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Studies oft mesonic decays are presented. A mechanism for the axial-vector current at low energies is
proposed. The VMD is used to treat the vector current. All the meson vertices of both normal parity and
abnormal parity~Wess-Zumino-Witten anomaly! are obtained from an effective chiral theory of mesons.a1
dominance is found in the decay modes of thet lepton: 3p, f (1285)p. Both ther and thea1 meson contribute
to the decayt→K*Kn; it is found that the vector current is dominant. CVC is tested by studying
e1e2→p1p2. The branching ratios oft→vpn andKK̄n are calculated. In terms of a similar mechanism the
Ds51 decay modes of thet lepton are studied andKa dominance is found int→K*pn andK*hn. The
suppression oft→Krn is revealed. The branching ratio oft→hKn is computed. As a test of this theory, the
form factors ofp→egn andK→egn are determined. The theoretical results agree with data reasonably well.
@S0556-2821~97!05603-8#

PACS number~s!: 13.35.Dx, 12.40.Vv, 13.60.Hb

I. INTRODUCTION

Thet mesonic decays were studied by Tsai@1# before the
discovery of thet lepton. All the hadrons int hadronic
decays are mesons; therefore,t mesonic decays provide a
test ground for all meson theories. The mesons produced in
t hadronic decays are made of light quarks. Therefore, chiral
symmetry plays an important role in studyingt mesonic de-
cays. In Ref.@2# t mesonic decays are associated with chiral
dynamics. It is pointed out@2# thatr dominance is necessary
to be introduced and the chiral limits of the hadronic matrix
elements at low energies are set up. In Ref.@3# t mesonic
decays are studied by using SU~3!3 SU~3! chiral dynamics
with the resonances phenomenologically introduced. In Ref.
@4# a Lagrangian for psedoscalar and vector mesons has been
constructed to investigatet physics. In Ref.@5# in studying
three pseudoscalar meson decays of thet lepton the form
factors of these decays is constructed by chiral symmetry and
dominated by the lowest resonances. Abnormal decays have
also been studied@6–10#. Vector meson dominance~VMD !
@11# has been applied to studyt decays in which the meson
states have evenG parity @2–10#.

In Ref. @12# an effective Lagrangian of three nonets of
pseudoscalar, vector, and axial-vector mesons with
U(3)L3U(3)R symmetry is obtained. The chiral symmetry-
breaking scaleL determined in Ref.@12# is 1.6 GeV; there-
fore, this theory is suitable to be applied to studyt mesonic
decays. VMD is a natural result of this theory. The Wess-
Zumino-Witten action~WZW! @13# is obtained from the
leading terms of the imaginary part of the effective Lagrang-
ian. This theory has been applied to study the form factors of
Kl3, t→rn, andt→K* n, and theoretical results are in good
agreement with the data@12#. Based on this effective chiral
theory of mesons@12#, a theory oft mesonic decays is de-
veloped and a unified study oft mesonic decays is presented
in this paper.

In the standard model theW bosons are coupled to both
the vector and the axial-vector currents of ordinary quarks.
The hadronization of the quark currents is a problem of non-
perturbative QCD. In the dynamics of ordinary quarks both

chiral symmetry and chiral symmetry breaking are impor-
tant. VMD and conservation of vector current~CVC! are
successful in studying the matrix elements of vector currents
@14#. VMD is a natural result of the effective chiral theory of
mesons@12#. In this paper VMD is exploited to treat the
matrix elements of the vector currents oft decays. Before
this paper VMD was already exploited to studyt mesonic
decays@2–10#. The difference between this paper and others
in the case of two flavors is that the coupling ofrpp,
f rpp , derived in Ref.@12#, is no longer a constant, but a
function ofq2 (q is the momentum of ther meson!. It means
that the vertexrpp has a form factor. A detailed discussion
is presented in Sec. VII.

It is well known that in the chiral limit, the axial-vector
currents and the vector currents of ordinary quarks form a
SU(2)L3SU(2)R algebra which leads to Weinberg’s sum
rules @15#. On the other hand, thea1 meson is the chiral
partner of ther meson@16#. However, thea1 meson is much
heavier than ther meson. In Ref.@12# this mass difference
refers to spontaneous chiral symmetry breaking and this ef-
fect should be taken into account in bosonizing the axial-
vector currents. The effect of spontaneous chiral symmetry
breaking on the bosonization of the axial-vector currents at
low energies is studied in this paper. The axial-vector cur-
rents contribute to the meson states oft decays, which have
negativeG parity. The hadronic matrix elements of the axial-
vector currents derived in this paper are different from other
studies. The Breit-Wigner formula fora1 resonance is@see
Eq. ~35!#

2g2f a
2mr

21 iAq2Ga~q
2!

q22ma
21 iAq2Ga~q

2!
.

