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T-odd correlation in the K¿\p l ng decays beyond the standard model
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The dependence of theT-odd correlation on the effective Lagrangian parameters in theK1→p lng, l
5e,m, decays is analyzed. It is shown that the observable introduced is a perspective in the search for new
physics in the vector and pseudovector sectors of the Lagrangian. As for the scalar and pseudoscalar sectors,
T-odd correlation studies will not allow one to improve current restrictions on the parameters of models beyond
the standard model.
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I. INTRODUCTION

T invariance is one of the fundamental symmetries
physics; therefore, many experimental groups carry out t
studies in this area. The search for new physics is extrem
promising in processes where the standard model contr
tion to experimental observables is suppressed. One suc
perimental observable, for instance, is the muon transv
polarization inK1→p0mn,K1→mng decays@1,2#. In these
processes the standard model~SM! contribution toPT van-
ishes at the tree level. A nonvanishing contribution appe
only at the one-loop level and is caused by the electrom
netic final state interaction; therefore, it is significantly su
pressed. In theK1→p0mn decay the lepton transverse p
larization is equal to 531026; @3,4#, and inK1→mng it is
equal to 631024 @5,6#.

In contrast with the SM, in some extensions the transve
polarization appears already at the tree level of perturba
theory @7,8#.

At the moment the E246 experiment at KEK is perform
ing the analysis of the data on theK1→p0mn process to put
bounds on theT-violating muon transverse polarization, an
the following result has been obtained@1#:

PT5@21.1262.17~stat!60.90~syst!#31023. ~1!

Unfortunately, there is no experimental result for theK1

→mng process, as the experimental data are being still p
cessed. The transverse polarization is expected to be o
order of 1.531022 @2#.

Another important experimental observable used inCP
violation searches is theT-odd correlation in theK1

→p0lng decay defined asj5q•@pp3pl #/mK
3 .

In this case theT-violating signal is the asymmetry of th
differential distribution of the decay width relative to thej
50 line. As in the case of lepton transverse polarizati
T-odd correlation vanishes at the tree level of the SM a
appears due to the electromagnetic final state interaction
the framework of the SM this effect was examined earlier
@9#. However, it would be interesting to compare that res
with the value of the asymmetry induced by some of the S
extensions. Our work is devoted to this problem.

New perspectives onT-odd correlation studies are con
nected with the OKA experiment@10#, where the measure
ment of this observable is planned. For this reason, the p
0556-2821/2003/68~9!/094008~7!/$20.00 68 0940
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lem under discussion is of particular importance. Eve
samples of 106–107 for the K1→p0eneg decay and
105–106 for K1→p0mnmg decay are expected to be acc
mulated.

This paper is organized as follows. In Sec. II we pres
the model independent Lagrangian and the expression fo
asymmetry in terms of the Lagrangian, and discuss the
contribution toT correlation. In Secs. III and IV the contri
butions of theSU(2)L3SU(2)R3U(1) model and scalar
models are examined. The last section summarizes the
sults and conclusions.

II. MODEL INDEPENDENT APPROACH IN T-ODD
CORRELATION STUDY

The model independent Lagrangian of the four-fermi
interaction is as follows:

L5
Gf

A2
sinuc@ s̄ga~12g5!un̄ga~12g5!l 1gss̄un̄~11g5!l

1gpsḡ5un̄~11g5!l 1gvsḡaun̄ga~12g5!l

1gasḡag5un̄ga~12g5!l #, ~2!

whereGf is the Fermi constant,uc is the Cabibbo angle, and
gs ,gp ,gv ,ga are the scalar, pseudoscalar, vector, a
pseudovector constants. Using this Lagrangian, the ma
element for K(p)→p0(p8) l (pl)n(pn)g(q) decay can be
written as

T5
Gf

A2
Vus* eea* F @~11gv!Vab2~12ga!Aab#

3 n̄~11g5!gbl 1~11gv!Fbn̄~11g5!gb

3S pa

pq
2

pl
a

plq
2

qĝa

2~plq!
D l 1~gsFs

a1gpFp
a!n̄~11g5!l

1gsf n̄~11g5!S pa

pq
2

pl
a

plq
2

q̂ga

2~plq!
D l G , ~3!
©2003 The American Physical Society08-1
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whereea is the photon polarization vector, and the tens
Vab,Aab,Fb,Fs

a ,Fp
a , f can be presented in the followin

way:

Vab1
pa

pq
Fb5 i E d4xeiqx^p0~p8!uTJa~x!~ s̄gau!

