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We investigate, in the MIT bag model, the M1 transitions of low-lying hadrons. We perform the

following calculations: (1) We recompute 32 hadron masses with a choice of bag parameters designed to give

the correct values for the proton magnetic moment, p,~, and several masses, M~, M, M~, M„, and Mo;
(2) we compute q, q', g, mixing in an untrustworthy approximation; and (3) we compute the widths for 38

M 1 transitions.

I. INTRODUCTION

In a, series of papers' ' the properties of the
simple, plausible, well-determined, confined-
quark, MIT bag model have been explored. With.
only a few adjustable parameters the model has
a variety of successful qualitative and quantitative
predictions. The purpose of the present paper is
to apply the model to Ml transitions (n-N+y,
p-v+y, etc.).

Within the model, the most extensively studied
systems are static bags, those with s-wave
quarks, without radial excitation, and without ex-
citation of the bag surface. Most of the work to
date has been within the framework of the spheri-
cal cavity approximation in which the bag shape
is not properly treated as a dynamical variable and
the quark wave functions are parametrized by a
(static-) bag radius. The present work is also
within this approximation, and, to a great extent,
its chief result is to illuminate the limitations of
the approx imation.

The usual bag parametrization gives a proton
magnetic moment too small by about 30/&. In Sec.
II we introduce a new parameter into the bag en-
ergy, adjust it so that the proton magnetic moment
is predicted correctly, and then recalculate the
masses, radii, magnetic moments, charge radii,
and axial-vector coupling constants of static bags.
In Sec. III we calculate baryon and boson, static-
bag, M1 transitions. Calculations involving iso-
scalar, pseudoscalar mesons suffer from additional
uncertainty arising from mixing induced by transi-
tions to pure gluon states. We segregate these calcu-
lations into an appendix. In Sec. IV we conclude

briefly. We include in our calculations the full
panoply of static bags within SU(4) symmetry. '

Static-bag M1 transitions for a few key cases
have been studied by Hays and Ulehla' and by
Katz and Tatur. " These authors used the usual
bag parametrization with the bad prediction for
the proton. magnetic moment and thus could not be
expected to get good results for transitions such
as 4 -N+ y. In addition, in Ref. 10, a simplifying
assumption was made in evaluating the integrals.
Related work on non-Ml transitions to nonstatic-
bag states has been performed by Hey, Holstein,
and Sidhu. " Many other authors have discussed
M1 transitions within other models. "

II. RECALCULATION OF BAG PARTICLE PROPERTIES

A. The bag model

The calculation of quark wave functions, bag
masses, and bag radii has been reviewed in
several places." Its essential features are as
follows (l) The free Dirac equation is solved for
each quark subject to a linear boundary condition
that ensures the vanishing at the surface of the
bag of all (vector) currents carrying quantum
numbers. (2) Color-gluon fields interacting with
quark fields are included; their electric and mag-
netic energies are calculated; (3) The total energy
is found from adding to the energies found in (1)
and (2) a volume bag energy and a zero-point en-
ergy. (4) A quadratic boundary condition is im-
posed that the sum of the quark and gluon pres-
sures balances the external pressure B locally
on the bag's surface. For the l =0 states with no
radial or surface excitations (static bags) this
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last step reduces to performing the above steps
for varying bag radius R and then minimizing the
total energy as a function of R. This calculation
was performed in Ref. 3 for noncharmed quarks
and in Ref. 4 for charmed quarks. The free pa-
rameters were fitted to the N, 6, co, 0, and P
masses. Good results were obtained for ratios
of magnetic moments to the proton magnetic mo-
ment. The proton magnetic moment itself, how-
ever, came out too small by about —,'. In calcula-
ting M1 transitions it seems desirable to add

an extra term phenomenologically, preferably
one that has some theoretical justification, so as
to ensure a good value of other magnetic quanti-
ties including p, ~. Kuti' has pointed out that a
confinement scheme based on a surface tension
rather than a volume pressure provides an al-
ternative basis for a phenomenology. Including
both a volume energy fvBR3 and a surface energy
4m' and refitting all bag masses and radii while
adjusting S to produce the correct value of p.~ is
not, however, possible. The bag model makes
a strong correlation between boson and fermion
masses and radii. Within the parametrization of
Ref. 3, the only differences in the form of the
boson and fermion masses are an extra quark ki-
netic energy and different coefficients for the mag-
netic gluon energy. Both energies vary as 1/R
for bags of nonstrange quarks; p&, on the other
hand, varies as R. Thus it is not possible to add
any extra term to the energy that has the same
form for mesons and baryons and fit p~, M&, M„,
and M~.