The difference originates in spontaneous chiral symmetry
breaking which is responsible for the mass difference of the
r and thea1 mesons. Because of chiral symmetry breaking,
atq250 this formula is equal tog2f a

2mr
2/ma

2 and the mass of
thea1 meson is still there.

There are two kinds of meson vertices int mesonic de-
cays: the vertices of normal parity and the ones of abnormal
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parity. The later are from the Wess-Zumino-Witten Lagrang-
ian. In Ref.@12# it is shown that the WZW Lagrangian is the
leading term of the imaginary part of the effective meson
Lagrangian and the fields in the WZW Lagrangian are nor-
malized to physical meson fields. The normalization of the
fields of the WZW action is very important. The normaliza-
tion constants for the vector and axial-vector fields are dif-
ferent@12#, and as a result of mixing effects, the axial-vector
fields are always associated with]mP, whereP is the corre-
sponding pseudoscalar field.

All the meson vertices are obtained from Ref.@12# and
they are fixed completely; most of them have been tested
already@12#. It is necessary to point out that the vertices of
VPP obtained in Ref.@12# are functions of momentum@see
Eq. ~37! f rpp and see Sec. VII for details# and the vertices of
AVP depend on momentum strongly@see Eq.~27!, for ex-
ample#, and as a result of the cancellation in the vertices of
AVP, the dependence of momentum is very important in
understandingt→n(mesons)G52 .

In the chiral limit, the theory used to studyt mesonic
decays consists of three parts: VMD for vector currents, a
new expression of axial-vector currents, and vertices of me-
sons. All three parts are determined by the effective chiral
theory of mesons@12#. All parameters have been fixed.

In many studies@5,6,8,17#, besides ther meson, the exi-
cted r(r8 and r9) are taken part in. In this paper only the
r meson is included. In the region of higherq2 the effects of
the form factor of theVPP vertex and other decay channels
of r ~such asKK̄, KK* , . . . ! are taken into account in cal-
culating the decay widths. So far, theoretical results agree
with the data reasonably well. In this paper only the lowest
resonances are taken into consideration.

It has been shown in Ref.@12# that diagrams at the tree
level are at order ofNC and loop diagrams of mesons are at
higher order in the largeNC expansion. In Ref.@12# a large
NC expansion is invoked to argue the success of the effective
theory. Following the same argument, all calculations are
done at the tree level in this paper.

The paper is organized as Introduction~Sec. I!, general
expression of the axial-vector currents~Sec. II!, determina-
tion of LV,A ~Sec. III!, a1 dominance int→pppn decay
~Sec. IV!, a1 dominance int→ f 1(1285)pn decay~Sec. V!,
t→K*Kn ~Sec. VI!, CVC ande1e2→p1p2 ~Sec. VII!,
t→vpn ~Sec. VIII!, t→KK̄n ~Sec. IX!, the form factors of
p→egn ~Sec. IX!, effective Lagrangian ofDs51 weak in-
teractions~Sec. XI!, Ka dominance int→K* (892)pn ~Sec.
XII !, t→K*hn ~Sec. XIII!, t→hKn ~Sec. XIV!, the form
factors ofK→egn ~Sec. XV!, and conclusions~Sec. XVI!.

II. GENERAL EXPRESSION
OF THE AXIAL-VECTOR CURRENTS

In the case of two flavors the expression of VMD@11# is
written as

e

2 f v
$2 1

2F
mn~]mvn2]nvm!1Am j m

v %, ~1!

wherev5r0,v,f, f v is the decay constant of these vector
mesons, respectively, andj m

v are the appropriate currents de-
termined by the substitution

vm→
e

2 f v
Am ~2!

in the vertices involving neutral vector mesons. CVC works
very well in the weak interactions of hadrons and int me-
sonic decays@14#. In the chiral limit, the vector part of the
weak interaction of ordinary quarks is determined by CVC:

LV5
gW
4
cosuC

1

f r
$2 1

2 ~]mAn
i 2]nAm

i !~]mrn
i 2]nrm

i !

