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A detailed comparison of the Cabibbo theory and hyperon semileptonic decays is per-
formed. Radiative corrections and the q' dependence of the leading vector and axial-
vector form factors are considered. Radiative corrections significantly reduce the devia-

tions between theory and experiment and they are the most important out of all the
corrections. The overall agreement between theory and experiment is not satisfactory. It
is shown that the deviations come mainly from polarization asymmetries in A~pev and
X ~nev; otherwise the agreement with the Cabibbo theory is good. The current situa-
tion can be described as a twofold situation. Either the tendency shown by the polariza-
tion data is substantially changed or the Cabibbo theory would lose its simplicity.

INTRODUCTION

The experimental understanding of hyperon
semileptonic decays (HSD),

A ~BIv,
evolves very slowly, much more slowly than is
commonly believed. One cannot even tell in some
of these decays whether vector (V ) and axial-
vector (A) currents are both present; even less can
one tell whether scalar or other interactions are ab-
sent. For example, until 1975, X ~nev decay
could have been described with either V or A

current alone, and today one cannot yet eliminate
the possibility of some other interaction form.
Nevertheless, progress has been achieved and-
what is more important —in the next couple of
years substantial improvement will materialize,
once current experiments are concluded. The
reason behind this is the availability of the so-
called hyperon beams in several laboratories.

In contrast, on the theoretical side the situation
is quite different. The V —A theory was intro-
duced 23 years ago and the Cabibbo theory (CT)
was formulated almost two decades ago. With
these two theories being some of the key in-

gredients theorectical progress has been steady,
leading eventually to gauge theories and opening
high expectations for grand unification schemes.
There is thus a clear mismatch between the pro-
gress in experiment and theory in HSD.

The main consequence of this mismatch is that,
although it has been confirmed ' that there is an
overall consistency between the CT and HSD, very
important detailed questions have not yet been

thoroughly verified. The CT assumes that SU3-
symmetry breaking (other than mass differences
between hyperons) is very small and can be safely
neglected in practice. In this respect, the CT—not
committing itself to any symmetry-breaking
scheme —is intended to be only approximate and
eventually deviations from experiment will appear.
As a matter of fact, in a recent paper a deviation
between the CT prediction for the rate of
X —+Aev and its experimental value has been in-
terpreted as a symmetry-breaking effect. Also, ex-
periments in A~pev have reported values for the
corresponding axial-vector-to-vector form-factor
ratio (g&/f &) that are either in good agreement or
show a not small deviation from the CT predic-
tion. Therefore, the question of how accurate is
the CT does not have a definite answer yet.

Establishing agreement or differences between
the CT and experimental evidence in HSD requires
great care. There are radiative corrections to be
accounted for and the momentum transfer

q =p2 —
p& is not always negligible. In addition,

some pieces of experimental data may not have
been firmly determined yet. When the emitted
charged lepton is a muon one needs to go beyond
the CT and use partial conservation of the A
current' (PCAC) to predict the induced pseudo-
scalar form factor.

Our aim is to provide a thorough careful
analysis of the status of the CT in HSD including
all the data that have been published up to the
present. In a previous Rapid Communication" we
reported our conclusions. The purpose of this pa-
per is to give all the details and the full discussion
that were not included in Ref. 11. We shall not in-
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troduce symmetry-breaking effects, except for the
hyperon mass differences (see discussions in Secs.
IV, V, and IX); but we shall consider all those con-
tributions that are required by the precision of the
data. %e shall also study in detail the formulation
of universality in the CT. In the past the CT has
been confronted ' to experimental values for the
rates and g& If &

ratios. One must do better than
this and use the available angular correlation and
asymmetry coefficients. The reason is that the

g~ If ~
ratios are not directly measurable and their

experimental values already assume a lot about the
required corrections, either by ignoring them (i.e.,
assuming they are negligible) or by giving them a
certain theoretical value. Also, it is desirable that
only information from free baryon decays is used.

%e shall discuss the experimental evidence on
HSD in Sec. I. In order to set a starting point, we

shall make a rough comparison of the CT and the
data in Sec. II. The radiative corrections will be
discussed in Sec. III. The q dependence of the V
and A form factors will be incorporated in Secs. IV
and V, respectively. In Sec. VI, we shall take these
three contributions simultaneously. The induced
pseudoscalar form factor and the effects of the
model dependence in the radiative corrections will

be discussed in this section. In Sec. VII, the data
is partitioned in two subsets in order to determine
which pieces show significant deviations from CT.
In Sec. VIII we shall allow for some modification
of the Cabibbo universality that may be required

by certain unification schemes. Finally, in Sec. IX,
we shall discuss our findings and draw our con-
clusions.

I. EXPERIMENTAL EVIDENCE ON HSD

The available' ' ' experimental evidence on
HSD consists of transition rates, electron-neutrino
angular distributions (or equivalently, energy spec-
trum of the emitted hyperon), and, in some cases,
angular distribution of an emitted ith particle with
respect to the polarization direction of the decay-
ing hyperon. The angular information can be best
put into the form of electron-neutrino angular-
correlation coefficients and asymmetry coefficients,
a,„and u;, respectively. In addition, it is cus-
tomary to quote "experimental values" for the

g&/f& ratios. We have collected all this informa-
tion in Table I.

