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Determination of the Kobayashi-Maskawa-Cabibbo matrix elementVus
under various flavor-symmetry-breaking models in hyperon semileptonic decays
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We study the success to describe hyperon semileptonic decays of four models that incorporate second-order
SU~3! symmetry-breaking corrections. The criteria to assess their success is by determiningVus in each of the
three relevant hyperon semileptonic decays and comparing the values so obtained with one another and also
with the one that comes fromKl3 decays. A strong dependence on the particular symmetry-breaking model is
observed. Values ofVus which do not agree with the one ofKl3 are generally obtained. However, in the
context of chiral perturbation theory, only the model whose corrections areO(ms) andO(ms

3/2) is successful.
Using its predictions for thef 1 form factors one can quote a value ofVus from this model, namely,
Vus50.217660.0026, which is in excellent agreement with theKl3 one.@S0556-2821~96!01123-X#

PACS number~s!: 13.30.Ce, 12.15.Hh, 12.15.Ji
-

I. INTRODUCTION

From the theoretical point of view, hyperon semilepton
decays ~HSD’s! are considerably more complicated tha
pseudoscalar-meson semileptonic decays. The participa
of vector and axial-vector currents in the former leads to t
appearance of many more form factors. While in the latt
not only less form factors appear, because only the vec
current can participate, but also the theoretical approach
compute such form factors is under quite reasonable con
@1#. These facts allow that the Kobayashi-Maskawa-Cabib
matrix elementVus be more reliably determined in the de
cays K1→p0l1n l and K

0→p2l1n l than in HSD’s. An
analysis ofKl3 decays@1# yieldsVus50.219660.0023. The
inclusion of more refined SU~2! symmetry-breaking correc-
tions leads to@2#

Vus50.218860.0016. ~1!

It is difficult to assess the success of the many calcu
tions of SU~3! symmetry-breaking~SB! corrections to the
form factors of HSD’s. Predictions that vary substantial
from one another are obtained. An important selection
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such calculations can be found in Refs.@3–6#. These are
refined calculations that incorporated second-order
symmetry-breaking corrections to the leading vector form
factor f 1. However, a reliable knowledge ofVus provides an
opportunity to establish some criteria to discriminate be-
tween several such calculations. If one uses them to deter
mine Vus from HSD’s, then, in addition to reproducing the
experimental data reasonably well, the following two criteria
must be satisfied:~i! one must obtain a consistent value of
Vus in the relevant HSD, and~ii ! this latter value ofVusmust
also be consistent with its value ofKl3 decays, Eq.~1!.

With the currently available experimental information the
relevant HSD’s to determineVus areL→pen, S2→nen,
andJ2→Len @7#. This information in the form of decay
rates, angular correlations, and spin asymmetries is collected
in Table I. An alternative set of experimental data is consti-
tuted by the rates and the measuredg1 / f 1 ratios. However,
this latter set is not as rich as the former and will not be used
here.

In this paper we shall perform a detailed analysis of the
success of the predictions of Refs.@3–6# for HSD’s through
the values obtained forVus , as explained above. In Sec. II
we shall briefly review the predictions of these references
TABLE I. Experimental data for the three relevant HSD’s. The units ofR are 106 s21.

L→pen S2→nen J2→Len

R 3.1696 0.058 6.8766 0.235 3.366 0.19
aen 20.0196 0.013 0.3476 0.024 0.536 0.10
ae 0.1256 0.066 20.5196 0.104
an 0.8216 0.060 20.2306 0.061
aB 20.5086 0.065 0.5096 0.102
A 0.626 0.10
g1 / f 1 0.7186 0.015 20.3406 0.017 0.256 0.05
6855 © 1996 The American Physical Society
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TABLE II. SU~3! breaking forf 1. The values correspond to the ratiof 1 / f 1
SU(3).

