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New source of charge-symmetry violation in the nucleon-nucleon system
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Within the framework of the cloudy bag model we show that the small difference of up- and
down-quark masses leads to a small increase in the m nn coupling constant relative to m pp.
There may be many experimental consequences of this observation but, as an example,

(a„„)—)a~~( =—0.3 fm because of this effect.

In the past two of three years there has been great
interest in the so-called chiral bag models. ' ' Essen-
tially the idea is that whereas chiral SU(2) x SU(2) is
one of the best symmetries of the strong interaction,
most phenomenological models of quark confinement
violate it rather badly. The MIT bag model is a very
useful case study, because the whole source of chiral-
symmetry violation is localized on the jbag surface.
By introducing a pion field (at the first, crude stage
elementary, and no longer describable in a bag
madel) into the theory, it is possible to compensate
for the surface term so that the SU(2) & SU(2) sym-
metry is restored —at least in the absence of quark

I

and pion mass terms.
The cloudy bag model (CBM) is one theory of this

kind which has proven rather successful in a number
of applications. It is a basic assumption of the
CBM that pionic corrections can be calculated as a re-
latively small perturbation on the original MIT
model. Thus it should make sense to expand the full
Lagrangian density in powers of $ (the pion field).
This leads to expressions for the pion coupling to
bare nucleons, 4's, and so on. Once the truncation
in powers of @ has been made the theory is com-
pletely renormalizable, and the renormalizations are,
moreover, finite and small. We refer to Refs. 10, 11,
and 5 for discussion of the rigorous bounds on the
probability of finding n pions in the physical nucleon
((n) (0.9), and for calculations of nucleon elec-
tromagnetic properties. In the latter case there is a
significant improvement over the original MIT
model, ' ' for both the magnetic moments and the
neutron charge radius.

At the same time as these developments involving
the substructure of the nucleon have been going on,
there has been a great deal of activity, both experi-
mental and theoretical, on the question of the viola-

tion of charge symmetry in the nucleon-nucleon sys-
tem. The classical system in whiqh this has been
studied a great deal is the 'So scattering length for nn

compared with pp (Coulomb corrected). Currently
the best experimental values, —17.1 +0.2 fm (Ref.
14) and —18.6+0.6 fm (Ref. 15), respectively, indi-
cate a small violation of charge symmetry. However,
there is considerable discussion of the interpretation
of the errors quoted.

A recent experiment at LAMPF failed to see a
charge-symmetry-violating forward-backward asym-
metry in the reaction np de at the level of 0.5'/0. "
Complex experiments under way at Indiana and
TRIUMF hope to see a small difference in the posi-
tion of the zero in P and A in np elastic scattering,

'

which should provide the most sensitive test to date.
On the theoretical side, apart from electromagnetic

effects which are relatively straightforward, most cal-
culations of charge-symmetry violation are based on
boson-exchange models of the nucleon-nucleon
force —e.g. , p-co and m-vj mixing. An excellent sum-
mary of the present experimental and theoretical situ-
ation is to be found in the proceedings of the
workshop held at TRIUMF earlier this year'; see
also Ref. 18.

In the absence of a theory which connects the
nucleon-nucleon force with the substructure of the
nucleon, there has never been an estimate of the
direct effects on NN scattering of the violation of
SU(2) x SU(2) at the quark level. In particular, in
order to explain the mass splittings within multiplets
such as the nucleon, X, :,4, and so on, one expects
a splitting of the u- and d-quark masses. ' Within the
framework of the bag model we recently obtained a
value of (mq —m„) of 4—5 MeV. ' Of course it is
common to calculate the effects of n -p mass differ-
ences (an indirect inclusion of effects of m„A mq).
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qo qo+ —r ' eysqo qo qo+ qor ' e—ys (2)
2

'
2

$ —ef +f 1 ——cot —$ x( e x 4t); (3)

that is

D„$=8„$—I —jo —g x (0„p x P) . (4)

Very recently it has been discovered ' that by mak-

ing a transformation on the quark fields one obtains
a Lagrangian density in which the current-algebra
constraints are somewhat easier to see. In fact, de-
fining

q =SQo. 0 =CoS

with

i V Q y5/2fS=e

the Lagrangian density becomes

(6)

d(x) = (iq8q —8)8„——2qqh, +-'(D„y)'

+ qy"ysrq (D,4)8. ,

where the covariant derivative on the (new) quark
fields is

, cos(P/f) —1

2

A full discussion of Eq. (7) can be found else-

What we shall now show is that the m coupling con-
stant to the neutron is about 0.4% bigger than that to
the proton as a consequence of these small quark
mass differences.

