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Relations between theKl3 and t˜Kpnt decays
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We investigate the relations between theKl3 andt→Kpnt decays using the meson dominance approach.
First, the experimental branching fractions~BF! for Ke3

6 andKe3
0 are used to fix two normalization constants

~isospin invariance is not assumed!. Then, the BF oft2→K* (892)2nt is calculated in agreement with
experiment. We further argue that the nonzero value of the slope parameterl0 of theKm3

6 andKm3
0 form factors

f 0(t) implies the existence of thet2→K0* (1430)2nt decay. We calculate its BF, together with the BF’s of the

Km3
6 , Km3

0 , t2→K2p0nt , andt2→K̄0p2nt decays, as a function of thel0 parameter. At some value ofl0 ,
different for charged and neutral kaons, the calculated BF’s seem to match existing data and a prediction is
obtained for thet→Kpn decays going through theK0* (1430)2 resonance.@S0556-2821~99!02821-0#

PACS number~s!: 12.15.Ji, 13.20.Eb, 13.35.Dx
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With a new generation of high statistics and precise d
about Kl3 , i.e., K→p ln l , decays coming soon@1,2# it is
possible to think about investigating the problems that w
not fully resolved in the previous series of experimen
which ended approximately in the early 1980s.

One of the as yet undecided issues is that of the value
even the sign, of the slopel0 in the linear parametrization o
the form factorf 0 , the definition of which we give below
Some Km3

6 experiments indicated a nonvanishing negat
value, some positive.1 The situation was analyzed by th
Particle Data Group in 1982@4# and a recommended value o
0.00460.007 was chosen. A very recent experiment@5# with
its result of 0.06260.024 influenced the recommende
value, which has now become 0.00660.007@3#.

The situation with thel0 parameter in theKL
0→p6m7n

(Km3
0 ) decay seems to be a little more definite, at least ju

ing from the recommended value of 0.02560.006@4,3# and
from all the experiments in the period of 1974–1981 agr
ing on the positive sign.

In this paper we speculate about the consequences w
may stem from conclusively establishing a nonzero value
l0 . Its purpose is not to compete with the elaborate calcu
tions of theKl3 form factors, see@6–9#, or of the kaon pro-
duction int-lepton decays@10,11#. Our aim is to show on a
phenomenological basis in a simple and transparent way
possible relations between theKl3 andt→Kpnt decays. We
mainly argue that a nonzero value of thel0 parameter of the
Km3 decays implies a nonzero decay fraction of thet2

→K0*
2nt decay. Judging from our results and the conte

porary experimental upper limit, this decay may be obser
soon. The tool we are going to use here is the meson do
nance hypothesis, see@12# and references therein.

If we believe in the validity of the standard electrowe
model in the leptonic sector, we parametrize the matrix e
ment of theKl3 decay in the form@13,14#

*On leave of absence from Department of Theoretical Phys
Comenius University, 842-15 Bratislava, Slovak Republic.

1We refer the reader to@3# for references and more details.
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MKl3
5C@ f 1~ t !pm1 f 2~ t !qm#ūgm~12g5!v, ~1!

wherep (q) is the sum~difference! of the four-momenta of
the K and p mesons,t5q2, andu and v are appropriately
chosen Dirac spinors of outgoing leptons. This relation
fines, up to a normalization factor, theKl3 form factorsf 1(t)
and f 2(t). The normalization used most frequently@15,8# is
defined byC5GFuVusu/2 for the Kl3

6 and C5GFuVusu/A2
for theKl3

0 decays. It is customary to also introduce the fo
factor @14#

f 0~ t !5 f 1~ t !1
t

mK
2 2mp

2
f 2~ t !, ~2!

which corresponds to theJ50 state of theK2p system,
whereasf 1(t) corresponds to itsJ51 state. After integrat-
ing over angular variables, the differential decay rate int,
which also has a meaning of the invariant mass square
the ln system, comes out as

dGKl3

dt
5

C2

3~4pmK!3

~ t2ml
2!2

t3
l1/2~ t,mK

2 ,mp
2 !

