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Isospin and chiral-symmetry breaking due to an e,u, Hamiltonian are studied in connection with induced
second-class vector currents. In the case of neutron P decay it is found that the induced second-class
coefficient is an order of magnitude larger than expected on naive grounds. Predictions for induced effects in
X —+A P decay, 7~5v„and m —chevy are also presented.

I. INTRODUCTION

An early generation of experiments on the mass-
12 and mass-19 systems" had suggested the
presence of second-class axial-vector currents3
provoking a great deal of theoretical speculation. 4'
The concern was amply justified since the large
values of the reported induced pseudotensor form
factors stood as a threat to our present under-
standing of the weak interactions. 5 The situation
became even more confusing after the experimen-
tal result for the &=12 system was challenged on
very general theoretical grounds. Fortunately
it has turned out that later experiments' are now
in agreement with theoretical expectations and
therefore second-class axial-vector currents
should not be the subject of further major con-
cern. Small second-class coefficients may be
understood, in principle, as arising from chiral-
symmetry breaking, i.e. , from induced rather
than from genuine second-class currents. There-
fore, in order to settle this issue it would be
important to decide on how large are these induced
effects.

It is known that in the framework of the quark
model unequal up- and down-quark masses can
induce second-class vector and axial-vector co-
efficients. In fact, Halprin, Lee, and Sorba
have shown that in a light-quark model with rn„
m~, the effect of gluon vertex corrections in-
duces large second-class form factors if confine-
ment is ignored. On the other hand, taking
confinement into account reduces the effect well
below the first-class counterpart. The problem
is, however, that the connection between the quark
model and the more conventional ideas of chiral
symmetries realized in the manner of Nambu-
Goldstone~ has yet to emerge from a deeper
understanding of quantum chromodynamics. '

Therefore it would be important to decide if anal-
ogous conclusions about induced effects may be
drawn from a more standard approach based on
the inclusion of an q3u3 term in a chiral Hamil-

tonian.
The presence of an &3u3 in the Hamiltonian was

suggested a long time ago" in an attempt to ex-
plain the q -3z decay. Early current-algebra
calculations, ' however, predicted a rate an order
of magnitude too small. As shown later by Lang-'

acker and Pagels" the source of the discrepancy
was an incorrect derivation of the appropriate
Ward- Takahashi identity. Thus, when properly
derived the q -3p amplitude, in the chiral-SU(3)
xSU(3)-symmetry limit, agrees with the experi-
mental one at the (20-30)% level. This result is
reasonable since SU(3) x SU(3). is known to be
broken by roughly that amount. ~ The problem is
then how to estimate chiral-symmetry-breaking
corrections.

It has been shown by Langacker and Pagels'3 that
chiral perturbation theory predicts a correction
to the q-3m amplitude of about 34% but in the
wrong direction. On the other hand, the q-3p
problem has been reanalyzed recently'4 in the
framework of the extended partially conserved
axial-vector current (EPCAC) hypothesis" '

and a correction of =20% in the right direction has
been obtained. This EPCAC approach also pre-
dicts correct AI= 1 baryon mass differences. ' ' "
A systematic study of these &3u3 induced mass
differences in the framework of quantum chromo-
dynamics has been performed recently by Lang-
acker and Pagels, ' who find results consistent
with those obtained from EPCAC.

Motivated by this successful development in our
understanding of the consequences of the &3u3

Hamiltonian we plan to explore in this paper its
effect in inducing second-class vector form fac-
tors in ~S=O P decays. We shall limit the dis-
cussion to matrix elements of the weak vector
current between baryons in order to avoid model-
dependent nuclear complications.

In neutron P decay one would naively expect
Q 3u3 to induce a se cond- class ve ctor form factor
of the order of the proton-neutron mass difference
divided by the nucleon mass, i.e. , gag»= 10 3,
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where g~ and g~ are the first- and second-class
vector form factors, respectively. Instead, we
show here thatgz/g„a 2x10 2, i.e. , an order of
magnitude larger than the naive expectation. The
calculation has been performed (Sec. II) using two
different methods, viz. (a) assuming 6(980)-
meson pole dominance in the matrix element of
the divergence of the weak vector current at zero
momentum transfer, and (b) the more rigorous
Goldstone-boson pair mechanism of I i and Pag-
els. ' Both methods yield roughly the same
answer.

