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Updating Vs from kaon semileptonic decays

G. Calderm and G. Lpez Castro
Departamento de Bica, Cinvestav del IPN, Apartado Postal 14-740, 0700@ibte Distrito Federal, Mexico
(Received 12 November 2001; published 3 April 2D02

We update the determination pf, g using semielectronic and semimuonic decay& ofiesons. A modest
improvement of 15% with respect to its present value is obtained for the error bar of this matrix element when
we combine the four available semileptonic decays. The combined effects of long-distance radiative correc-
tions and nonlinear terms in the vector form factors can decrease the val\MgJoby up to 1%. Refined
measurements of the decay widths and slope form factors in the semimuonic modes and a more accurate
calculation of vector form factors at zero momentum transfer can push the determinatidpoét a low
percent level.
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[. INTRODUCTION and axial vector couplinggs]. We have recently reviewed

V4 andV,, are the most accurate entries of the Cabibbo-m this determination o¥ 4 by putting careful attention to

Kobayashi-MaskawéCKM) matrix [1] that have been deter- the sources of uncertainties in the neutron decay rate at the

mined up to now. Their values recommended by the Particld®  level. It was concludedi7] that present inconsistencies
Data Group ar¢2] among the measurements of the axial-vector form factor

ga(0) [6] are behind the main limitations in order to have an
|V,4| = 0.9735+ 0.0008, (1) alternative accurate determination\gf.
In the present paper, we focus on the determinatiovi Qf
from kaon semileptonic decaysThe first determination of
this mixing element in the three-generation standard model

When they are combined with/,,|=0.0036+0.0010[2],  Using charged and neutrll— mev, (K¢3) decays was done
the most precise test of the unitarity condition of the CKMin Ref.[9]. The value quoted in Eq2) was determined in

|V,d =0.2196+0.0023. 2)

matrix up to date becomes 1984 by Leutwyler and RoogLO] using those decays and
including leading flavor symmetry breaking effects. Several
[Vl 2+ [Vud 2+ V| 2= 0.9959+ 0.0019. (3)  articles (see, for example[11,12) and comprehensive re-

view papers have appear¢ti3, 14 that make different up-

Neither the central value nor the error bar quoted |y dates to the value div,4 reported in[10]. Some of them
play any role in the present test of this unitarity condition.(see, for example, Ref14]), however, combine old data for
The error bars quoted in E€L) for V4 andV s contribute to  the integrated spectighose of Ref[10]) with new informa-
70% and 30% of the total uncertainty in E(B), respec- tion on the decay widths df.;. Because new information on
tively. A direct inspection of Eq(3) would indicate that the the decay widths and form factors f,; decays has been
present experimental values for these entries of the CKMaccumulated since Leutwyler and Roos’ original work
matrix fail to satisfy unitarity by 2.@. This problem makes (which is based in Ref.15]), we would like in this paper to
necessary that further efforts are devoted to investigate thexplore their impact in the determination\éf,. In addition,
sources of uncertainties that play a role in the determinatioin the present paper we also include in our analysis the data
of V4 and Vs [3] at the level of 10* and 103, respec-  corresponding to kaon semimuonic decays,§). We paid
tively. particular attention to the effects of long-distance radiative

The value quoted foW 4 in Eq. (1) arises[2] from the  corrections and of non-linearities in the squared momentum-
average of their values extracted from superallowed Fermiransfer dependence of the form factors in the extraction of
transitions(SFT) in nuclei and from free neutron beta decay. |V, . It is found that those combined effects can decrease
At present, the error bar W4 from SFT is still dominated the central value ofV,¢{ by up to 1%. We are not able to
by different model-dependent calculations of isospin breaksensibly improve the accuracy in the determinationvgf
ing corrections[4]. Despite the fact that isospin breaking with respect to Eq(2), but we can identify some elements of
corrections in individual SFT’s are at a few times the 40 the analysis that, if improved, will help to obtain a more
level, the resulting uncertainty in the weighted average forefined and consistent value of this CKM matrix element.
V,q is small (510~ %) [4] because a large set of nine de-
cays are used in their determination. On the other hand, the———
determination oW 4 from neutron beta decay is reaching the 'The determination o/, from semileptonic hyperon decays is
102 accuracy due to recent improvements in the measurenot fully reliable at present because different calculations of38U
ments of the neutron lifetimgs] and the ratio of its vector symmetry breaking effects disagree among thems¢Rs
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II. DECAY AMPLITUDE AND FORM FACTORS