3~0!uK~p!&, ~4!

Aab5 i E d4xeiqx^p0~p8!uTJa~x!~ s̄gag5u!

3~0!uK~p!&,

Fs
a1

pa

pq
f 5 i E d4xeiqx^p0~p8!uTJa~x!~ s̄u!~0!

3uK~p!&,

Fp
a5 i E d4xeiqx^p0~p8!uTJa~x!~ s̄g5u!

3~0!uK~p!&,

Fb5^p0~p8!u~ s̄gbu!~0!uK&,

f 5^p0~p8!u~ s̄u!~0!uK~p!&,

where Ja is the electromagnetic current. From the Wa
identity @11# we have the following relations among the te
sors~4!:

qaVab50, ~5!

qaAab50,

qaFs
a50,

qaFp
a50.

Using these relations, we introduce the following parame
zation of the tensors:

Vab5V1S gab2
Waqb

qW D1V2S pa8qb2
p8q

qW
WaqbD

1V3S pa8Wb2
p8q

qW
WaWbD

1V4S pa8pb82
p8q

qW
Wapb8 D , ~6!

Aab5 i eabrs~A1p8rqs1A2qrWs!1 i ealrsp8lqrWs

3~A3Wb1A4pb8 !,

Fb5C1pb81C2~p2p8!b,

Fs
a5SS pa2

pq

p8q
p8aD ,

Fp
a5 iPealrsplpr8qs ,

W5pl1pn l
.

We use the values of theVi ,Ai ,Ci form factors calculated in
09400
s

i-

the framework of chiral perturbation theory (xPT) up to
O(p4) @11#. The values of theS, f form factors can be found
from those forVi ,Ci using the Ward identities. The deriva
tion of these relations is given in the Appendix, where t
value of theP form factor is calculated as well.

In searches for possibleCP-violating effects, we are in-
terested in the distribution of the partialK1(p)
→p0(p8) l (pl)n(pn)g(q) decay width over the kinematica
variablej5q•@pp3pl #/mK

3 in the K1 meson rest frame:

r~j!5
dG

dj
. ~7!

Obviously, ther(j) function can be written as

r5 f even~j!1 f odd~j!,

where f even(j) and f odd(j) are even and odd functions ofj,
respectively.f odd(j) can be rewritten as follows:

f odd5g~j2!j. ~8!

Integratingr(j) over the kinematical region, one can s
that the contribution off odd(j) vanishes.

To analyzeK1→p0l 1n lg decay data we introduce th
following observable:

Aj5
N12N2

N11N2
, ~9!

whereN1 andN2 are the numbers of events withj.0 and
j,0, respectively. Obviously, the numerator ofAj depends
only on f odd(j).

Because theVi ,Ai ,Ci form factors are real at the tre
level of the SM, the distribution ofr(j) is symmetrical with
respect to thej50 line, i.e., the numbers of events withj
.0 and j,0 in K1→p0l 1n lg decay are equal andAj

50. This can be easily explained: at the SM tree level
form factorsVi ,Ai ,Ci are real, the matrix element square
depends only on the scalar products of momenta
p,m,n,g, and the terms linear inj vanish. Thereforer(j) is
an even function ofj. Thej-odd SM terms appear due to th
electromagnetic final state interaction. This leads to the
pearance of nonzero imaginary parts of the form facto
which, in turn, gives the nonvanishing contribution to t
f odd(j) function and asymmetryAj .

The contribution of the one-loop final state interaction
Aj was considered earlier in@9#. A calculation usingS-matrix
unitarity led to the following result:

Aj51.1431024K1→p0m1nmg, ~10!

Aj520.5931024K1→p0e1neg.
8-2
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This result indicates that the SM contribution toK1

→p0l 1n lg decay asymmetry is suppressed, thus making
Aj observable a good prospect to search for new physic

Let us consider the value of the asymmetryAj induced by
the Lagrangian~2!. In theK1 meson rest frame the square
decay amplitude~3! can be presented as

uTu25uTevenu21@ Im~gv!Cv1Im~ga!Ca1Im~gs!Cs

1Im~gp!Cp]mK
4 j. ~11!