Finally, it is argued that such a value of g~,
though still small, may eventually be detected by
future precision measurements. In Sec. III
predictions are presented for induced effects in
Z -A P decay where both gr(0) and ggo) are of
order O(&3). Also, brief comments are made
on the decays 7-5v, and z -evy which offer a
unique testing ground for the results obtained
here. It should be stressed that an experimental
confirmation of such &3-induced effects would
have important implications for our present
understanding of hadronic symmetry breaking.
In particu'lar it would provide important additional
verification of the overall consistency of recent
q-Sz and AI= 1 baryon mass-difference calcula-
tions 14f 17f 18

II. CALCULATION OF THE INDUCED SECOND-

CLASS VECTOR FORM FACTOR

gv(0) = 1+ O(e3') while g~(0) = O(e,). On the other
hand, specifying the chiral Hamiltonian as

@=a,+ &,u„
where H, commutes with the vector charges Q
(n = 1, 2, 3), one finds

(4)

(5)

In Eq. (5) u, is defined in the usual way as u,
= (u, +iu, )/v2 . The e3u3 term in Eq. (4) induces
a proton-neutron mass difference which can be
related to the right-hand side of Eq. (5) with the
result

D(q') = (m~- m„)„,d(q'), (6)

where d(0) = l. Equation (6) is perfectly com-
patible with Eq. (3) because the spinors in Eq.
(2) are to be understood as eigenstates of the
Hamiltonian (4), and therefore the mass difference
in Eq. (3) is actually that induced by the e,u3
term. Hence at q =0 one simply obtains an
identity.

As a first approximation one may assume that as
q -0 D(q ) is dominated by the 6(980)-meson pole,
in which case

m2
d(q') =

Sl5
—Q'

Substituting Eqs. (6) and (7) in Eq. (2) and perfor-
ming a series expansion around q' = 0, one finds"

Let us start by defining the matrix elements of
the weak vector current between proton and neu-
tron as

g, (O) = ug(m, —m„)„ (8)

(p IV.'"'(0)
I
n& =u. [r~,(q') + t~„.q"g„(q')/2M

+ q„g, (q')/2M]u„,

where g~, g„, and g~ are the first-class vector,
weak magnetism, and second-class vector form
factors, respectively. Taking the divergence on
both sides of Eq. (1) one finds

(p~iS~V"'2~n& =u~D(q')u„

=up[(m, —m„)gv(q2) + q~g, (q )/2M] u„.
(2)

Since vacuum symmetry is not spontaneously bro-
ken at this level, one obtains at q2=0

D(0) = (m~ —m„),

where we have normalized the first-class vector
form factor as g„(0)= 1. It should be clear that
normalizing gv(0) in such a way is probably a
very good approximation because, according to
the nonrenormalization theorem, one expects

where (rv'& is the isovector radius of the nucle-
on, "i.e. , (rv'&/6 = 0.066/p, ,'. Using (m~
—m„)„=—2.5 MeV as determined in Refs. 14
and 18 together with the experimental 5-meson
mass, it follows from Eq. (8) that

gs(0) 10-2
gv(0)

(9)

D(q2) =—,ImD(t)
1 " dt
7t'

(1o)

where to
——(}j,z+ pz)2, (p, + u„)' corresponding to

the two-pseudoscalar-meson production threshold
(in the chiral-symmetry limit KK and vq are the

In order to verify the approximation that led to
Eq. (9) one may use the more rigorous Goldstone-
boson pair mechanism of Li and Pagels'~ to cal-
culate d(q ) in Eq. (6). If the divergence of the
weak vector current is a gentle operator then
D(q') satisfies the following unsubtracted disper-
sion relation:



804 C. A. DOMINGUEZ 20

The contribution from four mesons to ImD(t) be-
haves like tVt and that from. six mesons like
t~Wt and therefore the two-pseudoscalar-meson
state (see Fig. 1) dominates the threshold region
[note that the integrand in Eq. (11) diverges like
I/Wt as t- 0, although the integral is finite at
t=0]. The cutoff in Eq. (11) has been introduced
in order to separate the threshold from the high-
energy contribution to D(q'). A numerical fit to
all ~I= 1 baryon mass differences shows that A
= 250-300 Me7, thus confirming threshold dorn-
inance in this instance.

Solving Eq. (11) and substituting it in Eq. (2) one
finds

g, (0)=—2M(, — .)„, +,),(xv') 1
(12)

where a series expansion around q =0 has been
performed. At first sight it would seem possible
to set A=~ in Eq. (12) in which case g~(0) =2x
10 . However, one should bear in mind that in
this approach the u3-induced mass difference is
itself a function of A and as A -~ it becomes lin-
early divergent. " This fact is of not much con-
sequence here since even with A as small as 250
Me& one ha, s

Goldstone-boson pairs coupling to O'V ). At this
threshold one uses unitarity constraints together
with the chiral-symmetry limit of the S-wave pro-
jection of the meson-meson-nucleon-antinucleon
amplitude to find the exact two-pseudoscalar-
meson contribution to ImD(q') near threshold. In
this case, Eq. (10) becomes

1 4h df,

recent quark-mass calculations' '"' . Examples
of some feasible tests are presented in the next
section.