PHYSICAL REVIEW D65 073032

TABLE |. Comparison of observables f&f;; decays as reported

- . by the Particle Data Group in 198Ref.[15]) and 2001(Ref.[2]).
Let us start by defining the tree-level decay amplitude for,q decay widthd" are given in units of 1015 MeV. The last

the K(p)—a(p")I"(p1) »(P2) (Ki3, with 1=e,u) decays

column displays the long-distance radiative corrections to the decay

[16]: widths according to Ref30].
G — Experiment PDG 1982 PDG 2001 R
M= V() SIK () perime © 1% © 20 el
Kes
— r 2.5645-0.0271  2.5616:0.0323
Xv(py) ¥*(1=75)u(P2), @\, 0.029:0.004  0.02780.0019
whereV, is the CKM matrix element we are interested@, Sk (%) - - —0.45
is the effective weak coupling at the tree-level a@go KO
=\/2Cy+=1 are Clebsch-Gordan coefficients for the had--** 4.9147-0.0740  4.9385 0.0446
ronic matrix elements. The properties of the hadronic matri . 0.0300-0.0016  0.0298 0.0016
elements have been discussed in numerous papers befoore(%) _ _ 15
(see, for example[16]). Here we focus on some of their X '
properties under flavor symmetry breaking that are relevark
for the determination oY/ . r 1.7026-0.0480  1.68470.0426
Using Lorentz covariance, we can write the hadronic ma- | 0.026+0.008 0.031*0.008
trix element a& \o —-0.003-0.007  0.006-0.007
. 5 (%) - - -0.06
= ) my —mz. 5
(m(p)uysIK(p)=f (O] (p+p"),— fqﬂ) Kl
r 3.4415-0.0573  3.46040.0416
i_ m? Ny 0.034£0.006 0.0340.005
w
+f0(t)( n - B) o 0.020+0.007 0.025:0.006
S (%) - - 2.02

The form factorsf . o are Lorentz-invariant functions of the
squared momentum transfar=qg?=(p—p’)?]. They corre-
spond to thel=1, 0 total angular momentum configuration
of the K-7 system in the crossed channel, respectively. The
kinematical range allowed for the squared momentum trans-
fer in K,5 decays ism’<t<(mx—m,)?. The analyticity of
the amplitude for low values ot demands thatfy(0)
=f,(0).

In the limit of exact isospin symmetry, we hatvie= + or
0)

£ =K (1), 6)

Thom=1+

A
+,0t'

2
™

The effects of isospin symmetry breaking will modify these
relations.

The form factors?ﬁfo”(t) have been measured experi-
mentally[2] for K,; decays. It has been found that a linear
parametrization ir,

€)

is sufficientto describe the data, in most of the kinematical

range ofK,; decays, to the degree of accuracy attained by
This means that the form factors of charged and nettral experiments. Note that in E¢9) the mass scale in the de-

mesons should be equal for all valueg @f this limit. If we
rewrite the form factors as follows:

nominator is set by the mass of the pion emitted in the cor-
respondingK decay. Thus, the isospin symmetry relation of

Eq. (8 indicates that the dimensionful quantities) ,

fi()="£,(0)f;(t) (7)
cays.

we havef;(0)=1. Thus, isospin symmetry would imply

E)\+,O/mi are the same for charged and neutral kaon de-

For comparison, the experimental results for the slope

constants\ ;. o as used in the Leutwyler-Roos analyfis)]

+ 0 0 -
f$=m0)=f5 "7 (0),

and, for all values of,

and in the present papdéusing the data of Ref[2]) are
shown in Table I. We observe that isospin violation in
present data fon, of K3 andK,; decays are at a few

percent level, as expected. However, the average value re-

T =T (). (®)

2We will also use superindexes in the form factors to indicate the
specificK— 7 channel when required.