3@~2t1ml
2!l~ t,mK

2 ,mp
2 !u f 1~ t !u2

13ml
2~mK

2 2mp
2 !2u f 0~ t !u2#, ~3!

where l(x,y,z)5x21y21z222xy22xz22yz. The t de-
pendence of all form factors is usually studied experim
tally in linear approximation

f ~ t !5 f ~0!S 11l
t

mp
2 D , ~4!

although such an approximation was shown@16# to be im-
proper, at least for thef 1(t) form factor of theKe3

6 andKe3
0

decays. The authors of@16# found big discrepancies amon
l1’s from different experiments if a linear approximatio

s,
©1999 The American Physical Society12-1
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was used. They clearly demonstrated the existence of a
dratic term in f 1(t) by showing that its inclusion led to
better fits.

There is a peculiarity in the present experimental situat
which is worth mentioning. Them/e universality requires the
form factors be equal for theKe3 andKm3 decays. Assuming
the validity of Eq. ~4! we can express theR5Km3 /Ke3
branching ratio as a function of two parameters:l1 andl0 .
Knowing the experimental values of the latter we can eva
ate R and compare it with the experimental ratio. TheKl3

6

data pass this consistency check without problems, whe
the contemporary recommended values of theKl3

0 form fac-
tor slopes lead to a little lower ratio than the experimen
one (0.67660.009 against 0.70160.008). To restore the
consistency, one has to sacrifice them/e universality and
allow a higher value of thel1 parameter in theKm3

0 decay.
A remark is required at the very beginning about o

treatment of theKl3 decays of neutral kaons. We will wor
with the K0→p2l 1n l andK̄0→p1l 2n̄ l decays, despite the
fact that what is really observed are decays of theKL

0 andKS
0

mesons. If we ignore a small violation of theCP invariance,
then the decay rates of the former two decays are iden
and each of them is equal to the decay rate ofKL

0

→p6l 7n, where summing is understood over the two fin
states shown. The same is true forKS

0→p6l 7n.
The assumption that theKl3 decay is dominated by th

K* (892) pole leads to the following matrix element~see,
e.g.,@17,12#!:

MKl3 ,V5
GV

mV
22t

S pm2
mK

2 2mp
2

mV
2

qmD ūgm~12g5!v, ~5!

where mV is the K* 6(892) mass and~dimensionless! GV
collects the coupling constants from all vertices. It also
cludes theVus element of the Cabibbo-Kobayashi-Maskaw
matrix. As the isospin invariance is badly broken in theKl3
decays~see, e.g., the discussion in@15#!, we have two inde-
pendent constants. One forKl3 decays ofK6, another forK0

(K̄0). We do not need the explicit form ofGV’s, because we
will fix their values from the experimental values of the co
respondingKe3 decay rates. Nevertheless, in the notation
Ref. @12# we have

GV
(6)5GFVuswK* mV

2 gK* 6K6p0

gr
~6!

and a similar relation forGV
(0) . The connection with the stan

dard notation @15,8# is given by GV
(6)/mV

2

5GFuVusu f 1
K1p0

(0)/2. ForGV
(0) , the factor of 2 is replaced

by A2.
Let us note that when writing Eq.~5! we took the propa-

gator of theK* resonance in the free-vector-particle form

2 iG0
mn~q!5

2gmn1qmqn/mV
2

t2mV
21 i e

, ~7!
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wheremV is the mass of theK* (892)2 resonance, as seen i
the hadronic production experiments. The absence of a n
infinitesimal imaginary part in denominator is justified byt
being below the threshold of theK* →Kp decay channel.
But the actual form of the propagator may differ from~7!
even in the subtreshold region. The success in describing
Kl3 form factors gives ana posterioriphenomenological ar-
gument in favor of an approximate validity of Eq.~7!.

If we fix, for simplicity, the normalization of the form
factors by requiringf 1(0)51, we find the following corre-
spondence of~5! with the quantities entering Eq.~1!:

C5
GV

mV
2

,

f 1~ t !5
mV

2

mV
22t

, ~8!

f 2~ t !52
mK

2 2mp
2

mV
22t

.

We also have

f 0~ t !51. ~9!

Inserting ourC, f 1(t), and f 0(t) to the general formula~3!,
integrating overt, and comparing our result with theKe3

6

(Ke3
0 ) decay rate calculated from the experimental values

the K6 (KL
0) lifetime and theKe3

6 (Ke3
0 ) branching fraction

we arrive at GV
(6)25(1.03760.013)310212 and GV

(0)2

5(1.97460.021)310212. If the isospin invariance in the
K* Kp vertex were exact, the ratio of the former to the lat
would be equal to 1/2.