Decay Model I Model II Model III Model IV

L→pen 0.976 0.943 0.987 1.024
S2→nen 0.975 0.987 0.987 1.100
J2→Len 0.976 0.957 0.987 1.059
and we shall make the first determination ofVus . In Sec. III
we shall study the effect uponVus of the induced vector and
axial-vector form factorsf 2 andg2, respectively. This study
will give us a more precise determination ofVus . Section IV
will be reserved for discussions and conclusions. Our ma
result will be that only the predictions of Ref.@6# satisfy
criteria ~i! and ~ii !, in accordance with the findings of a
model-independent analysis performed before@8#.

II. A FIRST DETERMINATION OF Vus

We shall refer to the calculations of Refs.@3–6# as models
I, II, III, and IV, respectively. Our interest in them arise
from the fact that in each of them not only first-order bu
second-order SU~3! symmetry-breaking corrections to the
leading vector form factorf 1 were calculated. In models I
and III the corrections to the leading axial-vector form facto
g1 were also produced. The approaches and/or approxim
tions used in going from one model to another are qu
different. In model I a relativistic quark model was used
Model II made use of chiral perturbation and included co
rections ofO(ms). Model III relied on the nonrelativistic
quark and bag models and included both wave-function m
match and center-of-mass corrections. A similar approa
treating solely center-of-mass corrections was analyzed
Ref. @9#. Model IV followed the lines of model II but it
incorporated the more refined corrections ofO(ms

3/2). The
corresponding predictions forf 1 are reproduced in Table II.
They are displayed in the form of ratiosf 1 / f 1

SU(3). The val-
ues ofg1 /g1

SU(3) predicted by models I and III are displayed
in Table III. The symmetry limit valuesf 1

SU(3) andg1
SU(3)

correspond to the conserved vector current~CVC! hypothesis
and the Cabibbo theory predictions, respectively. A revie
of this last can be found in Ref.@10#.

For our analysis we shall include radiative corrections a
the four-momentum transfer contributions of the form fa
tors. The detailed expressions are given in Ref.@10#. None of
the four models gives the predictions forf 2 andg2. In this
section we shall assume for the severalf 2 their CVC predic-
tions and we shall keep eachg2 equal to zero, in accordance
with the assumption of the absence of second-class curre
The other two induced form factorsf 3 andg3 can be safely

TABLE III. SU~3! breaking forg1. The values correspond to the
ratio g1 /g1

SU(3). In parentheses, the breaking pattern of model I
including only center-of-mass corrections is given.

Decay Model I Model III

L→pen 1.072 1.050~0.9720!
S2→nen 1.056 1.040~0.9628!
J2→Len 1.072 1.003~0.9287!
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ignored in the three decays we consider, because their con-
tributions are proportional to the electron mass.

With this last information we can already make the first
determination ofVus with models I and III. The values ob-
tained are given in Tables IV and V, respectively. We show
in these tables the values ofg1 used, but this time normalized
with respect tof 1. The effects of considering only center-of-
mass corrections in model III, as discussed in Ref.@9#, have
been displayed in Table V in the entries within parentheses.
In the case of models II and IV we do not have the corre-
sponding predictions for theg1’s. We leave each one as a
free parameter and then the results of Tables VI and VII are
obtained. In order to make a comparison on an equal footing
of the four models we also leave theg1’s as free parameters
with models I and III. Results of Tables VIII and IX are thus
obtained.

Let us now look into the results obtained. Thef 1 andg1
form factors predicted by models I and III lead to values of
Vus that differ from one decay to another by more than three
standard deviations, as can be seen in Tables IV and V. That
is, criterion ~i! above is not satisfied. In contrast, models II
and IV do lead to values ofVus in Tables VI and VII that in
each model are consistent with each other within a little bit
more than one standard deviation. When theg1’s are free
parameters the new determinations ofVus of models I and III
given in Tables VIII and IX become consistent in each
model, too. The criterion~i! is satisfied by the four models
when theg1’s are allowed to be free parameters. The calcu-
latedg1’s of models I and III seem to be ruled out by crite-
rion ~i!. This is also confirmed by the highx2 obtained when
theg1’s are fixed. However, in model III when only center-
of-mass corrections are considered thex2 of L→pen is re-
markably lowered although the value ofVus obtained is in-
creased with respect to the case when the wave-function
mismatch corrections are included.