073032-2

CNo(KDa) —Ng(K o)

No(KO3) +NG(K s)

=0.59+0.37.

ported for the\, slopes inK,; decays, strongly violates
isospin symmetry12]:
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This large isospin breaking is usually thought to arise fromspin correction. The large error assigned to Ed4), (12

the small value ofnq in K;3 decay’ New high precision are, at present, the main source of uncertainty in the value
measurements df 3 decays as those expected atdbee  reported in Eq(2). Other calculations of these form factors
[20] will be very useful to understand the nature of this isos-have been done using either the relativistic constituent quark
pin symmetry breaking effect. In this paper we will use themodel[22] or a formalism based on the Schwinger-Dyson
values of\ o reported in Ref[2] and we will comment on the equations[23]. Their results are fully consistent with the
impact of the new result reported in R§L7] on the deter- ones shown in Eqg11), (12), but theoretical errors are not

mination of V. provided for them (Ref. [22] provides an error bar
Concerning the value of the form factor &t 0, we will  sf°~7 = *+09925¢5qciated with uncertainties in the strange

use the values obtained in R¢10] (note, however, that our quark masg Thus, we will restrict ourselves to the results
numerical results in Secs. IV A and IV B are obtained usingquoted in the previous equations.

fﬁoﬂﬂ"(o):o_ggoe, since the value of the~ decay con- Finally, let us focus on the energy dependence of the form

stant used to evaluate the chiral corrections is now 0.8%actors. The linear parametrizations of the form factors, Eq.

smaller(see p. 395 if2]) than the one used iH0]): (9), are a convenient although arbitrary choice to describe
experimental data for all values o¢fin K,3 decays. On the

fﬁoaw*(o)zo_%lﬁ: 0.008, (11) other hand, information about these form factors can also be

obtained fromr—Kv, decays in the regionnfc+m,)?

K0 <t< mf. The vector form factors inr decays display a reso-
fi —7(0)=0.982+0.008. (12 nant structurg 24] such that when they are extrapolated to
low values oft they will naturally induce nonlinear terms.
i - . Following the results obtained in— 7#7v, decays, which
breaking effect_s arising from_ the—d, u quark mass differ- suggest that two or more vector resonances dominate#he 2
ence and the isospin lzreagqng corrections due tortfey mass distributiori25], one can model the vector form factor
mixing in the case of{ ~7 (0) [10]. in 7——K v, decays as follow$26]:

The values in Eqs(11), (12) exhibit a small isospin
breaking effecf19,10;:

These form factors incorporate the second of@dt SU(3)

r 0 (0= [BWix (1) + B« BWir«(1)],  (14)
f+ (0) 1+EK*
[ 70— y+ChPT™ m =1.022. (13)
+ (0) where
This 2.2% isospin breaking correction is composed of a
1.7% contribution fromz"— % mixing and 0.5% contribu- mi
tion from isospin violation in the chiral perturbative calcula- BWy(t)=

tions. mx—t—iVtlx(t) [ t—(mg+m,)?]