The simplest term that one can add to the energy
that does differ between baryons and mesons is
C lN, —N; l

where N, and N; are the numbers of
quarks and antiquarks while C is a constant. Such
a term is a crude approximation to effects a,rising
from differences between mesons and baryons in
valence-quark, higher -order, gluon-exchange dia-
gra, ms. '4

With this addition the expression for the energy
3.S

M(R) Ev+Eo+Eo+E~+E~

where the six terms are
(i) the bag volume energy

E =-', &BR'
V 3

(ii} the finite part of the zero-point energy

E,=-—';

(iii} the sum of single-particle quark energies

(4)

(iv) the color-magnetic energy

Es =2vn, Q Q d'xE~( E'j,'
a 5 j bag

(6}

(vi) the "bag-type" energy, not present in pre-
vious papers,

dE =c IN, -N,-I .

E„and E~ are evaluated in detail in Ref. 3. The
quark energy ~ is given by

(m R) =—(x'+Z'}1
(8)

where X =mR and x obeys the eigenvalue equation

tanx =x/[1 —X —(x'+&')'~'].

Magnetic moments are given by

R 4e+2X —3
6 2o. (o. —1) i X'

(9)

(10}

where n =R&. We recall that when the quark mass
vanishes, the solution of (9) is x(mR) =x(0)
=2.0428. We now determine the parameters B,
Z„o.'„m, (the light-quark mass), m, (the
charmed-quark mass), and C by fitting (1) to the
masses M, M» M~, Mn, and Mn and (10}to the
value of the proton magnetic moment, p~. In
Table I we compare the present values of the pa-
rameters with the results of Refs. 3 and 4. In
Tables II and III we compare the values of the
masses and radii for baryons and mesons. In
general, the fit to experimental particle masses"

E„=—4wn, y g f dxB'; B&,
i&J bag

where n, is the square of the rationalized quark-
gluon coupling constant, a is the color index, and
i and j are quark labels;

(v} the color-electric energy

TABLE E. Values of the bag parameters. Energies are in GeV and distances are in GeV ~.

Zp m, ms mc

Refs. 3 and 4
This paper
Solution A
Solution B

4.54 x10 4

1.21x10 4

6.65 x10

1.84

0.567
0.497

0.55

0.826
1.16

0
0.079

0.279

0.266
0.317

1.551

1.506
1.534

0.139
0.139
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TABLE II. Baryon masses (4eV) and radii (GeV ~) for the three sets of parameters of
Table I.

Particle ~~xp
Ref. 3 or 4

8

This paper
Solution A Solution B

M~ Rg Mg

p
A

Z

N* (4)

0
C((Z )

Co (AC)

8
A
T
XU
X~

*

X~~

X~+

Q

l/l
/ls
lls
lss
/ll
/ls
/ss
sss
//c
c(/L )anti

c(s/ )sym

c(s/)anti
ccs
ccl
ccs
c/l
c(sl )sym

css
cc/
ccs
ccc

0.938
1.116
1.189
1.321
1.236
1.385
1.533
1.672
2.430
2.260

0.938
1.105
1.144
1.289
1.233
1.382
1.529
1.672
2.357
2.214
2,507
2.396
2.653
3.538
3.690
2.461
2.603
2.742
3 ~ 661
3.795
4.827

5.00
4.95
4.95
4.91
5.48
5.43
5.39
5.35
4.78
4.63
4.75
4.58
4.71
4.27
4.25
5.12
5.02
5.02
4.69
4.64
4.21

0.937
1.109
1.165
1.304
1~ 236
1.386
l.528
1.666
2.495
2.253
2.564
2.450
2.705
3.636
3.781
2.495
2.633
2.766
3.727
3.854

7.34
7.24
7.25
7.13
8.17
8.07
7.98
7.88
7.65
6.84
7.14
6.75
7.04
6.43
6.36
7.65
7.54
7.43
7.01
6.88

0.938
1.110
1.170
1.308
1.236
1.385
1.530
1,672
2.428
2.257
2.576
2.459
2.720
3.654
3.803
2.499
2.640
2.778
3.743
3.875

8,27
8.10
8.19
7.97
9.61
9.45
9.27
9.10
8.41
7.68
8.22
7.54
8.03
7.33
7.15
8.97
8.76
8.55
8.15
7.90

of the new parameterization is as good as that of
Hefs. 3 and 4. It is significantly worse in only
one case, that of the K-meson mass which is now
too high by about 50 MeV. The ~ meson is simi-
larly too high as it was in Ref. 3; following their
discussions of the effects of raising the light-
quark mass from zero, one infers that raising it
in this case would give the E mass correctly and
move the m mass toward 140 MeV. We therefore
give a second solution of the parameters with n~,
+ 0 adjusted so as to give the proper value for the
kaon mass. The parameters of this solution (B)

are also given in Table I and the corresponding
mass and radius values are given in Tables II and
III. One sees that the pion mass moves, in going
from solution A to solution 8, by about 40 MeV
toward its experimental value. Also, the proton
radius increases in 8 to compensate for the de-
crease in the light quark magnetic moment.