III. TESTS

Although the value just found for g~(0) is an order
of magnitude larger than expected on naive
grounds, it is perhaps still small to be detected
by neutron P-decay measurements. Muon cap-
ture in principle offers a better testing ground,
although present experimental accuracy would
have to be considerably improved before such a.

test could become feasible. Similar considera-
tions apply to the forward scattering of neutrinos
off nucleons where a parity-violation effect is
expected if &, 40. In 'Z-A P decay, however, a
precision measurement of gv(0) would provide a
rather clean test of &,-induced effects [gv(0) van-
ishes identically if e, = 0]. On the other hand, the
higher momentum transfer involved in this decay
might help to detect gz(0), which is expected to be
comparable togv(0), both being of O(e,). In view
of this the predictions for both form factors are
derived in part A of this section.

In a separate context, Leroy and pestieau" have
suggested looking for the heavy-lepton decay 7

-5v, as a signal for second-class vector cur-
rents. In part B we calculate the branching ratio
I"(v - 5v)/I'(r - v v) to be expected from q, -induced
effects. Finally, Bernabeu, Tarrach, and
Yndurain and Montemayor and Moreno 5 have
recently pointed out that the pion radiative decay
z —evy might also offer the possibility of testing
our ideas about isospin symmetry breaking. A
brief discussion about this test is presented in
the last pa, rt of this section.

& "' =3 5x 10-
g, (0)

In summary, saturation of the divergence of the
weak vector current by a 6(980)-meson pole or by
a Goldstone-boson pair leads to a rather large
induced second-class vector form factor. Grant-
ing the validity of these dynamical approxirna-
tions, a, measurement of g~(0) can provide addi-
tional verification of the overall consistency of

= U~ (m~ —mc)g~()I')

2

+2M gs(~) n (14)

A. &~A P decay

Defining the matrix elements of the weak vector
current for this decay in analogy with Eq. (1)
one finds after taking the divergence

Specifying the Hamiltonian as in Eq. (4), it fol-
lows that

a"v„

FIG. 1. Leading threshold singularity [see Eq. (10)].
Dotted lines represent AE and &q Goldstone-boson pairs.

(15)

Relating the right-hand side of Eq. (15) to the Z'
—Z mass difference induced by the &~u, Hamil-
tonian and substituting it in Eq. (14), one has
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(22)

2

(16) Using the analysis of Ref. 14 to calculate
(~

I
E,u, I

Zo), one finds

where d(0) = 1. Since M~ —M c = O(e,), where as
Mc+ —Mc-= O(e,), one can safely use experimen-
tal data for the former in which case one obtains
from Eq. (16) at q =0

gv(0) = 0.016 + 0.001, (17)

where (Mc. —Mc-)u, = -7.2 + 0.6 has been used. "
In order to verify the consistency of the above
procedure one could instead relate the A-Z mass
difference to the Z'-Z mass difference in which
case one finds

P = —0.01, (23)

l5 = —,'(8"/ftI' If ' '/—If,' ', (24)

where Bo"' are the rates calculated in the absence
of electromagnetism and with &3= 0. Using Eq.
(23), one finds

which agrees in sign and magnitude with the elec-
tromagnetic contribution. 26 Having dete rmined
the mixing angle one can then compute the charge-
asymmetry parameter defined as

5= 0.02, (25)
g v(0) =~=0.017 a 0.002,

68
(18)

g~(0) = 0.03, (18')

if 5(980)-meson pole dominance is assumed for
d(q'), and

where f/d=3. 26 from the medium-strong differ-
ences and' e3/e8 ——0.017 + 0.002 have been used.

The induced second-class vector form factor
g~z(0) may be determined by expanding Eq. (16)
in series around q =0, the result being

which points to an enhancement of Z' decay over
Z decay. It was shown by Eimerl that conven-
tional radiative corrections produce a very small
asymmetry while the mixing due to the electro-
magnetic Hamiltonian gives an asymmetry para-
meter of the same sign and magnitude as Eq.
(25). Present experimental accuracy does not
allow for a confirmation of these predictions,
but it is hoped that the future availability of hy-
peron-beam facilities might settle this issue.

g~(0) = 0.05, (19)
B. Heavy-lepton decay

if the Goldstone-boson pair mechanism is used as
in Sec. II. In both cases above an isovector
transition root-mean-squared radius equal to that
of the nucleon has been used.