As it was pointed out in Ref19], the #°%-%’ mixing does ]
not contribute at the leading order corrections in the ratiol e subindexX=K*(892) K'*(1410) denotes the charged
quoted above. Furthermof&d], at this order, they’ meson ~ VECtor resonances in thie-1 configuration of thekm sys-
contributes only indirectly to Eq(13) through the mass of t€mM.I'x(t) is the corresponding decay width afgd- is used
the » meson involved in the definition of the®-» mixing. 0 denote the relative strength of both contributions.
However, since weak interactions transfori{ & meson(us When we extrapolate Eq14) below theKw threshold,

. — . . we obtain
statg into auu state, it is unavoidable to have aji [actu-
ally, a SU?3) singletz;] component in the physicat® state. 5 )
Thus, if we write the physical® state as a linear combina- ~ B 1 My My
tion of the octet {r3, 7g) and singlet ¢;) SU(3) eigenstates, fi ()= 2 _ +Bkx—3 R (15
1+ Byx | My —t My, —t

we obtainr o_,_ . chpr~1.026[21], to be compared with
Eqg. (13). The additional 0.4% isospin breaking correction
due to then; SU(3) singlet state is a subleading effect, since

it requires also thag-»’ mixing occurs. . .
In Secs. IVA and IV B we quote within square brackets :*(mﬂ/mK*)ZZO'O.ZA" This fact, namely that a s_lngle pole
our corresponding results obtained using this additional isol (892) underestimates the value Bf, was discussed
long ago (see, for example, Ref27]). Now, if we keep
Bk #0 and expand Eq15) up to terms of ordet, we can
find the value of the free parametBg« from the values of
N\, of eachK,; decay using the expression:

Note that if we setBx+=0 in Eg. (15, and expand the
resulting form factor in powers oft, we obtain A,

*Note, however, that the valugy(K ,5)=0.0190-0.0064 mea-
sured recently by the KEK-E246 experimefit7] leads tob,
=0.10+0.20, in better agreement with isospin symmetry. This new

measurement ok, seems to validate the predictions based on the Ny —ys
Callan-Treiman relation§"=0.019[18], and the results obtained Bx=—| ——|,
in chiral perturbation models$"""=0.017+0.004[19]. e P
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wherer y=(m,./my)2. Thus, the vector form factor with two

PHYSICAL REVIEW D65 073032

TABLE II. Integrated spectrum of K3 decays and values

poles given in Eq(15) is a natural generalization that in- extracted for the produgf . (0)V,,4 with (wrc) and without(worc)
cludes non-linear effects inand reproduces the correct size radiative corrections, using the input data from Rej.

of the coefficients in the linear terms. An estimate of the

Process

Ik

[T (0)Vyg (worc)

[T+ (0)Vyd (wrc)

effects of nonlinear terms in the determination|df,{ was
given in Ref.[12]. K
€,
Kes
lIl. DECAY RATES AND RADIATIVE CORRECTIONS K+

0.1603-0.0011
0.1555+0.0008
0.1054-0.0033
0.1068+0.0021

0.215&0.0019
0.2108:0.0015
0.21590.0041
0.2136:0.0027

0.216€0.0016
0.20930.0011
0.215%0.0043
0.2109:0.0024

0

When the radiative corrections are added to the lowesfus

order amplitude, the decay rate of thg; decays can be
written as follows[10]:

fixed values of the hadronic weak form factors, diiid the

) s local four-fermion weak interaction. The values 6f for

FMk 2 ¢K—m 2 each of the fouK 5 decayq30] are shown in the last column
I'K;3)=—— f 0)Vyq k(14 6k), 13- .
(Kia) 192773SEWCK| + MOV Tk ) of Table I. It is interesting to observe thafy(K',)
(16) — 8k (K{3)=2%, both for semielectronic and semimuonic

kaon decays. The origin of this difference can be traced back
whereGg=1.16639(1)x 10> GeV ?[2]is the Fermi cou- to the coulombic interaction between the pion and the
pling constant obtaingd from decay, and the dimensionless charged lepton itk % decayg30] (see alsg11]). We discuss
integrated spectrurty is defined as in Sec. IV B the impact of these long-distance radiative cor-
rections in the determination &f.