In Table IV we give values, deduced from the
quark wave function according to the prescription
of Table I of Ref. 3, for static magnetic moments
and electric charge radii for some particles, corn-
paring with experiment where possible. ""The

TABLE III. Boson masses (Gev) and radii (GeV ') for the three sets of parameters of
Table I.

Particle

This paper
Solution A Solution B

M~ Bg Mg Rg

P
X+

K

D

D +

/L

/s
Ll

LL

/s
/l
c/
cs
c/
cs
cc

0.77
0.892
0.783
0.019
0.495
0.139
1.865

2.007

3.095

0.783
0.928
0.783
1.068
0.497
0.280
1.726
1.885
1.969
2.099
3.095

4.71
4.65
4.71
4,61
3.26
3.34
2.80
2.84
4.18
4.12
3.53

0.785
0.928
0.785
1.063
0.545
0.298
1.864
2.015
2.015
2.139
3.194

7.30
7.18
7.30
7.09
5.15
5.28
5.31
5.27
6.59
6.44
5.60

0.783
0.926
0.783
1.063
0.495
0.243
1.870
2.022
2.020
2.149
3.216

8.62
8.42
8.62
8.21
4.01
4.33
5.71
5.55
7.72
7.44
6.39
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TABLE IV. Magnetic moments and charge radii for cases of interest for the three sets of bag parameters of Table I.

Particle (P/P p)exP

Ref. 3 Solution A Solution B
P/P p 0/0 p PfP p ~+c)exp

Ref. 3
R

Solution A

AQ

Solution 8
R~

7r+

E+
E'

1.0
-0.685

0.938 ~ 0.15

-0.530+0.13

-0.663 + 0.27
-0.240 + 0.021

1.0
-0.67

0.31
-0.36
-0.56
-0.23
-0.255

1.0
-0.67

-0.36
-0.52
-0.19
-0.23

1.0

-0.36
-0.51
-0.19
-0 ~ 23

~ O Q

0.88 + 0.03
-0.12 + 0.01

0.56 + 0.04

0.73
0

1.06
0
1.08
0.27
1.01
0.37
0.96
0.27
0.76
0
0.72
0.17

1.14
0
1.16
0.27
1.10
0.37
1.04
0.27
0.60
0
0.55
0„11

axial-vector coupling constant can a.iso be de-
duced from Table I of Ref. 3. Table V gives val-
ues for the correction factor to the SU(6) values.
For example, for n-Pev, the ratiog„/g» as giv-
en by the pa, rameters of Ref. 3 would be 0.653
times the SU(6) value, —', , namely 1.09. Our ease
B gives a better value, 0.717, so we find g„/g„
=1.20 which is closer to the experimental value
of 1.25. Thus one sees that the new C W 0 para-
metrization gives at least as good a fit to these
static quantities as the C =0 parameterization of
Hefs. 3 and 4, while ha, ving the important advant-
age of giving quark wave functions that give the
proper p.p. For some quantities, such as g„, the
fit is much better. %e will use these solutions
in Sec. III in calculating M1 transition rates but
two important reservations as to their creditabil-
ity are necessary: (1) Both solutions give a large
quark gluon coupling constant, &, =1, while the
expressions of (6) and (6) are explicitly first or-
der in Q, . Inclusion of higher-order contributions
could make important modifications in predicted
bag wave functions so that the present calculations
of M1 transition rates, while suggestive, cannot

be considered definitive bag tests. " (2} For cc
and 3c states there is little quark kinetic energy
and inclusion of higher-order terms in n, is con-
sidered to be still more important. This is be-
cause, in the absence of ouhvard quark pressure
to balance the inward bag pressure, one expects
gluon pressure to provide the chief balancing
force. P treatment using, instead of the approxi-
mation of Ref. 3, a Born-Oppenheimer approach
is in progress. " M1 transitions involving cc and
3c systems in the present paper must therefore
be considered a merely suggestive basis for com-
parison with the results expected from the Born-
Oppenheime r approach.