The comparison of the CT with the g~ If &
ratios

can lead to inconsistencies when the q dependence
of these form factors is considered. The problem

Observable Experiment

R„p

X+h

X A

Rhp
R

R

(A, XO)

Rhpp

R
anp

ev
np

np

X—A
aev

X n
aev

X nae
hpae
Ap
ev
Ap
v
Ap
p

(giIfi).p

(giIfi4p
I g i Ifi I,-„
(f'Ig&)x-~

1.091+0.017
0.253+0.059

0.412+0.034

3.165+0.058
7.29+0.28

1.71+0.73

4.14+1.3
0.60+0. 13
3.04+0.27

1.58+ 1.58
—0.074+0.004
—0.084+0.003

1.001+0.038
—0.35+0.05

0.28+0.05

0.04+0.27
0.125+0.066

—0.01+0.02
0.821+0.060

—0.508+0.065
1.254+0.007
0.702+0.026
0.435+0.035

0.10+0.22

is quite subtle. The world averages for (g~ If ~ )~z
and (g& If I )x quoted in Table I were obtained

averaging experimental values obtained under dif-
ferent assumptions; in some case no q dependence
for g&(q ) and f&(q ) was taken into account, and
in other cases a particular choice for their q
dependence was made. This should not present
any problem as long as the experimental error bars
on these ratios are substantially larger than the un-

certainty introduced by the q dependence contri-
butions, as is the case in neutron decay. But in
A~pev and X ~nev the error bars are compar-
able and even smaller than such an uncertainty.

TABLE I. Experimental evidence on HSD, from
Refs. 1, 8, 12, and 13. R&~ is the transition rate of
3 ~8lv when I is an electron and R&z„ is the transition
rate when I is a muon; the units are 10 sec ', except
for R„p which has units 10 sec '. The upper indices
in the angular coefficients refer to the decay process and
the lower indices refer to the type of angular correlation.
For example, ev means angular correlation of electron
and neutrino directions, e alone means angular correla-
tion of the spin of the decaying hyperon and the elec-
tron direction, etc.
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This consistency problem can be avoided by using
correlation and asymmetry coefficients, since their
values do not involve any assumption about the q
dependence. A similar discussion applies when the
contributions of the induced form factors are con-
sidered.

There are nevertheless several points about the
angular coefficients that must be mentioned. In
some experiments only values for the absolute
value of the g, If, ratios are given and the values

of the a„coefficients are not quoted. The corre-
sponding a,„values can be obtained by substituting
the

~ gi lf,
~

into the general expressions for the

a, under exactly the same assumptions that were
used in obtaining the ~g~ If & ~. This is the case of

a,*„and a,„".In addition, for a„"there are
two experimental results available, ' but they differ
too much and we have chosen the result of Refs. 1

and 13 only. Our choice is based on a very recent
preliminary result' that seems to confirm the mea-

surement of Refs. 1 and 13, although we have not
incorporated this preliminary value into Table I.
For all angular coefficients experimental numbers

are quoted directly.
An objection may be raised to using u,",n, ,

and a&~, since their experimental values are not
statistically independent and there is a risk of in-

troducing some bias. We can appreciate the im-

portance of this bias by fitting (gi Ifi )~p to these

asymmetries alone and comparing the result to the
value of (g, If, )~p obtained from the statistically
independent combinations n, +a, , a, +uz,
and o.„~+uz~, using in both cases the same as-

sumptions. The value from our fit is 0.32+0.10
and from Ref. 8 it is 0.33+o 09. There is, indeed,
some bias, but it is much smaller than the corre-

sponding error bars. So, for the meantime we can
safely use each asymmetry coefficient in A~per.
Nevertheless, this point should be kept in mind
and it is recommended that in future experiments
values for the statistically independent combina-
tions should also be given.

As a final point concerning the data, we shall
use the available' evidence on free neutron decay.
Often the vector coupling constant obtained in su-

perallowed nuclear decays' is used. This is of
course quite all right. But given the recent im-
provements in the free neutron decay measure-
ments, we find it more attractive to limit ourselves
to using data on elementary-particle decays. As a
matter of fact, it is most desirable that no informa-
tion from other fields be used. This way the value
of the vector coupling constant coming from parti-
cle physics can be compared to the one coming
from nuclear physics, thus providing some in-

dependent check on the accuracy of the nuclear-
structure and isospin-breaking calculations used in
studying superallowed decays.

II. ROUGH COMPARISON OF THE CT
AND HSD DATA

In this section we shall make a first confronta-
tion of the CT to the experimental evidence on
HSD. This will serve to set a point of reference
that will allow us to appreciate, on the one hand,
the relevance of several corrections that will be in-

troduced in the following sections and, on the oth-
er hand, the precision and consistency of different
pieces of data.

The transition amplitude of a HSD is

MO GviTB Ifi (q )yp+f 2 (q )iop~ +fs (q )q

+[g i (q )1p+gp (q')& &„~"+'gs (q )qp ]1s }&~ iris' "(1 —
1 s)v,

As we mentioned in the introduction, we shall re-

strict ourselves to the original assumptions of the
CT. Therefore f3 g2 ——0, because ——second-class
currents are presumed to be absent. f i (0) and

f2 (0) will be related to the electromagnetic form
factors of the neutron and the proton through the
conserved-vector-current (CVC) hypothesis; name-

ly,

f;" (0)=Cp F;+CD D;, i =1,2.
CF and CD are Clebsch-Gordan coefficients;
they are given in Table II. The reduced form fac-

I

tors I'; and D; are given by

Fi=v 6,
D) ——0,

and

Pp Pn v6+4 M,
'

D2 iI30 . ——
4Mp

pz and p„are the anomalous magnetic moments of
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TABLE II. Clebsch-Gordan coefficients relevant to
HSD.

CABF CAB
D

' 1/2
3
10

A~plv

X ~nev

~Alv

1

2

1

v6

1

vs
1

zvs

3

10

1

2vs

l /2

' 1/2
1 3

2 5

Gq
——1.026 78 && 10 /MB

=1.43581&10 erg cm

is the p-decaying coupling constant after applying
radiative corrections to the p lifetime.