A new calculation of the long-distance radiative correc-
tions has been reported very receniBl]. The authors of
Ref. [31] focus mainly on the structure of the Dalitz plot
observables for kaon semileptonic decays, which can be used
to extract the relevant form factors from experiments. In the
case of theK}; decay, the corrected integrated rate is pro-
vided, which seems to confirm that long-distance radiative
where\ (x,y,z)=x2+y?+ 22— 2xy— 2xz—2yz The second ~corrections reduce the decay rate, although their value

term in Iy (proportional tom?) shows that< ,; decays are (6kz,~—1.27%) [31] is larger than the one displayed in

more sensitive to the effects of the scalar form factor thanTable I.

K3 decays. In practice, the factamf —m?)2 in front of the

scalar form factor provides a further suppression for this con-

tribution. This fact helps our purposes of usikg; decays

in our analysis, because the issue of the isospin breaking in In this section we extract the quantitiék, (0)V,4 for

\o discussed in Sec. Il is not very critical at the present levekeach decay and provide a determination|dfy. We first

of accuracy to determin¥ . ignore the effects of long-distance radiative corrections in
As usual, in the above expression for the decay widthorder to compare our results with the ones provided in Ref.

we have factorized the radiative corrections into a short{10]. Later we evaluate the effects of those radiative correc-

distance electroweak pie&,y, and a long-distance model- tions and comment on the prospects to improve the accuracy

dependent QED correctiof . Since energetic virtual gauge in the determination o¥ s (see also Refd.11,12).

bosons explore the hadronic transitions at the quark level,

Sew IS, in good approximation, the same for all tkgs

decays! by including the resummation of the dominant loga- ) )
rithmic terms one obtainSg,= 1.024[28]. Using the input data of Table | and the decay rate of Eq.

The long distance radiative correctiodg are different  (16), we obtain the values for the integrated spectiynand
for each process since they depend upon the charges aHe Product/f. (0)V,g shown in the second and third col-
masses of the particles involved in a given decay. They werdmns of Table II, respectively. The error bars quoted for the
computed long ago for different observables associated witltter quantities include a 1% uncertainty attributed to long-
K,3 decayq30] using the following approximationsi) point distance radlatllve. correctllons according to the prescription
electromagnetic vertices of the pseudoscalar mestins, of Ifef.o[lo]. It is interesting to observe that the values of
[ 77 (0)V,4 obtained fromK; andK ;; decays are re-

1 ((me-m,2dt 5
l,=— ™ (t—md)2AY2(t,m2 ,m?2
K mﬁ m|2 t3( I) ( K 71')
XNt Mg, m2)(2t+m?) [T (1)]?

+3mi(mg—m2)?To(t)[2}, (17)

IV. DETERMINATION OF V4

A. |V without using long-distance radiative corrections

“In the case of the strangeness-conserving SFT decays the pieceof
this correction arising from the axial-induced photonic corrections °Since long-distance radiative corrections have not been applied
contributes with one of the important theoretical uncertaintiesto all experimental data used to obtain the average values quoted in
8V,4l=0.0004[28,29. Since the accuracy in the determination of Table | forK,; decay observables, a 1% uncertainty is added to the
Vs does not reach this level yet, we ignore here those correctionglecay widths.
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f.(0).V., From Egs.(11) and(18) we obtain the following valué:

0.22 T T T .
1 ] Vg =0.2200<[ 1% /(0.00837 o)+ (0.00477 o, ]

- 7 =0.2200-0.00210.2197-0.0021, (19

0.215 - . where we have used quotation marks on the experimental
r ] error to indicate that it contains a 1% uncertainty associated
r ] with radiative corrections. The present uncertaintjMpy is

i 1 dominated (75%) by the theoretical uncertainty in the calcu-
lation of f | (0) [10]. Thus, any experimental effort aiming to
0.21 - 7 improve the accuracy in measurements ofKhg properties,

r 7 should be accompanied by an effort to reduce the error bars
r 7 in the calculation of form factors @t=0.