We note that both solution A (m, =0) and solution
B (m, g 0) are surprisingly accurate for the masses
of Z and A~ when compared to the tentative exper-
imental values given in Ref. 14. 'The "old" bag re-
sults of Ref. 4 are not so close. Because Ref. 4
fixed m, from P while we fix m, from B, this re-
sult tends to give credence to both the general
bag picture and to assertion (2) above that the
techniques of Refs. 3 and 4 and the present paper
are less reliable for the cc and 3c states.

III. THE N1 TRANSITION RATES

%e now calculate the M1 transition rates. Following Ref. 6, electromagnetic transition rates are given
by the imaginary part of the magnetic contribution to the mass difference,

2-'= - ' . 2 f ~**d " ":' &*nI~P ~-P&(~, l~. o)l*,, )j., , (1 )
'Uy '9' bRR lx-yl

In (11) the sum on (t), t)') is a sum over the emitting quark; both t) =t)' and @vs' are to be kept. Z„ is given
by

J, (x) =Q Q q (x)yp (x),

where Q is the charge of the o.th quark. Expanding (12) yields



Here N is the quark normalization

~,
2~ (~ —I/R)+IN, /R

Rnd %'e have used the expre881OI1 fox' the quark wave function

(18)

'Qfe then obta, in for the full M1 width

The expression in brackets in (13) takes into account the fact that the general wave functions in the initial
(i) and final (f) bags are different. In (11)we use the expression

jP f gwy) eo

=4Ilik Qj, (kx)k,"'{ky) 1', (Q,)F, (0,) .
9~0 fft-

where the tra, nsition moment p, is given by

I R

NN, —dx xj,(kx)
2k

(18)

In the limit of k-0 and 81=92, thj.s reproduces the expression fox' the static magnetic moment of Ref. 3.
The magnetic transition coefficients C"~~ are, as in Ref. 6, given by

Q &f'Ill'. (III,)q.k.(m, ) Iq) (qlk,'(k, )qP, (k,) l»U' O*V. (go, V, .
181' Std gfyy A'2

Solution A SollltloQ 8

0.653
0.707

0.717
0.776

The C ~~ are listed in Tables VI and VII for the
cases of interest to the present work. In Tables
VIII Rnd IX we g1ve the values of the tl'RQ81t1on
BloIIlell'ts, fl'oIIl (18), for fel'IIllolls alld bosolls fol'
the two cases considered in Sec. II.

In evaluating the integrals ltl {11)or (18) lt ls
necessary to choose the value of the upper limit
of the 1ntegx'Rl, Rnd its 1 elRt1on to the rRd1.1R, Rnd

R2 in the integrands. %e have chosen. the follow-
l,ng RnsRtz: Given p» Rnd R2~ fol R pRx'tlculal
transition, fxom the results of Sec. II, we take R
= ~ (R, + R,); with this value of R we recalculate the
eigenvalue x(R) I (9) and replace R, and R, by R
everywhere in (18). Then a,=e,= o. The Inotiva-
tlon fox this Rnsatz is the 1-eRllzRt1on thRt the
stRt1c-cRvlty model of Ref. 3 ls Rn RpproxLmatlon
to the x"eRl physlcRl sltuRtlon 1Q wh1ch the bRg

shape is a dynamical. variable with its own wave
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TABLE VI. The magnetic transition coefficients C~~B~

as defined in (19) for fermions.
TABLE VII. The magnetic transition coefficients C~$

of (19) for bosons. The parameters n;, P;, and y; are
given in Table XII.

Transition q, /q, q3q3
Transition qiq2 q2q 2

N* -Z'y
Z ¹+ Z+y

z*' -z'y
Z* -Z y

Z ¹'-Ay
¹0 ~Py

M

zp

Z ¹++ Z++yc c

Z *+ -Z'yc c

z,*' -z,'y
Zc* Acy

Zc -Acy
S*' —S'y

S*' -A'y
X*"-X"yv

Xp Xy
x~¹+ -x~+y

Tp¹ Tp¹y

27

2?

