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The polarizability of the proton is calculated in a simplified MIT bag model and compared with an analysis of Compton
scattering. Qualitative agreement is obtained for the sum of the electric and magnetic polarizabilities, which is found to be
within 30% of the experiment.

The determination of the electric and magnetic
proton polarizabilities a and/3 from experiment and
their connection with sum rules has been controversial for some time. The combination a +/3 is well determined by the sum rule * 1
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3
a = 2 ~ e

2

i(~ojlToz i~x2)l 2

(2a)

3
+t3 = 1 ~ f

2rr2 0

a(60)d60 = 14.1 + 0.3 .

°°2

(1)

The difference a -/3, however, is model dependent.
Values o f - 9 . 7 [1] - 6 [2] and +12.5 [3] have been
obtained, depending on the type of dispersion relation
and the channels taken into account. The most recent
analysis [1 ] of Compton scattering at 8 0 - 1 1 0 MeV
gives values
a =20-+ 1 . 1 , / 3 = - ( 6 - + 1 . 6 ) .
The authors of ref. [1] claim that dropping the 604
-terms in former analyses [4,5] has yielded incorrect
values of a = 9 + 2(10.7 -+ 1.1) and/3 = 2 -+ 2 ( - 0 . 7
-+ 1.6), respectively.
In this work we calculate the polarizabilities in the
MIT bag model [6,7]. This model has been very successful in the prediction of ground-state properties of
hadrons; it is generally not quite so good for dynamical quantities, such as transition probabilities.
In a model of non-interacting quarks, the polarizaWork supported in part by NSF and DFG under contract
He 1155/1.
*1 a and # are given in units of 10-43 cm3.
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Here I~0/) and ICx/) are normalized single-quark wave.
functions, and 70 and ¥ are the usual Dirac matrices;
I~0j) is the 1Sl/2 wavefunction of the nucleon ground
state, and Ic~xj) are excited quark- or antiquark states.
The charge o f the jth quark is ei. In the case of the
proton, the sum over e; reduces to y,.3 .e.2 = e2(~ +
4
/
1=1
+ ~ ) = e 2. The wavefunctions I¢oj) and ~¢x/) are assumed to be the same for all three quarks in a particular space-spin state. Only a few terms are important
in the sum over the space-spin states ICxj). The lp
and ls quark and antiquark states are taken into account. The other states lie further away in the energy
spectrum, and thus give much smaller contributions.
Of these, the lPl/2, lP3/2 quark and the lSl/2 antiquark state contribute to the electric polarizability,
whereas for the magnetic polarizability the intermediate states are the lSl/2 quark and the lpl/2 , Ip3/2
antiquark. The antiquark contribution can be viewed
as an exchange effect.
We use the same size bag for all states, and assume
that the quarks have zero rest mass. Then the wavefunctions to be considered are:
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cally existing excited hadronic states. For example,
spurious states of the L = 1 [56] (in the SU(6)-language)
have to be projected off the sum over the lp quarks in
eq. (2a) in order to obtain pure L = 1 [70] states which
involve the N*(1/2-) and N*(3/2-) resonances, which
give the most important contributions. Sound discussions of the cavity approximation and its refinements
can be found in refs. [7-9]• Also, the proton component in the sum over the three lSl/2 -quarks in eq. (2b)
has to be projected off, since only the A+ -contribution is relevant. The p&+ matrix element is related to
the quark matrix elements by

anti ~ / ~ \
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The Xm are the3 conventional Dirac spinors, and the
Cm are the j = ~ spherical harmonics. The normalization factors N x are determined by
1 = ~ - 0f

¢~xjC)xjd3r,

2,=0,1,2,

Thus the corresponding terms in the sum in eq. (2b)
must be multiplied with ~.
Assuming no interaction between quarks, the energy denominators for the antiquark states are given by
the difference of the 1s1/2 ground state with positive
energy and the antiquark states with negative energy.
They are -2xo/R for the l s ~ i, - ( x 0 +Xl)/R for the
l p ~ ti and -(x 0 +x2)/R for'the lp~]~i states• We use
these tree particle energy denominators for the antiquark states, but the free particle description is too
crude for the positive energy states. For quark particle
states, we modify the formulas by using energy denominators of the known physical states. For the lPl/2
and lP3/2 quark states, we use the average excitation
energy of the N~/2-, N3/2- doublet, AE ~ 600 MeV.
For the l Sl/2-quark state, the excitation energy of the
A-resonance AE ~ 300 MeV is taken.
The evaluation of a and/3 is now straightforward.
The results are
•

)"

/=1,2,3.

(4)

The energy eigenvalues for the quark, respectively,
antiquark states are given by +-xx/R,where x 0 = 2.04,
x 1 = 3.81 andx 2 = 3.2.
We determine the bag radius R by fitting it to the
experimental r.m.s, radius of the proton:

N20~--~O/q~o/r2d3r= (r2)exp = 0.882 fm 2 ,

(5)

(6)
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a =7.1=9.6-2.5,

which gives R = 1.2 fm. This value is 20% larger than
the one which is obtained by fitting the hadronic mass
spectrum [6], However, it is important for our purposes to fit (r2), since both polarizabilities are proportional to the square of a matrix element, which is linear in r. The energy of this bag (3 X 2.04/1.2 fm
= 1005 MeV) is in good agreement with the nucleon
mass.
The sum over the single-quark states in eqs. (2a)
and (2b) does not entirely coincide with the physi-

decomposed into the contribution from the quarkand antiquark-states. The electric polarizability is dominated by the N1/2-, N3/2- doublet, and the magnetic
one by the A -resonance. These values disagree strongly with the recent analysis of the data [ 1], they are however in fair agreement with earlier results [4,5]. The
sum rule (1) is understimated by 30%. The missing enclosure of higher lying states partly accounts for this
difference• The value for a -/3 is 4.5, thus lying in the
spectrum of various predictions [1-3]. A negative mag-
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/3=2.6=5.0-2.4.
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netic polarizability (diamagnetism) is not consistent
with the given quark model. Possible explanations for
this discrepancy are, that the q u a r k - q u a r k interactions
change the sign of fl, or that the analysis [ 1 ] o f the
data is insufficient. Given the still remaining uncertainties in the interpretation o f the experimental results,
we conclude that our result at least does not clearly
contradict the experiment and is in fair agreement
with the sum rule. Clearly, new data and a more rigorous treatment of the dispersion relations yielding ot - fl
are necessary.
The corresponding results for the neutron can be
obtained quite easily. The sum ~ 3 1 e2 is ~ e 2 for the
neutron instead o f e 2 . The overlap between the neutron
and the A 0, however, is the same as for the corresponding proton-A + matrix element. The values for the
neutron polarizabilities are a n = 4.7 and fin = 3.4.
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