0.205 B. |V.4 including long-distance radiative corrections

K K° K* KO Before we proceed to include the effects of long-distance
* '3 # # radiative corrections in the rates #&f; decays, let us first
FIG. 1. Values Oﬂfﬁoﬂf(o)vﬁ obtained from alK,; decays discuss the effects of these+corrections in_ the determination
by ignoring long-distance radiative corrections. The horizontal bancplc the slope paramet@W(K%) from eXper'[nents' )
is the 1o weighted average of the four values. If we use the set of measurementshaf(K¢;) reported in
[2] and include the effects of radiative corrections in all of

. . them, we obtain the weighted averagé=0.0285-0.0019
markably consistent among them as demanded-by. uni- (namely, an increase of 2.5% with respect to its value in the

\t/)eriahty, thSp'tle the ffa;ﬁt that||sofsp|n ?yr‘rgme_trrz IS Strongly[hird column of Table ). However, if we evaluate the phase
roken in the slope ot the scalar form factor. The same ca pace factor with this corrected value aff we obtain
be statedwithin errorg for the corresponding quantities in

+ _ .
neutral kaon decays. Contrary to REf0], we have used the IK(.K'V”?) =0.1607 to be compareq W.'th (.)'16@% Taple .D"
: . This is an effect of only 0.2%, indicating that attributing a
experimental values for the slopes of the form factork ig

. o ) 1% error bar h r footn h
decays instead of assuming isospin symmétgmely, we 6 error bar to the decay ratésee footnote bdue o the

have not assumed, (K;5) =\, (K%) as in[10]]. Observe in ggteir?::tg; It?]?sg Srzsct;r,:;;t;édlawe corrections probably over

Table I that the value off .. (0)V, extracted fromK is Thus, we proceed to include explicitly the effectsdpfin

almost at the same level of accuracy a. the decay rate. Using the input data of Table | into &),
Now, if we include the isospin breaking corrections to thewe obtain the values for the produét, (0)V,{ shown in the

form factors att=0 using Eq.(13), we can express the re- fourth column of Table Il. Once we include the isospin

sults in Table Il in terms of the quantityf ~™ (0)V,4 breaking corrections in thé  (0)| values fork ™ decays, we

from the fourK,; decays. The different values of this quan- obtain the following weighted average value from the four

tity can be used as a consistency test of the calculations df 3 decays:

the different corrections applied to the semileptonic decays, 0 -

namely, this quantity must be tlsamefor all K3 decays. In |57 (0)V,¢=0.2101-0.0008 [ 0.2099= 0.0008.

Fig. 1 we plot the values dff*"~™ (0)V, obtained from (20
the four semileptonic kaon decays. We observe that the'ui_

s i Cotsent amony hemsehes and win ol S, pted e e otz berd 1 e L
weighted average —+.Hed, 109

the four kaon decays after including isospin breaking correc-
he four k d fter including i in breaki
KO— 7™ _ tions from Eq.(13). The agreement among these four values
3 (0)Vy =0.2113+0.0010 [0.2110 0.001qu8) is equally good(scale factorS=0.66) as in the case where
long-distance radiative corrections were excluded. 1).

which is displayed as a horizontal band in Fig.(for r
=1.022. In the previous equation and in the results of this
and the following subsections, we show within square brack
ets the figures corresponding to the choicel.026 of the
I'?r?spslcr:]alber?::;(tlg(?seC:[)ref:tLlOOE‘SSZ[(;I]S)Calljsssstgz?atzfctjevrviquhsé].se i _7We _restrict qurselves to this particular case t?ecause[R]eQro-

' : o - vides information about the values of the entries Xqr obtained
of four-independent measurements|6f ™ (0)V,d is S with and without radiative correction effects in the Dalitz plot or
=0.41, indicating a good consistency of those results. pion spectrum observables.

®If we use only theK.; decays, we would have obtained the
weighted average valy¥ ¢ =0.2196+0.0022 [0.2192+ 0.0023,
namely all the new data d,; decays accidentally combine to give
the same value as in R4fLO0].
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f,(0).V., TABLE Illl. Integrated spectrum of K,;3 decays and values
0.22 . . . extracted for the produdf , (0)V,{ and without(worc) radiative
corrections using the nonlinear form factors of ELp).