27

4
27

27

27

27

27

27

27

27

4
27

27 27 27 27 27

27 27 27 27 27

27 27 27 27 27

27 27 2? 27 27

2
27 27 27 27 27

4
27 27 27 27 27

27 27 27 27 27

16
2Z 2? 27 27 27

27 27 27 27 27

2Z 27 27 27 27

27 27 27 27 27

27 27 27 27 27

27 27 27 27 27

2
27 27 27 27 27

p

p &7y

(d ~ 7Ty

CO

E¹'-E'y
g ¹0 ~py

77y

77'y

'g py

'g ~ (g)y

ac

c coy

Z7c

&c -77cy

D*'-D'y

D ¹0 Dpy

F*'-F'y

27

27 i

~~ 2
27 1

27

27

Mp 2

~p 2

~~ 2
27 2

27 2

~p 2

~~ 2
27 3

~n2
27 3

~y 2

~y 2

~y 2

27

27

27

27

~~ 2
27

27

2—27™i

27

27

Mp 2

~p 2

~~ 2
27 2

2

~p 2

2
2? ~3

~~ 2
27 3

27 yi

~y 2

~y 2

2?

2L
27

27

27

27 1

27

Q'
27 i

27

27

~p 2

Mp 2

2
27 ~2

2
27 2

~p 2
27

27 3

A27 3

~y 2

J2y 2

~y 2

27

27

27

function. It should be recognized that our pro-
cedure gives a slightly larger transition moment
than choosing R = min(R„R, ).

An important point to notice is that the x depen-
denc e of the cur r en t operator in the transition
moment is

1.-j,(kr) =0„

in comparison to the simple static dependence

O, =r.

TABLE VIII. Baryon quark transition moments, p~, from (18). They are calculated by us-
ing the bag masses of Table II, not the experimental masses.

Solution A

7"a3

Solution B

N*-Ny

Z*-Ay
Z¹ Zy
Z Ay

Zc* Acy
S* Sy
S* -Ay
X8-Xv
xs¹-x
Tp ~ Tpy

0.5913
0.4573
0.4248
0.4527
0.5056
0.1563
0.1373
0.1566
0.1459
0.1543
0.1553
0.1568

0.5913
0.6600
0.6076
0.4527
0.7252
0.7374
0.6098
0.5070
0.4602
0.1543
0.1553
0.5043

0 ~ 5913
0.6600
0.6076
0.6498
0.7252
0.7374
0.6098
0.7304
0 ~ 6509
0.6641
0.4750
0.5043

0.5586
0.4427
0.4000
0.4352
0.5009
0.1549
0.1305
0.1552
0.1471
0.1522
0.1541
0.1556

0.5586
0.6476
0.5781
0.4352
0 ~ 7235
0 ~ 7586
0.5912
0.5102
0.4705
0.1522
0.1541
0.5056

0 ~ 5586
0 ~ 6476
0.5781
0.6311
0 ~ 7235
0.7586
0.5912
0.7474
0 ~ 6755
0.6771
0.4782
0.5056
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Solution A

Pq

Solution B
Pq p.

0.4720
0.4730
0.3707
0.1494
0.1511

0.4720
0.4730
0.4938
0.5731
0.4299

0.4240
0.4243
0.3369
0.1475
0.1492

0.4240
0.4243
0.4381
0.5821
0.4298

This difference tends to cut down the size of the
transition moment for kr &1. For transitions in

this region it means that experimental static and
transition moments provide independent informa-
tion; it is not tx'ue that changing the bag parame-
trization to ensure a large R and a coxx ect I „as
was done in Sec. II, will give a large moment for
the corresponding transition, 4-p+y. For a
given transition, once kR &1„ increasing R be-
comes progressively less effective in increasing
the transition momen ~ ptr' oug ly. ptz mea-
suxes the product of one large and one small, com-

TABLE Ix. Boson quark transition moments, p~, from
(18). They are calculated using the bag masses from
Table II.

ponent of the two different wave functions at r
= l/k, while the static moment g, measures the
product of large and small components of the
same wave function at x=R.

In Tables X and XI, we give the results of the
two (A for rn, =0, B for m, c0) bag parametriza-
tions for M1 xadiative widths.

The comparison between the predicted and ex-
perimental values for the measured cases (nN,
pw, &um, and K*K) is not spectacular. The 9:l ra-
tio between ~n and pm is a result of ~-p degen-
eracy in any quark model and no amount of adjust-
ing the model will ever change it. The &N value
is too small, despite our parametrization that,
gives a good value for p~, for the reasons men-
tioned above. In this regard it is interesting to
notice that all the cases correspond to O' R & 1.

iV. MSCUSSION

Consider first oux' reparametrization of the
static-bag model. This gives, as discussed, rea-
sonably good results for magnetic moments and
masses (except for & and, of course, &), satis-

TABLE X. Baryon Ml transition rates in keV for the hvo cases of Table I (solution A is m&

equal to zero and solution B is w& equal to 79 MeV). The rates in parentheses use experi-
mental masses for each particle with the radius of Table II.