1Am
i j im%, ~3!

wherei51,2 andAm
i areW boson fields. In the vector part of

the weak interaction there isr dominance~two-flavor case!.
j m
i is derived by the substitution

rm
i →

gW
4 f r

cosuCAm
i ~4!

in the vertices involvingr mesons. At low energies the ma-
trix elements of the vector currents go back to the chiral limit
@2#.

Chiral symmetry is one of major features of QCD. It has
been known for a long time that thea1 meson is the chiral
partner of ther meson@16# and both are treated as non-
Abelian chiral gauge fields@16#. On the other hand, it is well
known that in the chiral limit, the vector and axial-vector
currents form a SU(2)L3SU(2)R algebra which leads to
Weinberg’s sum rules@15#. Based on chiral symmetry it is
reasonable to think that in the axial-vector part of the weak
interaction of ordinary quarks there is a term which is similar
to VMD:

2
gW
4
cosuC

1

f a
$2 1

2 ~]mAn
i 2]nAm

i !~]man
i 2]nam

i !1Aim j m
iW%,

~5!

wheream
i is thea1 meson field,f a is a constant, andj m

iW is
the appropriate current obtained by substituting

am
i →2

gW
4 f a

cosuCAm
i ~6!

into the Lagrangian in which ana1 meson is involved. On
the other hand, a pion can couple to aW boson directly. The
second term in the axial-vector part of the weak interaction
of the ordinary quarks is

2
gW
4
cosuCf pAm

i ]mp i . ~7!

As a matter of fact, thea1 meson is much heavier than the
r meson. Spontaneous chiral symmetry breaking is respon-
sible for the mass difference. Therefore, because of the effect
of spontaneous chiral symmetry breaking in the Lagrangian
of meson theory, there should be an additional mass term for
thea1 meson:

1
2Dm2f a

2am
i aim. ~8!
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Using the substitution~6!, a new coupling betweenW bosons
anda1 mesons is revealed:

2
gW
4
cosuCDm2f aAm

i ai ,m. ~9!

Adding these three terms@Eqs.~5!, ~7!, and~9!# together, the
axial-vector part of the effective Lagrangian of the weak in-
teraction of ordinary quarks is obtained:

LA52
gW
4
cosuC

1

f a
$2 1

2 ~]mAn
i 2]nAm

i !~]man
i 2]nam

i !

1Aim j m
iW%2

gW
4
cosuCDm2f aAm

i aim

2
gW
4
cosuCf pAm

i ]mp i . ~10!

In Eq. ~10! there are two parametersf a andDm2 which are
necessary to be determined. Weinberg’s first sum rule

gr
2

mr
2 2

ga
2

ma
2 5 f p

2 ~11!

is derived by using SU(2)L3SU(2)R chiral symmetry, cur-
rent algebra, and VMD, wheregr andga are defined by the
formulas

^0uc̄t igmcur j
l&5grd i j em

l ,

^0uc̄t igmg5cuaj
l&5gad i j em

l . ~12!

Using Eqs.~3! and ~10!, we obtain

gr52
mr
2

f r
, ga52

ma
2

f a
1Dm2f a . ~13!

It can be seen from Eqs.~4! and ~6! that ther fields are
associated withf r anda1 with f a . After spontaneous chiral
symmetry breaking the effective mass terms ofr and a1
mesons are written as

1
2 ~Dm21m0

2! f a
2am

i aim1 1
2m0

2f r
2rm

i r im ~14!

and

mr
25m0

2f r
2 , ma

25 f a
2~Dm21m0

2!. ~15!

Equation~15! leads to

Dm25
ma
2

f a
2 2

mr
2

f r
2 . ~16!

From Eqs.~13! and ~16! we obtain

ga52
f a
f r
2mr

2 . ~17!

Substituting Eqs.~13! and ~17! into Eq. ~11!, we determine

f a
25 f r

2S 12
f p
2 f r

2

mr
2 Dma

2

mr
2 , Dm25 f p

2 S 12
f p
2 f r

2

mr
2 D 21

. ~18!

The values off a andDm2 are determined byf p , f r , mr ,
and ma . In general, f aÞ f r . Therefore,LA is fixed. The
vector current is conserved in the limit ofmq50. The axial-
vector current derived from Eq.~10! must satisfy PCAC. It
will be shown that it is necessary to have all the terms in Eq.
~10! to satisfy PCAC.

III. DETERMINATION OF LV,A

An effective chiral theory of pseudoscalar, vector, and
axial-vector mesons has been proposed@12#. In this theory
both the physical processes of normal parity and abnormal
parity are studied by one Lagrangian. Theoretical results
agree with the data well. In the limit ofmq50, the Lagrang-
ian is

L5c̄~x!@ ig•]1g•v1g•ag52mu~x!#c~x!