A considerable improvement of the present ex-

perimentall

measurement g~ = 0.24 y 0.23 is ob-
viously needed before these predictions could be
tested. '6

An important. issue in Z -A decay, which has
not been taken into account in the above calcula-
tion, is that of Z -A mixing due to electromag-
netic effects. The calculation of the mixing angle
and the. charge asymmetry produced by the elec-
tromagnetic Hamiltonian was done by Eimerl"
some time ago. In the following we calculate
these parameters using the chiral Hamiltonian
Eq. (4):

The Z -A mixing angle is defined by means of

A,h„, =A cosp+ Z' sinp,

Z phy Z cosP A s inP,

(2o)

(21)

where Aphyg and +phys stand for the physical A and
Z states. The mixing angle can then be obtained
after sandwiching the Hamiltonian Eq. (4) between
the physical A and Z states, in which case one
has

I.eroy and Pestieau23have pointed out that due to
the negative G parity of the 5(980) meson the
decay v -5v, would, if detected, be a signal for
the existence of second-class vector currents.
These authors find the branching ratio

2I (T6t ) '0 28f
1 (7' vv ) f,

(26)

where f, = 92 MeV is the pion decay constant and

f, is defined by

(27)

In order to make a more specific prediction one
would have to know f5 from other considerations.
A crude estimate of its value may be obtained by
noting that, since 5(980) is not a Goldstone bos-
on, then f6 should vanish in the chiral-symmetry
limit. Specifying the chiral Hamiltonian as in
Eq. (4) one would expect then f, = O(z, ), or more
specifically, f, = &,/m5 . These considerations
obviously apply only to the &3-induced contribution
to f~, i.e. , if genuine second-class currents exist
then f, might be very different from the above
estimate. Using the value of &3 found in Ref. 14,
one has
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= —0.006, (28)

which implies

I'(7-6v, )
I'(7- wv, )

(29)

From the smallness of this branching ratio one
may conclude that if v. -5v, decay is ever ob-
served, it would indicate the presence of genuine
second-class vector currents.

C~uu ~u

C. Radiative pion decay

It has been pointed out recently' ' 5 that unequal
up- and down-quark masses may induce large
isospin-breaking effects in the physical amplitude
for m —eve. The main point here is that if m„
c m~ then the ratio of the vector form factor in
m-evy, E~, to the 7T yy decay amplitude, E,o,

is no longer given by E,g/Ev = v 2 but becomes a
sensitive function of the quark-mass ratio. This
function can be calculated exactly at the soft-
pion point where E,o is controlled entirely by the
Adler-Bell-Jackiw anomaly' and E~ is computed
from a triangle graph.

According to the calculation of Bernabeu, Tar-
rach, and Yndurain one should expect 50% iso-
spin-breaking effects if m~/m„=0 or ~. How-

ever, it has been shown recently that such quark-
mass ratios are inconsistent with the nonrenor-
malization theorem as well as with our present
knowledge of hadronic symmetry breaking. "'
Nevertheless, one can verify that even with a
quark-mass ratio consistent with the analyses of
Refs. 14 and 16, one would expect between 6% and

20% effects in w - evy if the calculation of Ref. 24
is correct. In the course of that calculation the
authors assume that the ratio of the coupling con-
stants between quarks and pions is given by

an assumption which definitely is very hard to
understand. Montemayor and Moreno ' assume
instead g,„„=g,«and find a much larger isospin-
breaking effect in v - evy (up to 100% for a quark-
mass ratio consistent with the value of q, used
here). A precision measurement of this ampli-
tude could therefore provide clean additional
evidence for the q,u, -induced effects discussed
here.

IV. SUMMARY

Motivated by recent successful developments in
our understanding of the g —3z decay and the 4I

, = 1 baryon mass differences, ' ' ' ' ' a study has
been made of second-class currents induced by
an &,u, Hamiltonian. In neutron P decay it has
been shown here that such a symmetry breaking
induces a second-class vector form factor an
order of magnitude larger than expected. Pre-
dictions for Z-A P decay, v-a'v„and w-evy,
which would provide more realistic tests, have
also been presented. An. experimental confirma-
tion of these predictions is expected to have im-
portant implications for our present understand-
ing of hadronic symmetry breaking. In particular,
it would provide additional verification of the over-
all consistency of recent g-3z and ~I= 1 baryon
mass-difference calculations. '4' "' '8
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