Process By Ik |f.(0)V,4d (worg)

- 1 K ~0.1827  0.16160.0012  0.21420.0019
0.215 - . K ~0.3057  0.15680.0009  0.21080.0016

- 1 ~0.3060  0.106%0.0049  0.21470.0054
[ 1 KS, ~0.4454  0.10720.0032  0.21120.0036

021 L 1 I | —0" nuclear transitions after removirigrocess-dependent
. isospin breaking and radiative corrections from flhevalue
l of each decaysee[4]).

C. Effects of non-linear form factors

0.205 : ' ' In this section we study the effects on the determination
K* K° K* K° of |V,4 due to nonlinear terms that could be present in the
3 e ] u3 .
vector form factorsf, (t). These nonlinear terms are natu-
FIG. 2. Same description as in Fig. 1 but when long-distance@lly induced when we extrapolate the vector form factor
radiative corrections are included in the decay widths. measured in the resonance region to energies below the
threshold forkK 7 production(see the discussion in Sec).ll

Thus, on the basis of the scale factor alone we can conclude The strengthBy» of the relative contributions of the two

that the set of four measurements of ﬂ”éoawi(O)VusL resonances in the m~odel of E@.5 can be fixed eithefi)
obtained with and without radiative corrections, provide anffom the slope of the ., (t) form factor at low momentum
equally consistent set of data. transfer ox(ii) from the decay rate of—K v decays. Using

Using the average value obtained in E20) we extract the first.method, we can find the values B« _using the'
the CKM matrix element: expression given after Eq15). The values obtained in this
way are shown in the second column of Table Ill. These
values ofBk+ are small and negative as expected from(3U

Vislre=0.2187% [ 1+ /(0.00837 (5)+(0.0038%,,] symmetry considerations, since the corresponding param-
eter B, measured ir— 7y decays is also small and nega-
tive [25].
=0.2187-0.002(00.2185+0.0020, (21

The corresponding integrated spectrum fadtprcom-
puted by using Eq915) and(17) is shown in the third col-
which is only 0.6% smaller than the value in E§9). As in umn of Table Ill. A comparison of these results and the val-
the case of Sec. IVA, the error bar is largely dominated byues ofl found for the linear casésecond column in Table

the uncertainty in the calculation 6f. (0). Forcomparison, Il) indicates that in the nonlinear case, the values are shifted
the corresponding value obtained frdfy; decays alone is upwards by around 1%. Consequently, these nonlinearities
|V, =0.2186+0.00210.2183+ 0.0024. in t would decrease the individual values|6f (0)V,¢ (and

In summary, when we include long-distance radiative cor-of |V,4) by an amount of 0.5%see Table IV. Thus, instead
rections in the decay rates, the value|df,J decreases by of quoting a value ofV,4 in this case, we would like to
almost 0.6% and the error bars remain almost the same. #iress that nonlinear effects in the vector form factork gf
we compare our result fopV,{ in Eq. (21) with the one  decays would be very important in the precise determination
obtained in Ref[10], Eq. (2), we observe that the overall Of this CKM matrix element. In this case, more refined mea-
uncertainty is being reduced by 15%. From E@k9) and  surements of the this form factor both from the Dalitz plot or
(21) we conclude that any experimental effort aiming to im- 7 spectrum ofK,; decays would be suitable.
prove the precision in measurementgf properties would
not have a significant impact on the determinatiof\ofy| . A V. CONCLUSIONS

reassessment of the &) breaking effects irf., (0) is com- In this paper we have used the updated information on

pelling to attain a greater accuracy |, . . ; ; .
However, an improvement in measurements of the prop_sem|lepton|c decay properties of kaons to determine the

erties ofK,5 decays would help to assess the requirementof
long-distance radiative corrections. In particular, a consis- 4

tency check of these calculations can be provided by Ver'fyng,*waK* H(ggerafer) and a similar expression fgs, with

. KO .

ing that the quant|t_'e$f+ i (0)Vu are the same in all k= (K'*) and K replaced byp(p’) and =, respectively. Using
four K3 deqays. This quantity plays a similar role as fie SU(3) symmetry one can relate bofB, constants and expect an
parameter in SFT, which must be the same for all tfie O equality of their magnitudes within roughly 40%.

