependence on cos533 which causes them to
vanish at resonance in the treatment of CGLN. At
the same energy the main contribution to the M 1

multipole (the magnetic-spin excitation) diminishes
significantly for co& &200 MeV and the ratio can
reach —Q. 2. Our result is to be seen as a net contri-
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bution to the ratio to be added to the well-known
amplitude of CGLN. The energy dependence which
then results for the E2/M1 ratio is in reasonable
agreement with experiment. '7

We conclude that the pionic effects contained in
the cloudy-bag approach provide a consistent and
reasonable picture for the M 1 amplitude of
yN~nN in the b, (1232) region; this complements
the results there for elastic n.N scattering. In the
particular model based on the effective Lagrangian
of Eq. (4) we obtain a quark q-uark tensor force
mediated by pion exchange which yields a d-state
admixture for the nucleon and 6 isobar. This ad-
mixture in turn leads to an E2 multipole component
for yN~m. N that is consistent with the experimen-
tal data, which are unfortunately still somewhat am-
biguous as regards the E2 amplitude. In spite of the
smallness of the E2/M 1 ratio at resonance we feel
that it gives a direct and valuable check on the pre-
dictions of models with coupling to 1=2 excited
states such as the present approach.
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APPENDIX: BARYON WAVE FUNCTIONS

(A 1)

(Tl, ( —,,v))= —~d(&& ( —,—&)) . (A2)

We here display nucleon and b, -isobar )t =2 wave
functions for one quark in the d3/2 orbital. We have
omitted the color degree of freedom and deal, of
course, with u and d quarks only. We give the ex-
pressions for the quark content of the wave func-
tions for positive projections of spin of the baryon;
expressions for negative spin projections are ob-
tained from
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The negative isospin projections are obtained from
the positive ones by merely changing u ~d, d~u
and reversing the overall sign of the wave function
in the nucleon case.

For nucleons we have (P denotes periautations)

P)/2= ~ 1 1 1 1

, (u, u„—d(3/2)( 1/2)+p) 6 (utdtu(3/2)( —)/2)+P)+ 6 (uh tu(3/2)(1/2)+P)+ 6 (utdlu(3/2)(1/2)+P )

1 1
3 (u 1Q1 d(3/2)(1/2) +P )+ ~ (Q1Q1d(3/2)(3/2) +P)— 1~ (Q1d1Q(3/2)(3/2) +P)

while for b, isobars,

Q++
3/2

1 z 1/2 3 1/2~ [( —, ) (u, u, u(3/2)(1/2)+P) (» ) (utu, —u(3/2)(3/2)+P)],

g++
1/2

1/2 1 1/22(» ) (utdtu(3/2)( —1/2)+P)+ ~ (u tutu(3/2)(1/2)+P) —( —, ) (u&u&u(3/2)(3/2)+P)

( (s ) (utut (3/2)(1/2)+P)+ 15 (utu(3/2)(1/2)dt+P)1/2

1
(Q1Q td(3/2)(3/2) +P )—

1

1 2 1/2~1/2 —2( 15 ) (ututd(3/2)( —1/2)+P)+2( —„) ("tdt" (3/2)( —1/2)+P)
3

1
(Q td1Q(3/2)(1/2) +P)

0
1~ (u „u,d(3/2)(1/2) +P)

1 2 1/2 1/2(dtu1Q(3/2)(1/2)+P) (
&

) (Ql dul()3( /23+/2P)) ( 5 ) (Q1d1Q(3/2)(3/2)+P)0
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