In the original formulation of the CBM, in the case
where SU(2) x SU(2) is still an exact symmetry, the
Lagrangian density has the form4

~cBM(x) ( Wp@qo ~)8o

, qp—e qp/s. ,+-, (D~p) . (1)
i V ~ $ y5/f

Here qp is the two-isospin-component (u and d)
quark field, B is the phenomenological energy density
associated with making the bag, and @ is the pion
field. The bag volume is defined by 8„, and 5, is a
surface g function [8„=8(R—r) and 5, =8(r —R) in
the static, spherical case]. The parameter f is readiiy
identified as the pion decay constant (93 MeV). Fi-
nally, D„P is the appropriate covariant derivative, so
that the whole Lagrangian density is invariant under
the chiral tranformation

where, ' but some remarks are necessary here.
First, the covariant derivative on the quark fields
[Eq. (8)] leads to the Weinberg-Tomozawa relation
for low-energy pion s'cattering from any hadron
describable in the bag model. Second, the pion cou-
pling to the bag is a derivative coupling —once again
in agreement with current algebra. (For the present
time we avoid a discussion of exactly how derivative
coupling to the quarks translates into coupling to the
hadrons. )

Of course it is true that the original quark fields qo
are not equivalent to the new q. What the transfor-
mation has in fact done is to change from the sim-
ple representation of SU(2) x SU(2) shown in Eq.
(2), to a new, nonlinear representation in which
chiral transformations mix quark states with different
numbers of pions. (In this representation qq is, in
fact, chiral invariant. ) The new representation is
preferable in many ways; for example, the Lagrangi-
an density (7) decomposes much more readily as
2 MsT + jig +2 jfggfggtjog (as used in earlier work) .
Moreover, the key elements which make Eq. (7)
chiral invariant, namely, 8'q Bq and derivative cou-
pling, can be used for any model of quark
confinement —they are not specific to the bag model.

In order to obtain an NNsr vertex from Eq. (7), we
follow the earlier procedure of defining a P space (of
three-quark. baryons) and a Q space (the rest), and
expanding to lowest order in @. The appropriate
NN m interaction vertex is then simply the matrix ele-
ment of the derivative-coupling term in Eq. (7)
between MIT-bag nucleons. Clearly the NNm cou-
pling constant (at k =0) is (1/2f) times the expecta-
tion value of y"y57 in the nucleon bag. That is sim-

ply (gP'/2f ), where g~b" is the MIT-bag-model
value of the axial-vector coupling constant. Since it
was sho~n in Refs. 5 and 11 that in the truncated
theory (higher powers of P dropped) renormalization
of coupling constants is small (—10% for NNrr), we
shall not consider this further. (As we have pointed
out explicitly in Ref. 5 the large surface correction to
g& found by Jaffe' and others is not present in the
CBM, because the pion field is not excluded from the
bag volume. )

Of course the enormous improvement in the pre-
diction'of gq (1.09 for massless quarks) in compar-
ison with nonrelativistic quark models (7) was one

of the great successes of the MIT bag model. (With
the recoil correction of Donoghue and Johnson' the
bag value becomes 1.22 for massless quarks. ) The
reason for the suppression of g~ is the presence of
small Dirac components in the quark wave functions.
Obvioulsy, as the quark mass gets larger this suppres-
sion is less effective and g~ goes up.

The result promised earlier, namely, f p & f p

is now trivially obtained. The d quark is 5 MeV more
massive than the u, and hence, for neutral-current
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coupling,

3=1+—8
5

where the ratio of the appropriate spatial matrix ele-
ments for single up and down quarks is (1 —5). Us-
ing the equations of Donoghue et al. ,

' (mq —m„) = 5
MeV (Ref. 20) implies 8 =6.4 & 10 3, and hence
gg/gg is 0.4% greater than one.

At the present level of accuracy of neutral-'current
experiments it is not possible to imagine seeing such
a small effect. For the future one may hope. We
prefer to examine the effects on pion production
through the relationship 44rr fit~/m„= gP'/2f, not-
ed above. This leads to a prediction that the nn m

coupling constant is 0.4% greater than that for ppm .
In order to estimate the significance of this charge-
symmetry violation, we have calculated the implied
difference in nn and pp scattering lengths. For the

Bryan-Gersten potential'4 (model D) this leads to
[a«( —)a/~' -'"'[ =+0.3 fm, which is in the same
direction as the experiment, although a little small.
(Recall, however, that the errors may be somewhat
low. ) Of course, we must add the caution that this is

only one possible source of charge-symmetry viola-
tion in the low-energy N-N system. " '

In summary, we stress that the source of charge-
symmetry violation shown here is new. It is a long-
range effect, which should survive in even the most
recent models of %-N scattering which take into ac-
count the large size of the nucleon bag. '6 (A pessi-
mist might doubt whether p-eo and m-q mixing will

survive, since they are of short range and the bags
overlap at 1.5—2.0 fm. ) The effect of this violation
should be seen at an appropriate level in many sys-
tems. In particular we think of different widths for 4
decay to m, of forward-backward asymmetry in

np dm (which may be enhanced in polarization
measurements), and so on.
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