In a vector dominance model we would expe@yx
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TABLE IV. Values of|V,{ extracted for two values of the isospin-breaking parameteee Sec. )Ifrom
different combinations oK,5 decays and includingfourth column or not (third column) the long-distance

radiative corrections. Also shown are the values obtained using non-linear form factors but excluding radia-
tive correctiongfifth column).

r Source [Vud (without r.c) [Vud (with r.c) |V (without r.c)
linear form factors linear form factors nonlinear form factors

Kes 0.2196+0.0022 0.2186:0.0021 0.218%0.0022

1.022 K3 0.2212+0.0030 0.2196:0.0029 0.2208 0.0036
All decays 0.2206:0.0021 0.2187%0.0020 0.218%0.0021

Kes 0.2192+0.0022 0.21830.0020 0.21840.0022

1.026 K.s 0.2209+0.0030 0.21940.0029 0.2198 0.0036
All decays 0.21970.0021 0.218%0.0020 0.2186:0.0021

|V.4 entry of the CKM mixing matrix. We have employed mental values at low energies. The overall effect of the non-
both, the semielectronicK(;) and semimuonicK ;) de- linear terms is to reduce the value |6f,¢ by a 0.5%. New
cays of charged and neutral kaons. In addition to the originaneasurements of the vector form factors<gt decays, par-
work of Ref.[10], we have explicitly included the effects of ticularly their energy dependence for soft pigtege values
long-distance radiative corrections in our analysis and havef the momentum transferwill be very useful to improve
studied the impact of non-linear vector form factors. the determination ofV,4.

Our results are summarized in Table IV. We observe that Finally, we would like to stress that the set of four kaon
the determination ofV,¢ from the semielectronic, the semi- semileptonic decays turns out to be very useful to make a
muonic and from the combined modes are consistent amongpnsistency test of the measurements and the different cor-
them. The values ofV,J obtained from the muonic modes rections applied to the decay rates. In particular, we mean
are larger than the ones obtained using the semielectrontbat when isospin breaking corrections are removed from the
modes, although they are less accurate. This difference b&ector form factors at zero momentum transfer, we can ex-
comes smaller when long-distance radiative corrections argact the productf<’~" (0)V, which must be thesame

included in the decay widths. On the other hand, long<gr gl the fourK,; decays. In other words, this parameter
distance radiative corrections tend to reduce the values Cﬁlays the same role as the process-independ@nvalues

Vsl by @ 0.3%(0.7%) in the electronienuonig channel.  seq in superallowed Fermi nuclear transitions to determine
The error bars in the case of the semimuonic channels a &4

still dominated by the experimental uncertainties in the de- Summarizing, the combined effect of long-distance radia-
cay widths and form factor slopes, while the correspondingjye corrections and nonlinear form factors contributes to a
error bars from the semielectronic modes are largely domigecrease of the value ¥, by up to 1%. This conclusion
nated by the theoretical uncertainty in the calculation of thesuggests that the present test of the unitarity of the CKM
form factors at zero momentum transfer. When we combing, +rix [see Eq.(3)] points to a further investigation of the

all the fourK; decay channels, we obtain a determination 0f|vud| entry as a potential solution of the problem pointed out
[V, which modestly improves the accuracy obtained BYin the Introduction of this paper.

Ref.[10], Eq. (2).

Concerning the effects of nonlinear form factors at low
momentum transfer, we have considered a vector dominance
model with two resonances, which turns out to be adequate The authors acknowledge the partial financial support
in the resonance region. We fix the relative contributions ofrom Conacyt (México) under contracts 32429-E and
the two resonances by matching the form factor with experi35792-E.
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