The first term is aj-even part of the matrix element square
and the second one is aj-odd part;Ca ,Cv ,Cs ,Cp are the
kinematical factors, which depend only on the scalar pr
ucts of the final particle momenta. We do not present here
explicit expressions forCa ,Cv ,Cs ,Cp , as they seem to be
quite cumbersome. It follows from Eq.~11! that the asym-
metry has a nonzero value only when there are nonz
imaginary parts of the parameters of the Lagrangian~2!.

From the expression for matrix element~3! one can obtain
the relation between theCa ,Cv kinematical factors. Let us
suppose that we use the model with Im(gv)52Im(ga) and
Im(gs)5Im(gp)50. The matrix element in this model dif
fers from the SM one only by a total phase, which can
lead to nonzero asymmetry. So in this modelCv2Ca50,
and since the inner structure of the model does not affect
kinematical factorsCv ,Ca , it would be correct to state tha
Cv5Ca in any model.

Integrating the squared amplitude~11! over the phase
space, one can obtain theAj value. The value of this asym
metry, averaged over the kinematical regionEg.30 MeV,
ug ł.20° in the kaon rest frame, is given as follows:

K1→peneg:

Aj52@2.931026Im~gs!13.731025Im~gp!13.0

31023Im~gv1ga!#;

K1→pmnmg:

Aj52@3.631023Im~gs!11.231022Im~gp!11.0

31022Im~gv1ga!#.

It should be noticed that in the formula for the asymmetry
the K1→peneg decay amplitude the contributions of th
Im(gs),Im(gp) parameters are suppressed, in contrast w
the case ofK1→pmnmg decay. This suppression is due
kinematical factors in front of these parameters, which
proportional to the masses of the leptons in the final stat

III. SU„2…LÃSU„2…RÃU„1… MODELS

In this section extensions of the SM based on
SU(2)L3SU(2)R3U(1) @12# gauge group are considere
In these models each generation of fermions is formed
SU(2)L andSU(2)R doublets. At least one Higgs multiple
F~2,2,0! is introduced to generate the fermion masses:
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F5S f1
0 f1

1

f2
2 f2

0 D , ~12!

whose vacuum expectation value can be presented
follows:

F5S k 0

0 k8D . ~13!

Generally, the vacuum expectation valuesk,k8, are complex.
Additional Higgs multiplets are required to break th
SU(2)L3SU(2)R3U(1) symmetry toU(1). In the sim-
plest case two doubletsdL~2,1,1! and dR(1,2,1), are intro-
duced

dL5S dL
1

dL
0 D , dR5S dR

1

dR
0 D . ~14!

For a large mass scaleMR it is necessary to have the vacuu
expectation valuêdR

0&5vR greater thank,k8,^dL
0&5vL .

Another scenario of spontaneousSU(2)L3SU(2)R
3U(1) symmetry violation is also possible. In this case tw
triplets DL~1,3,2! andDL~3,1,2! are introduced:

DL,R5S D1/A2 D11

D0 2D1/A2D
L,R

, ~15!

whose vacuum expectation values can be expressed as

DL,R5S 0 0

vL,R 0D . ~16!

As in the model with two Higgs doublets, the conditionvR
@k,k8,vL should be valid for large mass scale appearan

One can also require the Lagrangian of the model un
investigation to be invariant under the following transform
tions:

CL↔CR , dR↔dL , DR↔DL , F↔F1, ~17!

which leads to the fermionsSU(2)L, SU(2)R bosons cou-
pling constants being equal.

In this case,CP violation appears due to the Cabibb
Kobayashi-Maskawa~CKM! matrices in left (KL) and right
(KR) sectors of the model. The effects ofCP violation are
deeper than in the SM, as the analogue of the CKM ma
for the right sector of the theory containsN(N11)/2 phases,
whereN is the number of fermion generations. Notice that
our calculations we neglect the neutrino masses, which
lows us to neglect the lepton mixing matrices and consi
them as diagonal. Depending on the model parameters t
are two possible mechanisms ofCP violation. The first one is
spontaneousCP violation, due to the complexity of
k,k8,vR ,vL , where the matrix of the Yukawa couplings ofF
with the fermions is real. The second scenario assumes
8-3
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complexity of the Yukawa constants when the vacuum
pectation values are real. The latter mechanism applies in
SM. In the general case, both variants are possible.