1 1
2m0

2~r i
mrm i1vmvm1ai

mam i1 f m f m!, ~19!

where am5t iam
i 1 f m , vm5t irm

i 1vm , and
u5exp$ig5(tipi1h)%; m is a parameter. The fields in the La-
grangian~19! are not physical and the physical meson fields
have been defined in Ref.@12#. This Lagrangian is global
SU(2)L3SU(2)R chiral symmetric. On the other hand, spon-
taneous chiral symmetry breaking is revealed in this theory
whenp i ,h50 are taken. This theory has both explicit chiral
symmetry breaking~PCAC! by adding the current quark
masses2c̄Mc (M is the quark matrix! to the Lagrangian
and dynamical chiral symmetry breaking~quark condensate!
@12#.

The explicit expression of VMD, Eq.~1!, has been found
in Ref. @12#. The expressions ofLV,A Eqs.~3! and~10!, have
been derived by this effective theory@see Eqs.~76!–~78! of
Ref. @12## too. The following expressions are revealed from
this effective chiral theory:

gr52gmr
2 , ~20!

ga52gS 12
1

2p2g2D
21/2

mr
2 , ~21!

f r5g21, ~22!

f a5g21S 12
1

2p2g2D
21/2

, ~23!

S 12
1

2p2g2Dma
256m21mr

2 , ~24!

Dm256m2g25 f p
2 S 12

fp
2

g2mr
2D 21

, ~25!

whereg is a universal coupling constant andm is a param-
eter related to the quark condensate. The term 6m2 in Eq.
~24! and the factor (121/2p2g2) in Eqs. ~23! and ~24! are
from spontaneous chiral symmetry breaking of this theory. In
this paper we chooseg50.39. Using this value, the theoreti-
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cal results obtained in Ref.@12# agree with the data well. For
example, we obtainGr5142 MeV andma51.20 GeV. It is
necessary to point out that Weinberg’s first sum rule is sat-
isfied analytically in this effective chiral theory. Equation
~18! are satisfied too. Therefore, all the parameters in the
Lagrangians (LV,A) are fixed.

Besides the Lagrangians~3! and ~10!, appropriate meson
~pseudoscalar, vector, and axial-vector! vertices are needed
in studyingt mesonic decays and all these vertices can be
derived from the Lagrangian~19! and they are fixed@12#.
Most of these vertices have been tested by calculating appro-
priate decay widths and the results agree with the data well.
Therefore, the Lagrangians of the weak interactions of me-
sons are completely determined. There are no other undeter-
mined parameters in studyingt mesonic decays. This effec-
tive theory makes definite predictions fort mesonic decays.

IV. a1 DOMINANCE IN t˜pppn

The a1 meson has a long history. In determining the pa-
rameters of this meson the process ofa1 production int
decays play an important role@18,19#. In Ref. @19# the flux
tube quark model has been exploited to studyt→pppn.
The decay rate oft→a1n has been calculated by the effec-
tive chiral theory@12#. However, the effect of wide reso-
nance should be taken into account. On the other hand, ex-
perimental observations @20–25# have reported a1
dominance int→3pn.

Only the axial-vector part of the Lagrangian,LA, takes
part in this process. There are five diagrams contributing to
this decay:a1 couples torp, theW boson couples torp
directly,p couples torp, a1 directly couples to three pions,
andp directly couples to three pions. The study done in Ref.
@12# indicates that the contribution of the fourp couplings to
pp scattering is smaller than the contribution ofr exchange
by two orders of magnitude. From Ref.@12# it is learned that
the contribution of the vertex ofa1ppp to a1 decay is very
small and this result agrees with the data. Therefore, we omit
the contributions of both the vertices of the fourp and the
a1ppp. The remaining three diagrams indicate the exist-
ence ofr resonances in the final states oft→3pn and this
result is in agreement with the data@25,26#. From these three
verticesa1rp, Wrp, andprp (rpp is included too!, it is
not obvious whya1 dominates this decay. This is a crucial
test of this theory. The vertices derived in Ref.@12# contrib-
ute tot→pppn:

La1rp5e i jk$Aam
i r jmpk2Bam

i rn
j ]mnpk1Dam

i ]m~rn
j ]npk!%,

~26!