A very important assumption in the CT is the
hypothesis that, other than mass differences be-
tween the hyperons, SU3-symmetry breaking is
small and can be neglected. This assumption we
shall keep throughout this paper. It is something

the proton and neutron, respectively. ' '
The leading A form factor is given by

AB(0) ( ABF +( ABD

where F and D are unknown SU3 reduced form
factors. The pseudoscalar form factor g3 (0)
would have a form similar to g& but in terms of
two other reduced form factors, which remain un-

specified in the CT. For HSD where the emitted
charged lepton is an electron or positron the con-
tribution of g3 is suppressed because the mass of
the electron appears as a factor. Therefore, in
these electron modes g3 can be ignored. But,
from muon modes its contribution may be notice-
able.

The formulation of universality of weak decays
in the CT is

r

cos8, AS =0,
sin8,

f
M

/
=1,

where'

more than a working hypothesis, bemuse the use-
fulness of an internal symmetry is intimately relat-
ed to the extent to which it is approximately exact.
When the CT was originally introduced it was as-
sumed also that contributions coming from radia-
tive corrections, the q dependence of the form fac-
tors and g3 could be neglected. These approxima-
tions are, indeed, working hypotheses and are in-

tended to be valid only as long as the precision of
the data allows.

As a starting point' we have performed a rough
comparison of the CT to the data of Table I ignor-
ing all the corrections mentioned in the last para-
graph. The result is displayed in Table III(a). In
the last column we give the contribution of each
prediction to the total X . We include also the pre-
dictions for the g &/f &

ratios. These ratios have
not been fitted, but we find it illustrative to give
the M the predictions for them may be contribut-

mg.
The free parameters are I", D, and 0, i.e., three,

and therefore the number of degrees of freedom nD

is 17. From the X point of view the fit is poor,
with g /na -2.4. The large value of g is built up
essentially by six quantities Rpp R~ ~ 8
a, ", a„,and u, . The first three, being rates
and therefore easier to measure, are worrisome.

It is interesting to remark that if 7 were built

up from the contributions of the rates and the

g~ If, ratios it would amount to -21.S4 and

X /nD-2. 1S. It is clear then that using the angu-
lar coefficients instead of the g ~!f~

ratios not only
avoids inconsistencies but provides a more sensitive
test.

III. RADIATIVE CORRECTIONS

The radiative corrections to processes where
hadrons are involved are a problem by themselves.
The interference of strong interactions makes them
model dependent and therefore they cannot be
rigorously computed. They are also affected by
details of weak interactions, e.g., the intermediate
vector boson. Nevertheless, an approach originally
introduced' by Sirlin to deal with the radiative
corrections to the electron energy spectrum in neu-

tron decay can be extended' readily to the observ-
ables in HSD, within certain reasonable approxi-
mations. We can assert that it solves the problem
of the experimental analysis, but it does not solve
the theoretical problem.

The results of this approach mn be briefly stat-
ed. The radiative corrections to HSD have three
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TABLE III. Comparison of the CT with HSD data. (a) No radiative corrections included, and no q dependence of
the leading V and A form factors accounted for. The last column gives the contribution to J2 from each prediction.
The asterisk on some quantities means that such quantities were not fitted. (b) Effect of radiative corrections. The
model-dependent part of radiative corrections has been neglected. There is no contribution from the q dependence of
the leading V and A form factors. Other conventions are as in (a). (c) Effect of V slopes. Radiative corrections and
the q' dependence of the leading A form factors are not accounted for. Other conventions are as in (a).

Prediction
(a)

Prediction
(b)

Prediction
(c)

R„p

X+A

X A

RAp

R

(A, XO)

RAp„
R

X np,

np
ev

o;"pe
np

X—A
ev
X n

&ev
X n

CKe

aAp
e
Ap
ev
Ap

Ap
p

(gi~fi);
(giifi4p

(gi ~f i ),-„
(fi ~g i),

1.047
0.290

0.480

3.171
7.084

2.811

3.3S2

0.509
3.142

0.761
—0.079
—0.087

0.988
—0.400

0.340
—0.687

0.017
0.017
0.977

—0.579
1.269
0.715*

—0.395*

0.000'

6.72
0.39

3.99

0.01
0.55

2.28

0.3S

0.44
0.15

0.27

1.38
1.49
0.13

0.99
1.44
7.26
2.68
1.60
6.77
1.19
4.82
0.24
1.33

0.21

1.081
0.286

0.474

3.178
7.083

2.787

3.318

0.524
3.142

0.754
—0.076
—0.084

0.988
—0.400

0.337
—0.691

0.021
0.024
0.975

—0.580
1.258*
0.706

—0.397*

0.000*

0.34
0.32

3.38

0.05
0.55

2.19

0.38

0.30
0.15

0.27

0.22
0.00
0.11

0.99
1.28

7.32
2.48
2.63
6.61
1.24
0.25
0.02
1.18

0.21

1.048
0.281

0.466

3.166
7.040

2.914

3.439

0.520
3.294

0.837
—0.079
—0.087

0.988
—0.400

0.326
—0.614

0.014
0.002
0.976

—0.576
1.269*
0.723'

—0.369*

0.000*

6.45
0.23

2.49

0.00
0.80

2.73

0.28

0.33
0.91

0.22

1.27
1.30
0.12

0.99
0.87

5.86
2.81
0.35
6.71
1.08
4.32
0.64
3.57

0.21

F{,) ——1.071
F(b) = 1.054
F(,) ——1.102

D(, )
———1.519

D{b)———1.510
D(, )

———1.495

smO(q) =0.233
sinO(b) ——0.232
sinO(, )

——0.229

g (,)
——40.08

y'(b) ——30.81
X ( )=35.80

effects.
(i) The leading V and A form factors are modi-

fied by additive constants containing all the model
dependence,

f i (0)=fi(0)+—c
(iii) The angular coefficients are not affected by

4, i.e.,

g i (0) =gi (0) +—d

(ii) There is a model-independent correction that
affects the rates,

ex=+Oem ~

a, =ao, , etc. ,

except for e~~. But in turns out that for the CT
there is a cancellation of the model-independent
contribution to u~, and one ends with
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'hp 'hp
up —u0p .