The interaction of charged gauge bosons with quarks m
be written as@13#

L5
gL

A2
WL

mŪgmKLPLD1
gR

A2
WR

mŪgmKRPRD1H.c.,

~18!

wheregR ,gL are the coupling constants of the right and l
sectors of the model,UT5(u,c,t) andDT5(d,s,b) are the
quark physical states, andPL,R5(17g5)/2. The states
WR ,WL are nonphysical states, but it is possible to ma
them physical by performing the unitary transformation

S WL

WRD 5S cosh 2sinh

eivsinh eivcosh D S W1

W2D , ~19!

where h is the mixing angle andv is the phase. In the
following calculations the phase factor will be included
the KR matrix. From the formulas~18!, ~19! the effective
Lagrangian of thes→umnm process can be written as

L52
GF

A2

gR

gL
Ksu

R* h@ s̄~12g5!gau#@ n̄~11g5!gal #.

~20!

Comparing Eq.~20! with the Lagrangian~2!, one can ob-
tain the expression for thega ,gv parameters:

gv5ga52
gR

gL

Ksu
R*

sinuc
h. ~21!

Further, we suppose that the model Lagrangian is invar
under the transformation~17!, which gives us the following
identity: gR5gL . Moreover, we suppose that theKR ,KL ma-
trices are related as follows:u(KR) i j u5u(KL) i j u. This condi-
tion applies when the vacuum expectation values of
Higgs fields are real, i.e.,CP violation appears due to th
complexity of the Yukawa couplings. In this caseKL5KR
@14#. The identityu(KR) i j u5u(KL) i j u is also valid in the mod-
els with spontaneousCP violation. Here, the Yukawa matrix
is real and symmetric, but the vacuum expectation values
complex, which leads to the identityKL5(KR)* @15#. Using
this relation one can rewriteKR as follows:

KR5eigS e2 id2cosuc e2 id1sinuc

2e2 id1sinuc eid2cosuc D . ~22!

From the explicit expression for theKR matrix the imaginary
parts ofga ,gv can be written as

Im~ga!5Im~gv!52h sin~g2d1!. ~23!

Bounds on the model parameters,MR.715 GeV, h
,0.013, have been derived from the low-energy data@16#.
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Using these bounds and the inequalityuIm(ga)u
5uIm(gv)u,h, one can derive the following upper bound
on theAj value:

uAju,2.631024, K1→p0mnmg,

uAju,0.831024, K1→p0eneg. ~24!

These values of the asymmetry can be experimentally
served only if the experimental statistics collected is ab
;107 for K1→pmnmg decay and;108 for K1→peneg
decay.

Let us now estimate the potential forT-odd correlation in
connection with the search for new physics. Obviously,
T-odd correlation coming from new physics is of the sam
order of magnitude as the SM background~10!, an extraction
of new physics signal becomes problematic. However, in
case one may put further constraints on the parameters o
Lagrangian under study:

uIm~ga!u5uIm~gv!u,5.731023, K1→p0mnmg,

uIm~ga!u5uIm~gv!u,9.831023, K1→p0eneg.
~25!

It is instructive to compare these values with the boun
obtained in@16#, uIm(ga)u5uIm(gv)u,0.013. Although the
improvement of these bounds is not very large, the exp
ment measuring the asymmetry could give us model in
pendent restrictions on the vector and pseudovector par
eters.

IV. MODELS WITH SCALAR INTERACTION

In this section we consider models with Im(ga)
5Im(gv)50. For this case nonzero asymmetry appears
only to nonvanishing values of the Im(gs),Im(gp) param-
eters. Among these models there are some leptoquark
multi-Higgs-boson SM extensions@7,8,17#.

Note that theK1→peneg decay is not useful to probe
such models. This follows from the proportionality of th
kinematical factorsCs ,Cp entering the formula for asymme
try ~12! to the lepton mass, which leads to the suppression
scalar and pseudoscalar contributions to this asymme
Moreover, in multi-Higgs-boson models, additional suppr
sion appears due to the fact that the Yukawa couplings
proportional to the fermion mass.