Before proceeding further with our form-factor issue
us notice that the same overall coupling constants gov
also the decayst2→K2p0nt and t2→K̄0p2nt in which
the Kp system is produced via theK* 2 resonance. Let us
first calculate their branching fractions using theGV’s we
have just determined. This will test the soundness of
approach and of the approximations made and will give
the confidence for calculations for which the comparis
with data is impossible as yet.

The main problem we are faced with when attempti
such a calculation is that of the propagators of resonan
We are now above the threshold of theKp system, s
.(mK1mp)2, wheres is the square of the four-momentum
p flowing through theK* resonance. As a consequence, t
propagator acquires an important imaginary part and m
differ substantially from the propagator of a free vector p
ticle also in other respects. For example, in@18# it was pro-
posed that the lowest orderW6 (Z0) renormalized propaga
tor in the unitary gauge can be obtained, at least in
resonance region, by a simple modification of the free pro
gator~7!. Namely, by replacing the mass squaredmV

2 every-
where in Eq.~7! by mV

22 imVGV , with GV being the reso-
2-2
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RELATIONS BETWEEN THEKl3 AND t→Kpnt DECAYS PHYSICAL REVIEW D 60 093012
nance width.2 For resonances with strong interaction such
simple prescription is not justified, as discussed, e.g., in@20#.
Nevertheless, ifs5p2 is in a close proximity to the resonan
mass squared we can write

2 iGmn~p!5
2gmn1v~s!pmpn/s

s2mV
21 imVGV~s!

, ~10!

whereGV(s) is thes-dependent total width of the resonan
normalized byG(mV

2)5GV andv(s) is a complex function.
It reflects the properties of the one-particle-irreducib
bubble and is, in principle, calculable. There are differe
ways of treating it in practice. For example, when consid
ing thea1 resonance in the intermediate state, the author
@20# eliminated its influence by choosing transverse vertic
Alternatively, various choices have been made in the lite
ture. Very popular is the free-particle choicev(s)5s/mV

2 ,
recently used, e.g., in Ref.@11#. In experimental analyses
spin-zero propagator is used even where not justified~see
discussion in@21#!. This corresponds tov(s)50. The same
choice was made in@22#, where the branching fraction of th
t2→K* (892)2nt decay was also calculated.

Fortunately, theK* (892) resonance is relatively narro
(GV'51 MeV! and we can hope that the systematic er
connected with the propagator ambiguity is small. Nevert
less, to assess it we will calculate every quantity of inter
twice. Once withv5s/@mV

22 imVGV(s)#, then with v50.
This procedure yields an average and an estimate of its
tematic error.

The differential rate of thet2→K2p0nt decay in the
mass squared of theKp system is given by the formula

dGt2→K2p0nt

ds
5

1

6~4pmt!
3

~mt
22s!2

s3
l1/2~s,mK

2 ,mp
2 !

3@~2s1mt
2!l~s,mK

2 ,mp
2 !uF1~s!u2

13mt
2~mK

2 2mp
2 !2uF0~s!u2#, ~11!

where

F1~s!5
GV

(6)

s2mV
21 imVGV~s!

~12!

and

F0~s!5
GV

(6)@12v~s!#

s2mV
21 imVGV~s!

. ~13!

The presence ofF0(s) in Eq. ~11! reflects the contribution o
the off-mass-shell vector resonanceK* to theJ50 channel.
It would disappear if we chosev(s)[1, as seen from Eq
~13!. After integrating~11! and using the experimental valu
of the t2 lifetime, we arrive atB(t2→K2p0nt)5(3.9

2For later development and references to alternative approach
the weak-gauge-bosons propagators see Ref.@19#.
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60.6)31023. We proceed similarly to obtainB(t2

→K̄0p2nt)5(7.161.2)31023. After adding these two
branching fractions we obtain

B„t2→K* ~892!2nt…5~1.1060.18!%. ~14!

The experimental value@3# is (1.2860.08)%.
Let us now return to the form factors. The salient featu

of the one-vector-meson dominance model is the cons
Kl3 form factor f 0 , which implies a vanishing parameterl0
defined in Eq.~4!. There are at least two ways to accomm
date a nonvanishing value ofl0 in the meson dominance
approach.

One possibility is to add more strange vector resonan
The case of two vector resonances was considered alrea
@17#. In addition to the well establishedK* (892) it was
K* (730), which was abandoned later on. But the formu
of @17# are general, and could be used for inclusion
K* (1410) as well.