Transition Experiment Solution A Solution B

zo

g++ g++y
C C

g ++ J+y

g Qo +0~

Z,~' -A,y

s~' s'y
S*' -A'y
XP'+ X+g+y

X$ XUy

Xg'+ X~y

To Top

700 +70

&2200

338.51 (338.51)

153.27 (113.06)

30.08 (22.13)

1.99 (1.50)

222.79 (211.23)

158.39 (146.33)

2.00 (1.86)

1.11 (2.67)

176.73

22.91

291.50 (291.50)

135.86 (108.10)

26.43 (20.99)

1.89 (1.53)

197.69 (190.91)

145.03 (137.15)

1.93 (1.84)

1.36 (2.66)

166.17

24.57

1.29
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TABLE XI. Boson Ml transition rates in keV for the hvo cases of Table I. The values in
parentheses use the experimental particle masses.

Trans ition Exper iment Solution A Solution 8

5.7 + 2.1

36.54 {43.45)

326.85 (398.72)

7.45 (7.71)

90.80 {93.72)

1.00 (0.82)

27.73 (22.57)

0.12

34.43 (37.47)

310.30 (344,04)

8.69 (7.48)

93.94 (81.90)

1.07 (0.89)

27.75 (23.05)

factory results for axial-vector coupling constants,
and not unreasonable results for charge radii. It
cannot, however, be claimed that there is any
evidence for the form of our reparametrization-
the addition of Cj& -&-,

~
to the energy. In the

first place it might be that the solution of the
problem posed by the low value of pp lies in Rn

anomalous quark magnetic moment rather than in
a larger proton radius, although this seems some-
what outside the spirit of R quark model. But even
if modification of the static-bag wave functions is
called for, our addition to the Hamiltonian is not
unique; other changes, such as making the con-
stant Zo in the zero-point energy different for
baryons than for bosons, are possible. Our value
for C does, however, indicate the size of the nec-
essary ehaQge.

The universal slope a' of Regge trajectories is
another semimeasur able quantity. Johnson. and
Thorn2 have shown that for massless light quarks,
a' is proportional to (&n,)' ' and that the old bag
parameters give a good numerical value when
compared to slopes derived from particle speetro-
seopy. Our reparametrization gives a larger a,
but a smaller & so its corrections are appropri-
ately directed. Numerically, however, n' falls
for model A (B) to 63/o (55%) of its "old bag"
value; we consider this comparison uncomfortable
but not necessarily compelling.

Consider now the ~l transitions obtained with
models A and B. One of our most important re-
sults is probably the realization that increasing
the bag rRdius for & Rnd p in order to fit p& does
not give the M1 transition rate correctly. The
rate for & -&y is suppressed by two other fac-
tors: (1) The maximum value of the matrix ele-
ment of the current in Eq. (13) falls with increas-
ing && =~~-&&,. this tends to suppress transition
moments relative to static moments. (2) The
ratio 2, (&R)/&R is approximately 1 —&'&'/10; for

&-& this effect suppresses the transition moment
relative to the static moment by about 404 for our
parametrization and 20% in the "old bag. " The
result of these tmo effects is that the rate for
& —&g in the "old bag of Ref. 3, 200 keV, is not
easily brought into agreement with experiment. If
the rate is scaled upward by [(p~),„,/(g~)~, J' =2, in
R crude Rttempt to tRke into Recount Rn anomalous
quark magnetic moment, it is still 14 standard
deviations short of experiment. It should be noted
that introduction of anomalous quark moments in

the bag model raises calculational difficulties in

evaluating the contribution of hadron center-of-
mass motion to momentum-dependent terms; the
0 in 0, &„,0 4q isp, P;, where p-; =-i (as+a„).

Our value for &*-&y is well within experimental
error with either the predicted or experimental
masses, but since our & mass is too heavy and the
error is large this is, at best, a modest success.
The ratio of g'- py to g' -y has recently been
measured accurately. '9 Oux solutions for the mix-
ing, as explained in the Appendix, make the g es-
sentiRlly pux'e Ss so that we CRQ only predict zex'0
for both these decays. Finally the radiative decays
into pions are not, because of the large momentum
transfer involved, expected to be reliable in the
static-bag approximation.

IQ general the available data are much too limited
to make a meaningful assessment of bag predic-
tions or to serve as a guide for modifications of
the model. It is highly desirable for this model
and others'2 that further careful M1 measurements
be undertaken.