Concerning criterion~ii !, we see that models I, II, and III
give values ofVus that are systematically higher than the
Kl3 value of Eq.~1! close to three standard deviations in
some cases and more than three in other cases. In contrast,
model IV gives systematically values ofVus that are lower
than Eq.~1!. These values, however, are pretty close to Eq.
~1!.

The highx2 in L→pen in Tables IV and V is due mainly
to aen andan , whereas in Tables VI–IX it comes mainly
from ae andan . In the case ofS

2→nen thex2 is also high
and comes mainly froman andaB . Even when theg1’s are
used as free parameters, despite the appreciable lowering of
x2, a still rather highx2 remains both inL→pen and
S2→nen.

Before drawing conclusions, it is important to consider
the effect the induced form factorsf 2 andg2 have upon the
determination ofVus andx2. This we do in the next section.

II



54 6857DETERMINATION OF THE KOBAYASHI-MASKAWA- . . .
TABLE IV. Values ofVuswithin the SB proposed by model I. Both breaking patterns forf 1 andg1 were
used.

Decay Vus g1 / f 1 x2

L→pen 0.21336 0.0020 0.8019 38.54
S2→nen 0.23186 0.0040 20.3529 8.95
J2→Len 0.24346 0.0068 0.2221 1.40

TABLE V. Values ofVuswithin the SB proposed by model III. Both breaking patterns forf 1 andg1 were
used. In parentheses, below each entry, the corresponding values ofVus , g1 / f 1, andx2 considering only
center-of-mass corrections are given.

Decay Vus g1 / f 1 x2

L→pen 0.215360.0020 0.7767 25.43
(0.225860.0021) ~0.7190! ~10.85!

S2→nen 0.230760.0040 20.3433 7.92
(0.235160.0041) (20.3178! ~8.89!

J2→Len 0.242960.0068 0.2055 2.42
(0.244960.0069) ~0.1903! ~3.62!

TABLE VI. Values ofVus within the SB proposed by model II, withg1 as free parameter.

Decay Vus g1 g1 / f 1 x2

L→pen 0.23726 0.0037 20.8250 0.7142 10.79
S2→nen 0.23206 0.0049 0.3312 20.3356 7.70
J2→Len 0.23966 0.0108 0.3264 0.2784 631023

TABLE VII. Values of Vus within the SB proposed by model IV, withg1 as free parameter.

Decay Vus g1 g1 / f 1 x2

L→pen 0.21836 0.0034 20.8974 0.7155 10.77
S2→nen 0.20826 0.0044 0.3694 20.3358 6.73
J2→Len 0.21656 0.0098 0.3611 0.2784 631023

TABLE VIII. Values of Vus within the SB proposed by model I, withg1 as free parameter.

Decay Vus g1 g1 / f 1 x2

L→pen 0.22916 0.0036 20.8545 0.7148 10.78
S2→nen 0.23496 0.0049 0.3271 20.3355 7.82
J2→Len 0.23496 0.0106 0.3328 0.2784 631023

TABLE IX. Values ofVus within the SB proposed by model III, withg1 as free parameter.

Decay Vus g1 g1 / f 1 x2

L→pen 0.22656 0.0035 20.8643 0.7149 10.78
S2→nen 0.23206 0.0049 0.3312 20.3356 7.70
J2→Len 0.23236 0.0105 0.3366 0.2784 631023

TABLE X. Values ofVus within the SB proposed by model I.f 1 andg1 are fixed.g2 are nonzero.