The subscript zero means that the same general
uncorrected expressions for the observables' must
be used. The prime indicates that the primed form
factors, Eqs. (I) and (2), replace the unprimed ones.
We omitted the indices 3 and 8, but they should
be understood. The explicit form of 4 can be
found in Ref. 18, along with its numerical values.

Although c and d are difficult to compute one
can obtain some estimates for them that may be
reliable. We shall not go into this problem now.
Instead we shall proceed in two steps. In this sec-
tion we shall only incorporate the model-indepen-
dent radiative correction to the CT, assuming that
c and d can be ignored. Later, in Sec. VI we shall
focus our attention on the possible consequences of
nonzero c and d.

The effects of the different 4; on the compar-
ison of the CT to the HSD data can be seen in
Table III(b). X is reduced by 9.3 compared to its
value in Table III(a). The main change comes
from R„p. There are several small changes all over
and the prediction for R& z is somewhat im-

proved. Radiative corrections are certainly helpful.

and

ka ——0.12 GeV

There is an ambiguity in the above procedure. The
experimental numbers from the neutron and proton
electromagnetic form factors should include al-
ready symmetry-breaking effects. Therefore, in or-
der to use SU3 symmetry, one should first correct
those numbers and extract the symmetry limit
values and then perform the rotations to get the
symmetric values of A,~ and A,z . But since the

1

contributions of the V slopes to the observables
amount to a few percent, because they are of the
order of q contributions, the bias introduced in
the observables is very small (around 20% of a few
percent). We can take, then, the values of Eqs. (4)
and (5) as good estimates for our purposes and
leave further refinements for a future more precise
experimental situation.

The incorporation of the V slopes into the fit of
Sec. II is given in Table III(c). They do make an
improvement, especially in R& h, whose hX is re-

duced by 1.5.

V. A SLOPES

IV. V SLOPES

There are actually two slope parameters. They can
be determined using the experimental information'
on the q dependence of the electromagnetic form
factors of the neutron and the proton and CVC.
The result is

AF, ——6.13 GeV (4)

Only the q dependence of the leading-vector
form factor is numerically relevant. It can be
parametrized as a linear function of q . The corre-
sponding parameters we shall call the V slopes, for
short. For this parametrization it is important not
to put f &

(0) as a common factor, since in the
case it is zero then the q dependence vanishes as
well. This would happen for X-+—+Aev. There-
fore, we shall use

fAB(q2) fAB(())+q2$AB

In terms of SU3 reduced form factors, we get

f i (e')=CF"'F)(e')+Ci) D)(e')

=CF P&(0)+~F,9 ]+.Cg) [D)(0)+A,2) q2] .

(3)

For the octet A-current matrix elements, it is
again the q2 dependence of the leading form factor
that is numerically relevant. An expansion similar
to Eq. (3) can be proposed,

g", (q )=C" [F(0)+q A, ]

+CD [D(0)+q'A,~], (6)

Mz ——0.96+0.03 GeV .

Expanding Eq. (7) to first order in q and compar-
ing to Eq. (6) with the appropriate Clebsch-Gordan
coefficients, we get one relation between the A
slopes; namely,

introducing two slope parameters, which we shall
call A slopes, for short. Unfortunately, there does
not exist enough experimental results that can
determine the A slopes. Only the slope of the
neutron-decay leading A form factor has been mea-
sured through the reaction v&+p~n +p.

Using a dipole parametrization,

g)F(0)

( I — /M )

The measured slope is the inverse of the square of
a certain mass Mz. The most recent value for Mz
)s10
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2g 1.26

(0.96)2
v'0. 3 . (8)

We have put g~(0)=1.26. In deriving this rela-

tion, we have assumed, in analogy to the case of
the V slopes, that SU3-symmetry-breaking effects
are not important enough at this level and the
neutron-proton measured A slope need not be
corrected for them. Equation (8) is good enough
for our purposes.

We are left with one unknown parameter. The
best would be to leave it free and to determine it,
along with the CT parameters, from HSD data.
Qr else, we could try some pole-dominance ap-
proach to make an estimate for a fixed value for it.
Or, as a third possibility, we can try some dipole
approach as indicated by the experimental evidence
on g~"(q ). We shall try these three options.

Pole-dominance gives

2

gi'(q') =gi'(0) 1+
A

(9)

VI. COMBINED EFFECT

Let us now incorporate in the CT the three con-
tributions of Secs. III—V simultaneously. The re-

to first order in q . For AS =0 decays, MA' —1.1

GeV and for AS =1 decays, MA —1.3 GeV. There
is some symmetry break1ng here, but it 1S numeri-

cally quite irrelevant. Equations (6), (8), and (9)
together fix A,F. For the dipole approach we ex-
tend expression (7) to other HSD with the same

MA,

g) (q )=g) (0)(1+q 2/Mg ),
keeping the first order in q only.