It is a pleasure to aeknomledge stimulating
convex"sations with and helpful advice from Prof-
essor Kenneth Johnson. The work of R.H.H. and
V.L.T. was supported in part by the National
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Science Foundation. The work of N.G.D. and
D.A.D. was supported in part by the U. S. Depart-
ment of Energy.

TABLE XII. (a) Values of the g, g', and gc radii and
of the mixing parameters in the parametrization of Eq.
(A2). (b) Values of the g, g', and gc direction cosines
along ~LL), )ss), and ~«) for the m& =0 solution.

APPENDIX
Rqs

(a)

We treat here M1 transitions involving the iso-
scalar pseudoscalar mesons (t},q', t},). It is gen-
erally thought that within both the bag model and
other confinement schemes, these particle states
are dynamically mixed through the SU(4)-singlet,
two colored gluon, intermediate state. Each is a
linear combination of LL, s&, and &&, where LL
is the isosinglet combination of ~ and &~ quarks.
Our approach, following that of Ref. 3, is to make
a three-parameter expression for the mixing and
to determine the three parameters by requiring
the eigenvalues of the mass matrix, when mini-
mized with respect to the radius &, to be the ex-
perimental masses. This approach suffers from
two difficulties: (1) The cc system, as discussed
in Sec. II, should not be treated to lowest order in

n, . (2) One result of the static-cavity approxima-
tion in which the radius ~ is treated as a fixed
parameter rather than a quantum-mechanical
variable is that the wave functions we find will not
be orthogonal if they have different radii. The
orthogonality that they must enjoy by virtue of the
self-adjointness of the bag Hamiltonian with the
two bag boundary conditions requires the R wave
functions to check numerically. In the present ap-
proximation bag states having different &'s are
considered orthogonal by virtue of the unknown ~
wave function.

We write the mass matrix as

5.00 2.32 3.62 0.696 -0.237 -1.09

(b)

-0.765
0.002
0.117

0.642
1.0
0.101

0.053
0.0

-0.988

We have three mass equations,

f(R( ia(R(, M()Mt)=0, i =t), t}', q, (A4)

and three radius equations,

dM
0=de

af af s)a ' aj af aid
dM bp dM dR dp dA (A5}

We have solved (A4) and (A5) numerically for
the m& =0 bag-parameter cases of Table I. The
results for &~, &, &, and &, and the LL, ss, and
&c' mixing are shown in Table XII. The mixing

TABLE XIII. Ml transition rates in keV involving
isoscalar, pseudoscalar mesons for the m& =0 solutions
of Tables III and XII.

E —M+ 2P

JR-Ml = v2 $ E —h1 +P

Mme )
Ec —M+ 0

(A1)

Transition Exper i ment

64+10

&3.5

Bag (A)

43.72

2.39

21 ~ 00

ja =a bM++/Rc. (A2)

We must solve for the six quantities +, ~, &, &„,
R„, and R„. We define f(R, )a(R, M), M) by

f(R, P(R, M), M) =det(SR —MI) . (A2)

Here E„E„andE, are the LL, ss, and cc sys-
tem energies as determined by (1) in Sec. II. M
is the eigenvalue to be determined. P is the sing-
let-state two-gluon mixing. The two-gluon state
is assumed, by its singlet nature, to couple equally
to uu, dZ, ss, and «states; hence the couplings
to LL, ss, and cc are in the ratio W2, 1, 1. We
parametrize P as follows:

nc-4V

c

&c

0.55+0.01

0.152 + 0.117

&300

&50

50+13

76 +15
3+2.5-i.8

29 +7

58 ~ 33

6.36

0.06

0.54
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parameters are defined as

(Ao)

No solution to (A4) and (A5) was found using the
~g~0 case from Table I. Using these results we

may calculate the &J1 widths involving the p's by
proceeding as in Sec. III and then multiplying by

a&', P, ', or y&' as appropriate for the quark struc-
ture of the meson. It is important to remember to
multiply the pseudoscalar into vector plus photon
rates by 2 to take into account the sum over final
helicity states. The results of these calculations
are given in Table XIII.

~A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and
V. F. Weisskopf, Phys. Rev. D 9, 3471 (1974).

2A. Chodos, R. L. Jaffe, K. Johnson, and C. B. Thorn,
Phys. Rev. D 10, 2599 (1974).

T. DeGrand, R. L. Jaffe, K. Johnson, and J. Kiskis,
Phys. Rev. D 12, 2060 (1975); for an expanded dis-
cussion of the axial-vector constant see E. Golowich,
Phys. Rev. D 12, 2108 (1975) and J. E. Donoghue, E.
Golowich, and B. R. Holstein, ibid. 12, 2875 (1975).