Dg2 20.20 20.10 10.10 10.20

Decay Vus x2 Vus x2 Vus x2 Vus x2

L→pen 0.216360.0020 19.7 0.214860.0020 27.7 0.211860.0019 52.1 0.210360.0019 68.1
S2→nen 0.226660.0039 19.9 0.229260.0040 12.2 0.234360.0040 9.9 0.236860.0041 15.0
J2→Len 0.240960.0068 0.8 0.242160.0068 1.0 0.244560.0069 1.8 0.245760.0069 2.3
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TABLE XI. Values ofVus within the SB proposed by model III.f 1 andg1 are fixed.g2 are nonzero. In parentheses, below each entry,
the corresponding values ofVus andx2 considering only center-of-mass corrections are given.

Dg2 20.20 20.10 10.10 10.20

Decay Vus x2 Vus x2 Vus x2 Vus x2

L→pen 0.218360.0020 13.4 0.216860.0020 18.0 0.213860.0020 35.7 0.212360.0020 48.7
(0.229060.0021) ~17.0! (0.227460.0021) ~12.2! (0.224160.0021) ~12.8! (0.222560.0020) ~17.9!

S2→nen 0.225660.0039 15.2 0.228260.0039 9.5 0.233160.0040 10.5 0.235560.0041 16.9
(0.230160.0040) ~7.2! (0.232760.0040) ~6.0! (0.237560.0041) ~15.6! (0.239860.0041) ~25.9!

J2→Len 0.240660.0068 1.5 0.241860.0068 1.9 0.244060.0069 3.0 0.245060.0069 3.6
(0.242760.0068) ~2.5! (0.243860.0069) ~3.0! (0.245960.0069) ~4.3! (0.246960.0069) ~5.0!
-

-

It
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III. EFFECT OF THE INDUCED VECTOR AND
AXIAL-VECTOR FORM FACTORS

None of the four models under consideration here p
duced predictions forf 2 andg2. Nevertheless, it is necessar
to study their relevance in determiningVus . We shall allow
them to be free parameters, since inasmuch as they help
duce x2 we may expect that experimental data will forc
them to move into the correct direction.

The CVC contributions of f 2 are already first-order
symmetry-breaking contributions to the experimental obse
ables of Table I. Accordingly, one should only consider fir
order symmetry breaking of such CVC predictions in ord
to take into account the second-order contributions of
f 2. It is reasonable to allow thef 2’s to vary only up to 20%
around the CVC values. This we shall do in steps, first
changing thef 2’s by 610% and keeping them fixed while
redoing the fits of the previous section and next by chang
them by620% and repeating the whole procedure.

The results of this analysis are that practically no obse
able effects upon the values ofVus are seen to occur. Only
the fourth digits are changed, without even affecting th
digits by rounding up. There is no need to produce n
tables with such negligible changes.

Due to the absence of second-class currents, theg2 are all
zero in the symmetry limit. They will be rendered nonze
by SU~3! symmetry breaking. As in the case of thef 2, the
first-order corrections to them will amount to second-ord
contributions to the observables. We shall introduce fix
values of theg2’s first of 60.10 and next by60.20 and redo
all the fits of Sec. II. These changes seem to be of reason
size according to the estimations of Refs.@11,12#. Theg2’s
do lead to observable changes.

Models I and III with f 1 andg1 fixed at their predictions
give values ofVus in L→pen that come closer to Eq.~1!,
but still with highx2, meaning that the corresponding expe
mental data are not satisfactorily reproduced. Also, the d
persion of the values ofVus from the three decays, althoug
somewhat mitigated, is not corrected either. All this is c
lected in Tables X and XI. The effect of dropping the wav
function mismatch corrections of model III is displayed
Table XI in the entries within parentheses. Again, an app
ciable lowering of x2 is seen inL→pen and also in
S2→nen, but at the expense of increasingVus with respect
to the corresponding values ofVuswhen such corrections ar
included.

When theg1’s are allowed to vary then models I and I
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improve their agreements with experiments, the correspond
ing x2’s are noticeably reduced. This can be seen in Tables
XII and XIII. But the values ofVus are increased to the
extent that none is any longer compatible with Eq.~1!. This
situation repeats itself for model II in Table XIV. In contrast,
the values ofVus obtained with model IV are fairly stable
with respect to changes ofg2. Actually, as seen in Table XV
they tend to increase with respect to the corresponding en
tries of Table VII, which is in the right direction towards Eq.
~1!.