We have performed three fits to test the effect
of A slopes alone, i.e., excluding the radiative
corrections and the V slopes. In the first one we
used A,F as a free parameter, in the second one we

put the A slopes as given by pole dominance, and
in the third one we put the A slopes as given by a
dipole approach. The corresponding 7 were 40.0,
38.6, and 40.1. In none of the three cases is there
a significant improvement with respect to the fit of
Sec. II, and, so, we shall not reproduce detailed
tables for these three fits. Leaving kF free gives an
unacceptable negative slope for = ~A, . The
changes in 7 for pole dominance and dipole leave
I", B, and 0 practically at their values of Sec. II. It
is clear that the experimental data on HSD do not
seem to require large A slopes.

suits are shown in Table IV. %e can see that the
A slopes, which by themselves did not improve the
agreement between theory and experiment, now do
provide an improvement. This can best be appreci-
ated in R& &. In Sec. II, its predicted value

exceeds its measured value and the A-slope contri-
bution to it, being of positive sign, tends to in-
crease this deviation, as can be seen in Table III(c).
But when radiative corrections and V slopes are
also incorporated the corresponding Ag drops
from 4 to 2.2 or 2.3. %ith variable A,F it drops to
1.8; but this fit should be rejected because again
the A slope for " ~Aev comes out negative; for
this reason we have not displayed this fit in Table
IV. The reason for the improvement is that the
three contributions together allow for some extra
freedom for the CT parameters. In particular, the
value of D is allowed to decrease. This decrease,
apparently very small, is enough to give a net
reduction of Rx z. Comparing Tables III(a) and

IV we can find many other improvements all over,
except with the polarization data of A~pev and
X ~nev.

So far we have left out the g3 form factors.
These should be incorprated to the p-mode decays.
%e can either leave them free through their corre-
sponding I' and B reduced form factors or use'

the partial conservation of the axial-vector current
(PCAC) to put them in terms of the g~. In this
latter approach, we can use

g3( ) 2MXg l (0)
m g)(0)

where Mz is the nucleon mass, m; is the pion or
the kaon mass if AS=0 or AS=1, respectively,
and g~ (0) is the derivative of g&(q ) at q~=0. It
turns out that the effect of g3, as determined from
PCAC, is almost unnoticeable, as if the g3 had
been left out. And, if the g3 are left free only very
large values —some ten times larger than the
PCAC values —make some contributions, which
are however still very small. The p-mode data are
still far from showing any sensitivity to g3. The
role of the p-mode rates is then just to check on
the e-p universality hypothesis which is adopted
into the CT. In our opinion these pieces of data
must still be kept along with the rest of the HSD
data. They keep playing some role. In what fol-
lows we shall simply ignore g3.

%e can now come back to the radiative correc-
tions. So far we have assumed that their model-
dependent parts c and d could be ignored. This is
not really justified. %e shall try to extract them
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TABLE IV. Combined effect of radiative corrections, V slopes, and 3 slopes. (a) corresponds to pole-dominance 3
slopes, (b) corresponds to dipole A slopes, and (c) corresponds to fitted model-dependent radiative correction parameter
with pole-dominance A slopes. Other conventions are as in Table III.

Prediction
(a)

Prediction
(b)

Prediction
(c)

R„p

X+A

X A

RAp
R

R

(A,XO)

RApp
R
R

np
ev
np
e
np

X—A
&ev

X n
&ev

X n
&e

Ap
e
Ap

&ev
Ap
v
Ap
p

Ri ~f i ).p
@i~f i )np

Vi~fi)~-„
(fi &gi ),-„

1.081
0.279

0.462

3.173
7.037

2.865

3.378

0.539
3.301
0.823

—0.076
—0.083

0.989
—0.404

0.306
—0.624

0.012
—0.004

0.975
—0.574

1.256*
0.713*

—0.371*

0.000

0.34
0.19

2.18

0.02
0.83

2.51

0.33

0.19
0.95
0.23

0.12
0.02
0.11

1.16

0.28

6.06
2.92
0.08
6.60
1.03
0.05
0.19
3.36

0.21

1.079
0.279

0.464

3.174
7.024

2.810

3.319

0.546
3.315
0.809

—0.075
—0.083

0.989
0.410
0.266

—0.640
—0.003
—0.038

0.977
—0.567

1.253*
0.712*

—0.369*

0.000*

0.52
0.20

2.34

0.02
0.92

2.28

0.38

0.15
1.06
0.24

0.04
0.15
0.10

1.46
0.08

6.35
3.75
1.79
6.76
0.83
0.02
0.16
3.59

0.21

1.085
0.279

0.463

3.174
7.037

2.869

3.38

0.54
3.301
0.824

—0.075
—0.083

0.989
—0.404

0.307
—0.623

0.012
—0.004

0.975
—0.574

1.254*
0.713*
0.370*

0.000*

0.13
0.20

2.28

0.03
0.83

2.53

0.32

0.19
0.95
0.23

0.07
0.08
0.10

1.16

0.30
6.03
2.90
0.09
6.59
1.03
0.00
0.17
3.46

0.21

F(,) ——1.084
F(g) ——1.083

F(,) ——1.083+0.021

D(,)
———1.485

D(b) ———1.480
D(, )

———1.483+0.019

sinO(, )
——0.277

sinO(g) ——0.224
sinO(, )

——0.227+0.0025 C=0.003+0.009

g (,)
——26. 15

y (g) ——29.42
X ( )=26.04

from the data. Since their contributions are
suppressed by a factor a, we can assume that the
difference between them, which is in any case not
expected to be large, can be ignored and we may
put c=d; i.e., we assume that we have just one
model-dependent constant in each decay. In addi-

tion, the change in it from one decay to another is
also not expected to be large and we may as well

neglect those changes. In all, it seems reasonable
for our purposes to take one unknown model-
dependent constant common to all HSD. The con-
stant can be incorporated into the overall vector
coupling constant,

Gy ——Gv( l+ C),

where C=(ale)c This constant C. can be treated

as a free parameter together with E, D, and g.
Table IV(c) we produce the results when pole-
dominance 3 slopes are used. It is interesting to
compare it with Table IV(a). The changes are real-
ly minor despite the fact that a new parameter was
introduced and that it is determined to be nonzero,
i.e., C=0.003+0.009. In this sense we might say
that C can be measured from HSD. The fit of
Table IV(c) amounts to our best fit of the CT and
we have, therefore, computed' for it the corre-
sponding error bars of the different parameters. If
dipole A slopes are used practically the same re-
sults are obtained, so there is no need to reproduce
them.