Another way of modifying the meson dominance a
proach to theKl3 decay is to include the scalar resonan
K0* (1430). The advantage of this approach is that, as we
see, it does not modify thef 1(t) form factor, which seems to
be well described already with theK* (892) alone. The
modification influences only thef 2(t) and, consequently
the f 0(t) form factors. Willis and Thompson already@23#
discussed this possibility, but at that time there was
known K-p resonance with spin zero. Later on, th
K0* (1430) dominance was used, together with the lo
energy theorems of hard-pion current algebra, to const
the parameters of theKl3 scalar form factor@24#.

To calculate the contribution to theKl3 matrix element
from the Feynman diagram with theK0* (1430)2 in the in-
termediate state, let us first define the weak decay consta
the K0*

2 . As usual, it can be done by means of the mat
element of the vector part of the strangeness-changing q
current

^0uū~0!gms~0!up&K
0*

25 i f K
0*

2pm. ~15!

The considered part of the matrix element then becomes

MKl3 ,S5
GS

mS
22t

qmūgm~12g5!v, ~16!

wheremS is theK0* (1430)2 mass and

GS5
GF

A2
Vusf K

0*
2gK

0*
2K2p0. ~17!

Because Eq.~16! does not containPm, the constantC and
the form factorf 1(t), as shown in Eq.~8!, will not change
after adding~16! to ~5!. New f 2(t) and f 0(t) become
to
2-3
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PETER LICHARD PHYSICAL REVIEW D 60 093012
f 2~ t !52
mK

2 2mp
2

mV
22t

1
GS

GV

mV
2

mS
22t

,

~18!

f 0~ t !511
GS

GV

mV
2

mK
2 2mp

2

t

mS
22t

.

The parameterl0 now acquires the value

l05
GS

GV

mV
2

mS
2

mp
2

~mK
2 2mp

2 !
. ~19!

We see that the nonzero weak decay constant ofK0*
2 leads

to deviation of thel0 parameter from zero. But to chec
whether a nonvanishing value ofl0 is really caused by a
K0*

2 in the intermediate state of theKl3 decay, we must look
for other consequences of the weak interaction ofK0*

2 and
their consistency with theKl3 decay phenomenology. Th
most obvious candidate for such a program is the deca
t2 lepton to neutrino andK0*

2 . Or, to be more precise, to
the K2p0 system which originates from the strong decay
K0*

2 .
When calculating the branching fraction of thet2

→K2p0nt and t2→K̄0p2nt decays, we include the pos
sible interference between theK* (892)2 and K0* (1430)2

channels. The resulting differential decay rate formula
t2→K2p0nt coincides with Eq.~11!. Function F1(s) is
again given by Eq.~13! because the scalar resonance can
contribute to theJ51 channel, but

TABLE I. Branching fractions of theKm3
6 and t2→K2p0nt

decays calculated within the meson dominance approach assu
various values of theKm3

6 parameterl0 . The recommended exper
mental values@3# are shown in the last row.

l03103 B(Km3
6 ) B(t2→K2p0nt) B(t2→K2p0nt)3103

~%! via K0* (1430)2 totala

210 3.0360.02 5.331025 3.960.6
25 3.0660.02 1.331025 3.960.6
0 3.1060.02 0 3.960.6
5 3.1360.02 1.331025 3.960.6
10 3.1760.02 5.331025 4.060.6
15 3.2160.02 1.231024 4.060.6
20 3.2560.02 2.131024 4.160.6
25 3.2960.02 3.331024 4.360.6
30 3.3360.02 4.831024 4.460.6
35 3.3760.02 6.531024 4.660.6
40 3.4160.02 8.431024 4.860.6
45 3.4560.02 1.131023 5.160.6
50 3.4960.02 1.331023 5.360.6
55 3.5360.02 1.631023 5.660.6
60 3.5860.02 1.931023 6.060.6
667 3.1860.08 ,931024b 5.260.5

aTotal5K* (892)21K0* (1430)21interference term.
bEstimated as a half oft2→p2K̄0nt , non-K* (892)2.
09301
of

f
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F0~s!5
GV

(6)@12v~s!#

s2mV
21 imVGV~s!

1
GS

(6)

mK
2 2mp

2

s

s2mS
21 imSGS~s!

.

~20!