So, of the two decays considered, onlyK1→pmnmg
seems useful. To set upper limits on the possible asymm
value in this decay, let us consider the muon transverse
larization in K1→pmnm . A model independent investiga
tion of the muon transverse polarization in this decay@7#
allows one to claim thatPT is not sensitive to thegv ,ga ,gp
constants.

In order to set bounds on the Im(gs) constant, one need
to write down the matrix element of K(p)1

→p0(p8)m(pm)nm(pn) decay:
8-4
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M5
Gf

2
sinuc@ f 1~p1p8!l1 f 2~p2p8!l#ū~pn!

3~11g5!glv~pm!. ~26!

The data from the KEK E246 experiment on transverse
larization measurement give the following result for t
value of Im(x)5Im( f 2 / f 1) @1#:

Im~x!5@20.2860.69~stat!60.30~syst!#31022. ~27!

Using the expression for the effective Lagrangian~2!, one
can relate the values of Im(x) and Im(gs):

Im~x!5Im~gs!
mK

2

mmms
. ~28!

From Eqs.~27!, ~28! it is easy to obtain the following uppe
limit: uIm(gs)u,6.731024. Further, we assume tha
Im(gp);2Im(gs). This assumption is valid in any model
one neglects the mass of theu quark. Obviously, within such
an approach it is not necessary to consider the inner struc
of the models. Using the upper limit on the model parame
one can derive the bounds on theAj asymmetry of theK1

→p0mnmg decay:

uAju,6.031026. ~29!

Having this upper limit on theAj value, one can suppose th
for reliable observation of this asymmetry it is necessary
have more than;1010 events.

From a comparison of the bound~29! with the SM back-
ground we may conclude that there is no possibility of i
proving the restrictions for scalar and pseudoscalar par
eters.

V. CONCLUSION

The asymmetryAj in K1→p lng decays was investi
gated in the framework of models corresponding to the
fective Lagrangian~2! up to O(p4) terms ofxPT.

It was shown that the scalar and pseudoscalar secto
the Lagrangian contribute to the asymmetryAj . However,
since the kinematical factors in Eq.~11! are proportional to
the lepton mass,Aj is strongly suppressed in theK1

→peneg decay. As for the decay with muons in the fin
state, the dependence of the asymmetry on the scalar i
action effects is quite strong. The KEK E246 data allow o
to obtain strict bounds on the coupling constant, which s
nificantly narrows the search for the scalar and pseudosc
interaction contributions to asymmetry. It is necessary
have at least;1010 events to observe this asymmetry expe
mentally, and the anticipated value of this observable co
be

uAju,6.031026, ~30!

which is two orders of magnitude less than the SM contri
tion to Aj .

The KEK E246 experiment allows one to set strict enou
constraints only for the case of the pseudoscalar and sc
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constants, while the vector and pseudovector sectors of
Lagrangian remains obscure. The bounds on these pa
eters can probably be obtained in the OKA experime
which will come into operation in the very near future. O
results reveal a high sensitivity of the asymmetryAj to vec-
tor and pseudovector interactions of the effective Lagra
ian. In addition, in order to search forCP-violating effects,
one can consider theKl3g

1 meson decays with electrons an
muons in the final state. Taking into account the bounds
the parameters of theSU(2)L3SU(2)R3U(1) model, one
can get the upper limit on theAj value:

uAju,2.631024, K1→p0mnmg,

uAju,0.831024, K1→p0eneg. ~31!

Therefore, provided that the statistic in the OKA experime
are increased by an order of magnitude, we claim that it m
provide further information about the vector and pseudov
tor sectors of the studied Lagrangian. It follows from o
study that the asymmetryAj may serve as a quite effectiv
observable in the search for new physics.
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APPENDIX

In the framework ofxPT the following QCD Lagrangian
with external sources is introduced@18#:

L5LQCD1q̄gm~vm1g5am!q2q̄~s2 ig5p!q, ~A1!

whereLQCD is the massless QCD Lagrangian,qT5(u,d,s)
are the quark fields, andvm ,am ,s,p are 333 Hermitian ma-
trices. It is easy to see that the Lagrangian~A1! is invariant
under local transformationsSU(3)L3SU(3)R :

qL→gLqL , qR→gRqR , s1 ip→gR~s1 ip !gL
1 ,

~A2!

l m5gLl mgL
11 igL]mgL

1 , r m5gRr mgR
11 igR]mgR

1 ,

l m5vm2am , r m5vm1am .