A very careful analysis by Sirlin, using the
steinberg-Salam model and a current-algebra ap-
proach, gives in our notation,
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C= 3 ln +6Q ln +2C'+Ag
Mp M)

(10)

where the first term is a universal photonic contri-
bution that arises from the V current, the second
and third terms correspond to photonic corrections
induced by the A current and Ag is induced by
strong interactions in the asymptotic domain. Q is
the average u and d quark charges, m, is the
intermediate-neutral-boson mass, Mz is the proton
mass and M is a hadronic mass of the order of
Mq . The estimates for C' and Ag make it plausi-

1

ble that their contributions are negligible, some
30—40 times smaller than other contributions in

Eq. (10). In the simplest version of the Weinberg-
Salam model with standard SU3, Q = —,. Putting

m, =91.5 GeV which comes from assuming the
weak interaction angle at sin O~ ——0.23 and using
Mz-M=1 GeV, we get

C 0.0105= 1.05% .

The values for C from the fits stay short of this
prediction, but they do have the same sign and
thus they are in the right direction.

VII. PARTITION OF THE DATA

All in all, the agreement between the CT and
HSD data is not satisfactory. Looking through
Tables III and IV, one remarks that there is a well

separated subset of the data that carries most of
the weight of the deviations from the theory. This
subset is composed mainly of the polarization
asymmetries A~pev and X ~nev. None of the
corrections introduced in Secs. III—V, nor their
combined effect in Sec. VI, gave any substantial
change in the predictions of the CT for them.
Their contribution to the total 7 has remained al-
most unchanged, despite the fact that in Table IV

was reduced to close to —, its value in Table
nl(a).

We shall now compare the CT, including all the
corrections and a variable C to (i) the transition
alone, (ii) the transition rates and the angular-
correlation coefficients, excluding the polarization
asymmetries, and, for comparison s sake, (iii) the
transition and the (g~ If&) ratios. The results are
shown in Table V. They are very illustrative.
When only rates are used important changes of the
CT parameters are allowed and even an unaccept-

ably large value for C is obtained. When rates and
g, If, ratios are used C comes out even smaller
than in Sec. VI and Rz z shows once more some
deviation. In contrast, when rates and angular-
correlation coefficients are used C comes out very
close to half of its gauge-theory prediction and
R remains at as good agreement as before. We

have reproduced in Table V the predictions for
those quantities that were left out in each one of
the fits along with their potential contribution to
X . We have used pole-dominance A slopes; except
for the g~ If &

ratios, for which we did not attempt
to make any corrections for A slopes because of the
inconsistencies mentioned in the Introduction. If
dipole A slopes are used, the same pattern is ob-
tained, but with the 7 some two units larger. We
shall not reproduce the corresponding results here.
Fits with variable A,~ give negative A slope for

~Aev, ' for this reason we do not reproduce
them here.

Clearly, the experimental information on the
transition rates alone is insufficient, while the in-
formation on the rates and angular-correlation
coefficients is in quite acceptably good agreement
with the CT. Contrastingly, the fit with rates and

(g~ If, ) ratios is satisfactory, which is misleading
because it hides the deviations in the polarization
data. It must be remarked that the predictions for
the polarization data of A~pev and X ~nev are
the same as before. Evidently, the CT parameters
and the different corrections we have considered
are completely constrained by the experimental
values of the transition rates and angular-
correlation coefficients. The deviations between
the polarization data and theory must be attributed
to some other cause.

VIII. UNIVERSALITY

Before we conclude, we would like to consider
one possibility. The form given to universality in
the CT may have to be revised in the light of the
existence of new quantum numbers. In a model
with more than four quarks it is conceivable that
the universality of weak interactions is modified, as
illustrated by the model of Kobayashi and
Maskawa. ' This, of course, would be a change
that should not be attributed to symmetry-breaking
effects. Following a notation similar to Ref. 20,
we put V~ ~

——cosO and we replace sinO by another
parameter V&2

——sinO cosO~, where O& is another
Cabibbo-type angle independent of O. A modifica-
tion of the CT universality could be detected by
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TABLE V. Partition of HSD data. (a) corresponds to fitting transition rates only, (b) corresponds to fitting transi-
tion rates and (g~/f &) ratios, and (c) corresponds to fitting transition rates and angular-correlation coefficients only. In
all cases radiative corrections were included and pole-dominance A slopes were used, Other conventions are as in Table
III.

Prediction
(a)

Prediction
(b)

Prediction
(c)

R~
X+h

X h

Rhp

R

{h,XO)

Rhp„
R
R

a"p
ev
ljp
e

a"„p

X—h
&ev

X n
O'ev

X n

hp

hp
p

(gi&fi).p
(gi~fi4p

(gi &fi ),-„
'f 'g~)x-.