4R. L. Jaffe and J. Kiskis, Phys. Rev. D 13, 1355 (1976).
5F. E. Low, Phys. Rev. D 12, 163 (1975).
6N. G. Deshpande, D. A. Dicus, K. Johnson, and V. L.

Teplitz, Phys. Rev. D 15, 1885 (1977).
~The bag equations and their solutions are reviewed by

K. Johnson, Acta Phys. Polon. B6, 865 (1975), and in a
more general context by P. Hasenfratz and J. Kuti,
Phys. Rep. 40C, 75 (1978).

P. Tarjanne and V. L. Teplitz, Phys. Rev. Lett. 11, 447
(1963); D. Amati, H. Bacry, J. Nuyts, and J. Prentki,
Phys. Lett. 11, 190 (1964); J. D. Bjorken and S. L.
Glashow, ibid. 11, 255 (1964); Y. Hara, Phys. Rev.
134, B701 (1964); S. L. Glashow, J. Iliopoulos, and L.
Maiani, Phys. Rev. D 2, 1285 (1970).
P. Hays and M. V. Ulehla, Phys ~ Rev. D 13, 1339
(1976).
J. Katz and S. Tatur, Institute fur Theoretische Physik
der Freien Universit5t Berlin, report, 1977 (unpub-
lished). These authors make the approximation j&

(ky)/k =
3 y decried in Sec. III.

A. Hey, B. R. Holstein, and D. P. Sidhu, University of
Massachusetts report, 1977 (unpublished).
R. Van Royen and V. F. Weisskopf, Nuovo Cimento
50A, 617 (1967); H. Fritzsch and J. D. Jackson, Phys.
Lett. 66B, 365 (1977); J. D. Jackson, 1976 SLAC Sum-
mer Institute on Particle Physics, Lecture No. 4 (un-
published); D. H. Boal, Phys. Rev. Lett. 37, 1333
(1976); J. Sucher, Invited talk presented at the Fifth
International Conference on Atomic Physics held at
the University of California, Berkeley, California,
1976, Maryland Technical Report No. 77-029 (unpub-
lished); M. T. Vaughn, Phys. Rev. D 13, 2621 (1976);

N. Chase and M. T. Vaughn, Northeastern University
report, (unpublished); Phys. Lett. 61B, 175 (1976); A.
Bohm and R. Teese, Phys. Rev. Lett. 38, 629 (1977).
P. Hasenfratz, J. Kuti, and A. S. Szalay, Central Re-
search Institute for Physics, Budapest Report No.
KFKI-75-30 (1975), presented by J. Kuti, in Charm,
Color and the J/P, Proceedings of the Rencontre de
Moriond, Meribel-les-Allues, France, 1975, edited
by J. Tran Thanh Van (CNRS, Paris, 1975).
First-order gluon exchange corrections to the bag mod-
el have been considered by A. Halprin and P. Sorba
[Phys. Lett. 66B, 177 (1977)], J. Donoghue and E, Golo-
wich [Phys. Rev. D 15, 3421 (1977)], and E. Golowich
[ibid. 18, 927 (1978)]. Calculating what may be consid-
ered to be complementary sets of diagrams, Halprin
and Sorba find dp„= 0, bp = —0.1 p&0~, snd Donoghue and
Golowich find bp„= 0.3 p~ ~, be-—0.32 p&

~. Thus the net
effect of these corrections on the magnetic moment of
the proton and neutron is an increase of

~ p„~ and p~.
~Particle Data Group, Rev. Mod. Phys. 48, Sl (1976).
For charmed particles see the supplement: Phys.
Lett. 68B, 1 (1977). Recent results on D and D* are
given by I. Peruzzi et al. , Phys. Rev. Lett, 39, 1301
(1977).

~6A new measurement of the pion charge radius is given
by E. B. Dally et al. , Phys. Rev. Lett. 39, 1176 (1977).
This group has a measurement of the K charge radius
in progress. Hyperon-charge-radius-measurements at
Fermilab are possible in the future. We are grateful
to T. Toohig for a discussion of the experimental sit-
uation.
We note in this context that the corrections to the mag-
netic moments of Refs. 16 are linear in n, . The new

value of n~ would require that the corrections increase
by a factor of 2. The sizes of these corrections are
then large enough to cast doubt on the validity of a per-
turbation expans ion.
K. Johnson (in preparation).

' C. J. Zanfino et al. , Phys. Rev. Lett. 38, 930 (1977).
We thank Professor Arno Bohm for informing us of
this reference.