The changes needed to get a formula for the same quanti
t2→K̄0p2nt are obvious.

ing
TABLE II. Branching fractions of theKm3

0 and t2→K̄0p2nt

decays calculated within the meson dominance approach assu
various values of theKm3

0 parameterl0 . The recommended experi
mental values@3# are shown in the last row.

l03103 B(Km3
0 ) B(t2→K̄0p2nt) B(t2→K̄0p2nt)3103

~%! via K0* (1430)2 totala

210 24.3960.17 8.931025 7.261.2
25 24.6560.17 2.231025 7.161.2
0 24.9160.17 0 7.161.2
5 25.1860.18 2.231025 7.261.2
10 25.4660.18 8.931025 7.361.1
15 25.7460.18 2.031024 7.461.1
20 26.0260.18 3.631024 7.661.1
25 26.3160.18 5.631024 7.861.1
30 26.6160.19 8.031024 8.161.1
35 26.9160.19 1.131023 8.461.1
40 27.2160.19 1.431023 8.861.1
45 27.5260.19 1.831023 9.261.1
50 27.8460.19 2.231023 9.661.1
55 28.1560.20 2.731023 10.161.1
60 28.4860.20 3.231023 10.761.1
2566 27.1760.25 ,1.731023b 8.360.8

aTotal5K* (892)21K0* (1430)21interference term.
bNon-K* (892)2 nt .

FIG. 1. Mass spectrum of theK̄p system produced in thet2

→K̄0p2nt decay withK* (892)2 andK0* (1430)2 in the interme-
diate state assuming theKm3

0 parameterl050.030. Solid curve: the
total branching fraction; dotted curve:K* (892)2 only; dashed
curve:K0* (1430)2 only. Notice a different scale for masses above
GeV.
2-4
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Now we have all necessary formulas and constants
pared and can calculate the quantities of interest for var
values of the slope parameterl0 . The results are shown in
Table I for the charged kaons, in Table II for the neut
kaons.

When inspecting Table I, we see that to simultaneou
obtain the correct branching fraction of bothKm3

6 and t2

→K2p0nt decays, we need to pickl0' 0.020. This is
higher than the present recommended value (667)31023.
But with eyes on the recent experiment@5# with its 0.062
60.024, we do not consider the discrepancy of our value
l0 with the recommended one to be disastrous. Our va
also agrees withl050.019 obtained on the basis of th
Callan-Treiman relation@25# ~see@8#!. With reference to the
experiment@5# it should be said thatl.0.04 contradicts the
estimate of the upper limit for the non-K* (892)2 K2p0

production int2 decays. On the basis ofl0'0.020 we ex-
pect the branching fraction for producing theK2p0 system
in t2 decays via the scalarK0* (1430)2 resonance to be
'231024.

Similar analysis of numbers in Table II points to al0 for
the Km3

0 decay somewhere around 0.030, which is in agr
ment with the recommended value@3#, but higher than in the
previous case. The higher value is required by theKm3

0

branching fraction. As a consequence, the branching frac
of the K̄0p2 production from thet2→K0* (1430)2nt decay,
na
:/

09301
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'831024, is higher than would correspond toK2p0 and
isospin symmetry.

On the basis of our estimates we expect the branch
fraction of thet2→K0* (1430)2nt decay to be around 0.1%

In Fig. 1 we show the mass spectrum of theK̄0p2 system

produced in thet2→K̄0p2nt decays assumingl050.030.
We concentrate on theK0* (1430)2 mass region to show dif-
ferent contributions to the final yield. The tail of th
K* (892)2 resonance modifies the resonance shape sig
cantly, whereas the interference between the two contrib
ing intermediate states is negligible.

We hope that in the near future the high statistics a
precise kaon decay data on the one side, and data from tt
factories@26# on the other, will enable us to study the rel
tions between theKl3 andt→Kpn decays in more detail.

Finally, let us note that the role of theK0* (1430) reso-
nance inD→PK andt→KPnt (P5p, h, h8) decays has
recently been investigated in@27#.

The author is indebted to Dave Kraus and Julia Thomp
for discussions. This work was supported by the U.S. D
partment of Energy under contract No. DOE/DE-FG0
91ER-40646 and by the Grant Agency of the Czech Repu
under contract No. 202/98/0095. The hospitality of t
CERN Theory Division, where a part of this work was don
is gratefully acknowledged.
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