1.089
0.261

0.434

3.165
7.083

3.148

3.630

0.538
3.335

0.905
—0.046*
—0.049*

0.996*
—0.404*

0.387*
—0.526*

0.038*
0.047*
0.960*

—0.580*
1.138'
0.65S*

—0.311

0.000*

0.02
0.02

0.41

0.00
0.55

3.89

0.15

0.20
1.21

0.18

S7.02
156.59

0.02
1.17

4.57

4.40
1.73
7.31
5.37
1.24

272.52
3.22

12.59

0.21

1.084
0.284

0.471

3.155
7.196

2.849

3.363

0.536
3.372

0.819
—0.075*
—0.083

0.989*
—0.404*

0.289*
—0.644

0.015
0.000*
0.974

—0.575*
1.254
0.708

—0.384

0.000

0.17
0.28

2.99

0.03
0.11

2.45

0.34

0.21
1.54

0.23

0.08
0.06
0.11

1.16
0.03
6.41
2.80
0.23
6.51
1.05
0.00
0.06
2.14

0.21

1.085
0.280

0.464

3.171
7.061

2.872

3.385

0.538
3.312

0.825
—0.075
—0.082*

0.989
—0.404

0.306
—0.624*

0.013
—0.002

0.975*
—0.574*

1.252*
0.711*

—0.371*

0.000*

0.13
0.21

2.33

0.01
0.68

2.54

0.32

0.19
1.04

0.23

0.01
0.28
0.10
1.16
0.28

6.05
2.86
0.15
6.56
1.04
0.12
0.12
3.38

0.21

F(,)
——1.014

F(b) ——1.066
F(,)

——1.079+0.023

D(,)
———1.323

D(b) ———1.495
D(,)

———1.481+0.025

sin8(.,)
——0.220

sino(b) ——0.227
sin8(, )

——0.227+0.0026

C(,)
——0.084S

C(b) =0.002
C(,)

——0.004+0.013

g (,)
——6.63

g (b) = 10.55
g (,)

——9.28

handling Vii and V~2 as two independent parame-
ters.

There is no need to reproduce the predictions for
all the observables because there is no apparent
change. Thus, we have listed in Table VI only the
values obtained for V», V&2, I', and D for fits
where the data are subdivided into transition rates
and angular-correlation coefficients only and when
all the data are used. We have performed fits
under different assumptions as explained in the
caption to Table VI. To see an effect attributable
to the presence of cosO& it is required that

Vii + Vi2 ( l. Going through Table VI it can be
seen that when C =0 there is no such effect even
after the incorporation of the V and A slopes.

(Variable A,F still gives negative A slope for
~Aev. ) Only when C = l%%uo and when pole-

dominance A slopes are used an effect in the
correct direction appears, fits (G) and (H). But
when dipole A slopes are used the situation is less
clear, fits (I) and (J); in fit (I) the effect disappears.
Apparently, if only the subset of data that better
agress with the CT is used one cannot see any sig-
nificant deviation from the Cabibbo universality.
One might say that in order to see, in such a sec-
tor, the effect of cosOi, further symmetry-breaking
must be introduced. The deviation from Cabibbo
universality seen when all the data are used cannot
be taken too seriously, because the polarization
data in A —+pev and X ~nev, which have been
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TABLE VI. Fitted values of VII and VI2. (A) and (8) correspond to using rates and
angular-correlation coefficients only and all of the data, respectively, assuming no V or A

slopes present and C =0. In all the following fits CVC V slopes are incorporated. In (C)
and (D) the data are partitioned as in (A) and (8), respectively, assuming C =0 and pole-
dominance A slopes. (E) and {F)are as (C) and (0), but with dipole A slopes. The last four
fits assume C =1%. Otherwise, (G) and (H) are as (C) and (0) with pole-dominance 3
slopes; and (I) and (J) are as (E) and (F) with dipole A slopes, respectively. The quantities in
parentheses are the percentage change from 1 in V» + VI2 .

(A)
(B)
(C)
(0)
(E)
(F)
(G)
(H)
{I)
(J)

1.054
1.054
1.079
1.083
1.073
1.082
1.079
1.083
1.073
1.082

—1.515
—1.509
—1.481
—1.483
—1.466
—1.477
—1.481
—1.483
—1.466
—1.477

0.972
0.974
0.978
0.977
0.985
0.979
0.968
0.967
0.975
0.969

0.232
0.232
0.228
0.227
0.226
0.225
0.225
0.225
0.223
0.222

V]I + V]2

0.999 (—0.14%)
1.002 (+0.25%)
1.008 (+0.85%)
1.006 (+0.60%)
1.021 (+2.1%)
1.009 (+0.91%)
0.988 ( —1.23%)
0.986 ( —1.43%)
1.000 (0.04%)
0.988 ( —1.18%)

12.99
30.78
9.27

26.06
10.71
29.23
9.27

26.06
10.71
29.23

showing deviations from the CT all along, were
not better fit and remain just as before.

Nevertheless, there is room enough for the effect
of cos(9I to be present. This is only due to the
current precision of the data. The error bars' on

V&~ and V~2 are 1.3% and 1.4%, respectively, if
only rates and correlation coefficients are used, and
1% and I 4%%uo if all the data are used. Therefore
we cannot conclude that cosei is excluded.

To close this section, let us remark that in HSD
only the combinations Glucose and Gzsin0cosOI
can be determined experimentally. Hence, the ap-
pearance of cosOI is intimately related to the value
of C. So, within HSD the existence of cosOI can
only be solved theoretically by requiring a very re-
liable estimation of C.