The effectivexPT Lagrangian is constructed@with the sym-
metry ~A2! taken into account# as an expansion in a series
external momenta:

Leff5L21L41•••, ~A3!

where L2 ,L4 are the effective Lagrangian terms up
O(p4),O(p6), respectively. Notice thatL2 is invariant under
~A2! transformations, whileL4 invariance is broken due to
8-5
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the chiral anomaly@11,18#. Nevertheless, the effective La
grangian is invariant under the transformation

vm6am→g~vm6am!g11 ig]mg1, ~A4!

s1 ip→g~s1 ip !g1

gPSU~3!.

Taking into account the fact that the generating functiona
invariant under~A4! transformations,

Z@v8,a8,s8,p8#5Z@v,a,s,p#, ~A5!

one can transformg511 ia1O(a2)PSU(3), andobtain
the Ward identities inxPT @11#:

K a]m

dZ

dvm
L 5 i K (

I 5v,a,s,p
@a,I #

dZ

dI L , ~A6!

where^& means performing the trace operation.
Let us consider the marix elemen

^0uTam
3 (x)an

41 i5(y)Va
42 i5(z)Vb

e.m.(w)u0&, where am
3 (x),

an
41 i5(y) are the axial currents corresponding top0 andK1

mesons,V42 i5(z) is the vector current of thes̄→ū transi-
tion, andVb

e.m.(w) is the electromagnetic current. The dive
gence]z

a of this matrix element can be obtained using t
Ward identities. Therefore, one must replacea in Eq. ~A6!
by l42 il5 and act upon the matrix element by the opera

Â5
d

dam
3 ~x!

d

dan
41 i5~y!

d

dVa
e.m.~z!

~A7!

At the point vm5am5p50,s5M , where M is the quark
mass matrix, this expression takes the form

]z
a^0uTam

3 ~x!an
41 i5~y!Va

42 i5~z!Vb
e.m.~w!u0&

5 i ~mu2ms!^0uTam
3 ~x!an

41 i5~y!s42 i5~z!Vb
e.m.~w!u0&

1^0uTam
3 ~x!an

41 i5~y!Vb
42 i5~z!u0&d~w2z!

1^0uTan
41 i5~y!am

42 i5~z!Vb
e.m.~w!u0&d~z2x!

2
1

2
^0uTam

3 ~x!an
3~z!Vb

e.m.~w!u0&d~z2y!

2
A3

2
^0uTam

3 ~x!an
8~z!Vb

e.m.~w!u0&d~z2y!. ~A8!

Futher, we use the reduction formulas to relate the vacu
matrix elements of~A8! with those of theK1→p0 transi-
09400
s

r

m

tion. Obviously, the last three terms in expression~A8! do
not contribute to the final result, since they do not cont
any pole terms on thep0 andK1 meson mass scales simu
taneously. Using this fact one can rewrite this expression
follows:

]n
y^p0uTVm

e.m.~x!Vn
42 i5~y!uK1&

5^p0uVn
42 i5~y!uK1&d~x2y!1 i ~mu2ms!

3^p0uTVm
e.m.~x!S42 i5~y!uK1&. ~A9!

The relation between the scalar and vector form factors
terms of Eq.~4! has the form

VmnWn1S Fm2
Fnqn

pq
pmD5~mu2ms!Fs

m . ~A10!

Similarly, one can obtain an expression forf:

Fn~pn2pn8!5~mu2ms! f . ~A11!

A nonzero contribution to the form factorP can appear only
due to the anomalous term of the effectivexPT Lagrangian.
It has the following form@11#:

Lanom~F3g!52 i
eA2

4p2f p
3

emnrsAs^Q]mF]nF]rF&,

~A12!

where F is the pseudoscalar meson octet matrix,Q51/3
3diag(2,21,21), and f p593.2 MeV. The Feynman dia
gram contributing to the form factorP is shown in Fig. 1.
Taking into account this diagram one can rewrite the expr
sion for the form factor in the following form:

P5
A2

4p2f 2

1

W22MK
2

MK
2

ms1mu
, ~A13!

whereW5p2p82q.

FIG. 1. Feynman diagram that gives a nonzero contribution
the form factorP.
D
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