Concerning the agreement with experiment we observe
that a further lowering to an acceptable value ofx2 is ob-
tained inS2→nen as an effect of a nonzerog2. However,
this lowering is not observed in thex2 of L→pen, which
remains at around ten through Tables XII–XV. This effect
may be due to some experimental inconsistency of the value
of an , which contributes seven tox2, with the other asym-
metries. If thisan is left out the sameVus is obtained along
with practically the same error bars. For example, with the
f 1 of model III and with variableg1 / f 1, one obtains
Vus50.222060.0035,0.226160.0035, and 0.230260.0035
for Dg2520.20,0.0, and10.20, respectively. The corre-
spondingx2’s are 4.30, 4.1, and 4.0, which represent consid-
erable reductions with respect to the correspondingx2’s in
Table XIII; these newx2’s indicate very good agreements
with other four observables inL→pen. The same pattern
repeats itself whenan is left out in the comparison of the
other models. In view of this situation we shall keep the
several tables as they are. The highx2 of L→pen should
serve as a reminder that some problem exists in this decay.
is not idle to insist that new measurements in this decay
should be most welcome.

The combined effect of simultaneous changes off 2 and
g2 leads to the same results of Tables X–XV, except for
minor changes in the fourth digits of the several values of
Vus . Again, there is no need to produce new tables to show
these. Let us pass to the last section.

IV. DISCUSSION AND CONCLUSIONS

Throughout our study, we notice that the values obtained
for Vus are very model dependent. We also notice that, ex-
cept for one model, the values ofVus are inconsistent with
each other within the same model. These observations rende
inadmissible to quote a consistent average value from
HSD’s.
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TABLE XII. Values of Vus within the SB proposed by model I. Theg1 are free andg2 are nonzero. In
parentheses, below the entries forVus , the correspondingg1 are also given.

Dg2 20.20 20.10 10.10 10.20

Decay Vus x2 Vus x2 Vus x2 Vus x2

L→pen 0.224860.0036 11.6 0.227060.0036 11.2 0.231260.0036 10.4 0.233360.0036 10.0
(20.9025) (20.8784) (20.8308) (20.8075)

S2→nen 0.237760.0049 4.4 0.236460.0049 6.0 0.233360.0050 9.8 0.231660.0050 12.0
(0.2835) (0.3051) (0.3496) (0.3726)

J2→Len 0.234960.0104 0.0 0.234960.0105 0.0 0.234960.0108 0.0 0.234960.0109 0.0
(0.3123) (0.3226) (0.3431) (0.3534)

TABLE XIII. Values of Vuswithin the SB proposed by model III. Theg1 are free and theg2 are nonzero.
In parentheses, below the entries forVus , the correspondingg1 are also given.

Dg2 20.20 20.10 10.10 10.20

Decay Vus x2 Vus x2 Vus x2 Vus x2

L→pen 0.222360.0035 11.6 0.224460.0036 11.2 0.228660.0035 10.4 0.230760.0035 10.0
(20.9123) (20.8882) (20.8407) (20.8173)

S2→nen 0.234860.0048 4.4 0.233560.0049 5.9 0.230560.0049 9.7 0.228860.0049 11.8
(0.2876) (0.3092) (0.3537) (0.3767)

J2→Len 0.232360.0103 0.0 0.232360.0104 0.0 0.232260.0106 0.0 0.232260.0108 0.0
(0.3161) (0.3263) (0.3468) (0.3571)

TABLE XIV. Values ofVus within the SB proposed by model II. Theg1 are free and theg2 are nonzero.
In parentheses, below the entries forVus , the correspondingg1 are also given.