IX. DISCUSSION AND CONCLUSIONS

We have confronted the CT to HSD data allow-

ing for several corrections, but assuming that
symmetry-breaking effects—other than hyperon
mass differences —are absent. This last statement
must be clarified. The precision of the data re-
quires that radiative corrections and V and 3
slopes (see Secs. III and IV) be accounted for.
Strictly speaking, we are allowing for some sym-
rnetry breaking through the weak-magnetism form
factor and the V slopes, when their corresponding
parameters are fixed in terms of measured elec-
tromagnetic form factors of the neutron and pro-
ton, because the relevant experimental numbers

should already contain symmetry-breaking effects.
The same applies to the A slopes. Nevertheless,
the bulk of these symmetry-breaking effects is
much suppressed. What we really mean is that

f~(0) and g~(0) are taken at their symmetric values

and, also, that no pseudotensor form factor g2 is
induced.

There is one important lesson to be learned. All
three corrections must be incorporated simultane-
ously before any conclusion is drawn. The 3
slopes seem, by themselves, to be a correction that
would introduce some divergence between theory
and experiment. The prediction for the rate R&
exceeds the experimental value and the A slope in-
creases the predicted value even more. But when
the three corrections are considered simultaneously
the net effect is that the prediction for Rz is de-

creased and better agreement with experiment is
obtained. Another important point is that, once
radiative corrections are taken into account, the
neutron decay rate and angular coefficients can be
used instead of the vector coupling constant mea-
sured in superallowed nuclear P decays. This al-
lows for a meaningful comparison of the CT with
elementary-particle data alone, relaxing the necessi-

ty of using information from other fields.
All in all, the current situation in HSD is not

satisfactory. The comparison between the CT and
experiment shows several deviations which rnani-
fest themselves through a X -26 (see Sec. VI),
even after the introduction of relevant corrections.
We cannot, at this stage, assert the origin of such
deviations. They might be attributed to the pres-
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ence of symmetry breaking or they may be due to
some, possibly fortuitous, temporary experimental
situation.

We have compared the CT, with all corrections
included, to HSD data split into two subsets.
These subsets are the transition rates alone and the
transition rates and the electron-neutrino angular-
correlation coefficients, excluding the polarization-
asyrnmetry coefficients. When only the rates are
used the CT parameters are not yet well deter-
mined and important changes can occur, as illus-
trated by the unacceptably large value of C (see
Sec. VII). If only rates and angular-correlation
coefficients are used, the agreement with the CT is
very good. Even the fitted value of C comes out
close to its estimated value from the Weinberg-
Salam model. The CT parameters are quite tightly
fixed. If these were the only pieces of data avail-

able, everything would be right in its place and we
could conclude that SU3 symmetry is remarkably
exact. All of the important symmetry breaking
would come just from hyperon mass differences.
Clearly, it is only the polarization asymmetries in
A~pev and X ~nev that are the source of the
deviations with the CT.

These asymmetries come from several experi-
rnents. It must be remarked that it is only the sta-
tistical averages for these asymmetries that show
the deviations. None of the single experiments
shows by itself a deviation of great significance.
Nevertheless, one must admit that the statistical
averages show a rather strong tendency to diverge
from the CT. As a matter of fact, if the present
central values were confirmed, the deviation would
be important enough to require an important re-
vision of the hypothesis in the CT. Probably, very
large symmetry-breaking corrections would be im-

plied, diminishing greatly the usefulness of the
SU3 symmetry limit. We are thus facing a twofold
situation. Either the polarization asymmetries will

be substantially changed in current and future ex-

periments, or the CT will loose its simplicity.
There are two ways to approach this twofold sit-

uation. The first and more obvious one is to have
better measurements of the asymmetries, but the
polarization experiments are difficult and time-
consuming. The second way which provides a
cross check is to look for a second solution, dif-
ferent from the CT solution, in the rates and
angular-coefficients sector. If the polarization
asyrnmetries tendency is true, then there must exist
another solution for the several form factors with a
nonzero pseudotensor form factor gz, since it is
only this form factor that remains available to ex-

plain the polarization asymmetries. In contrast, if
a solution with nonzero g2 is proved to be absent
in the rates and angular coefficients sector, then
we would know for sure that the tendency shown
by the polarization asymmetries is only fortuitous
and will be reversed. Let us emphasize that it is a
general practice in experimental analysis of HSD
data to put g2 equal to zero. Both ways should be
tried, always keeping track of the several correc-
tions simultaneously, whose absence would certain-
ly lead to misinterpretations. In this respect, it
would be most useful that experimental estimates
and, if possible, determinations of the V and A

slope parameters be performed, before any theoreti-
cal estimates be used.

All along in our analysis we have kept the con-
tribution to X from the predictions for the g~ If&

ratios and their experimental counterparts. It is
clear that they do provide a consistency check on
the CT, but it is also clear that they provide less
information. Also their use makes it easier to be
misled. For example, in Ref. 7, R& contributed

hg -7, while we have obtained hX & 3 [see Table
IV(c} and Table V(c)], which would be a signifi-
cantly smaller symmetry-breaking effect if so inter-
preted; but it can very likely be just a statistical
fluctuation. It is, therefore, not idle at all to en-

courage experimentalists to quote only genuine ex-
perimentally measurable quantities such as
angular-correlation and asymmetry coefficients.

Finally, let us mention that there seems to be no
evidence for a modification of the CT universality
that may be suggested in higher unification
schemes, although the error bars still leave room
for it. Curiously, such modification may require
the incorporation of symmetry-breaking corrections
that are not too small. It is conceivable that at the
end there will indeed be symmetry breaking that is
not small but that is not large enough to spoil the
features of the CT and that gives room for higher-
symmetry schemes. Evidently, much work
remains to be done to bring about the required pre-
cision to fully exploit HSD.

Tote added. Recent measurements ' of R&
seem to indicate distinctly the presence of SU3-
symmetry breaking which could be interpreted as
only a first-order correction. Detailed discussions
are given in Ref. 26.
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