Dg2 20.20 20.10 10.10 10.20

Decay Vus x2 Vus x2 Vus x2 Vus x2

L→pen 0.232560.0037 11.6 0.234960.0037 11.2 0.239460.0037 10.4 0.241760.0037 9.9
(20.8730) (20.8489) (20.8013) (20.7780)

S2→nen 0.234860.0048 4.4 0.233560.0049 5.9 0.230560.0049 9.7 0.228860.0049 11.8
(0.2876) (0.3092) (0.3537) (0.3767)

J2→Len 0.239660.0106 0.0 0.239660.0107 0.0 0.239560.0110 0.0 0.239560.0111 0.0
(0.3059) (0.3162) (0.3366) (0.3469)

TABLE XV. Values ofVuswithin the SB proposed by model IV. Theg1 are free and theg2 are nonzero.
In parentheses, below the entries forVus , the correspondingg1 is also given.

Dg2 20.20 20.10 10.10 10.20

Decay Vus x2 Vus x2 Vus x2 Vus x2

L→pen 0.214460.0034 11.5 0.216460.0034 11.2 0.220060.0037 10.4 0.222260.0034 10.0
(20.9454) (20.9212) (20.8748) (20.8503)

S2→nen 0.210460.0043 3.9 0.209360.0044 5.2 0.207060.0044 8.4 0.205660.0044 10.2
(0.3258) (0.3474) (0.3919) (0.4147)

J2→Len 0.216560.0096 0.0 0.216560.0097 0.0 0.216560.0099 0.0 0.216460.0100 0.0
(0.3406) (0.3508) (0.3714) (0.3816)

TABLE XVI. Values ofVus obtained within different SU~3! SB models with changes ing2. The rates and
angular coefficients were used.

Dg2 Model I Model II Model III Model IV

5 0 0.231460.0028 0.235660.0028 0.228660.0027 0.214760.0026
Þ 0 0.234860.0028 0.239260.0028 0.232160.0027 0.217660.0026



t

l

6860 54FLORES-MENDIETA, GARCI´A, AND SÁNCHEZ-COLÓN
However, since the dispersion of the values ofVus in each
of the three decays is mitigated in all the models when o
allows theg1 to be free parameters, one may quote an av
age value of theVus obtained with each model by selectin
the appropriate sign ofDg2 that lowers most the correspond
ing x2. That is, we accept that criterion~i! is more or less
satisfied by each model. These averages are collecte
Table XVI. We have also included there the averages of
caseDg250. This last table allows us to better apprecia
whether criterion~ii ! is satisfied or not.

Looking at the averages obtained forVus with each
model, one readily sees that models I–III are far from sa
fying criterion ~ii !, while model IV satisfies it remarkably
well. From this point of view, it becomes very clear that th
criteria discussed in the introduction indeed serve as q
stringent discriminating tools between different mode
and/or approximations. Our main conclusion in this regard
that of the four models that provide second-order symme
breaking corrections to thef 1’s only model IV of Ref.@6# is
acceptable.

This conclusion allows us to quote the best value ofVus
that can be obtained from model IV: namely,

Vus50.217660.0026. ~2!

Since this value is statistically in a very good agreement w
theKl3 one of Eq.~1!, we can average both and get
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Vus
AV50.218560.0014. ~3!

The determination ofVus in Eq. ~2! is quite acceptable in
the light of the model-independent analysis of Ref.@8#. Al-
though we have committed ourselves with the predictions of
model IV for the f 1’s, the rest of the form factors was dealt
with in a model-independent fashion.

This last remark brings us to our closing comments. One
cannot yet consider the theoretical issues as closed. It is mos
important that within the same model IV used to calculate
the f 1’s the other relevant form factors be also computed.
The values displayed for these form factors in Tables VII and
XV may provide useful guidance for this enterprise. Our
analysis of Sec. III shows that detailed values of thef 2’s are
not relevant and thus these HSD’s do not provide useful
guidance for their calculation. It should be found elsewhere.
Also, as pointed out in Ref.@13#, a viable model of SU~3!
breaking should be able to predict theDS50 modes,
S6→Len. Only if the predictions forDS50 andDSÞ0
decays are simultaneously correct should one consider mode
IV completely successful.
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