A5
2

f p
g faH ma

2

g2f a
2 2mr

21p2F2cg 1
3

4p2g2 S 12
2c

g D G
1q2F 1

2p2g2
2
2c

g
2

3

4p2g2 S 12
2c

g D G J , ~27!

c5
fp
2

2gmr
2 , ~28!

B52
2

f p
g fa

1

2p2g2 S 12
2c

g D , ~29!

D52
2

f p
f aH 2c1

3

2p2g S 12
2c

g D J , ~30!

Lrpp5
2

g
e i jkrm

i p j]mpk2
2

p2f p
2g H S 12

2c

g D 224p2c2J
3e i jkrm

i ]np j]mnpk2
1

p2f p
2g

3H 3S 12
2c

g D 2112
2c

g
28p2c2J e i jkrm

i p j]
2]mpk ,

~31!

where p is the momentum of ther meson andq is the
momentum ofa1. Because the mesons of the vertices are not
necessary to be on mass shell, in Eqs.~26! and ~31! the
divergence ofam and]2pk are kept. In the chiral limit, these
new terms do not contribute to the decays ofr or a1; how-
ever, they are important in keeping the axial-vector current
conserved int→3pn in the chiral limit. The vertexLWrp is
derived by using the substitution~6! in Eq. ~26!.

The two pions int→3pn are from the decays of ther
meson; therefore, we only need to show that the axial-vector
current is conserved~in the limit ofmq→0) in t→rpn, and
then this conservation is satisfied int→3pn.

Using LA, Eq. ~10!, and three verticesLa1rp, Eq. ~26!,
LWrp, andLrpp, Eq. ~31!, the matrix element of the axial-
vector current oft2→r0p2 is obtained as

^r0p2uc̄t1gmg5cu0&5
i

A4vE
S 1

f a~q
22ma

2!
~qmqn2q2gmn!~Agln1Bklkn!es*

l

2
Dm2f a
q22ma

2 S qmqn

q2
2gmnD ~Agln1Bklkn!es*

l2
Dm2f a
ma
2

qm

q2
~A1k•qB!k•es*1

1

f a
~Agmn1Bkmkn!es*

n

2S 1f a 2
Dm2f a
ma
2 DDk•es* qm2

4 f p

g

qm

q2 H 11
p2

2p2f p
2 F S 12

2c

g D 224p2c2G
1

q2

2p2f p
2 S 12

2c

g D S 12
c

gD J k•es* D , ~32!
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wherek, p, andq are the momenta of the pion,r, anda1, respectively. In the effective Lagrangian of mesons@12# derived
from the Lagrangian~19! there is mass term of thea1 meson; therefore, the propagator ofa1 field is taken to be

i

~2p!4
1

q22ma
2 S 2gmn1

qmqn

ma
2 D . ~33!

There are cancellations in Eq.~32!. Using Eqs.~24!, ~25!, and~27!–~30!, it is proved that

2
Dm2f a
ma
2 ~A1k•qB!1

1

f a
~A1Bk•q!2S 1f a 2

Dm2f a
ma
2 DDq22 4 f p

g H 11
p2

2p2f p
2 F S 12

2c

g D 224p2c2G
1

q2

2p2f p
2 S 12

2c

g D S 12
c

gD J 50. ~34!

Equation~34! leads to the conservation of axial-vector current in the limit ofmq50:

qm^r0p2uc̄t1gmg5cu0&50.

From this discussion it is learned that in order to have the axial-vector conserved~in the limit of mq50) the new term~9! is
necessary to be included in Eq.~10!. Using Eq.~34!, the matrix element~32! is rewritten as

^r0p2uc̄t2gmg5cu0&5
i

A4vE
S qmqn

q2
2gmnD ~Agnl1Bknkl!es*

n
2Dm2f a1q2f a

21

q22ma
21 iAq2Ga~q

2!

1
i

A4vE
S qmqn

q2
2gmnD S 2

1

f a
D ~Agnl1Bknkl!es*

n

5
i

A4vE
S qmqn

q2
2gmnD ~Agnl1Bknkl!es*

n
g2f amr

22 i f a
21Aq2Ga~q

2!

q22ma
21 iAq2Ga~q

2!
. ~35!

It is necessary to point out that the Breit-Wigner formula of the axial-vector mesona1 is new and is different from the one of
the vector meson~see Sec. VII!. This difference is caused by dynamical chiral symmetry breaking. It is also important to
notice that the amplitudeA, Eq. ~27!, derived in Ref.@12# strongly depends on the momentum. Because of the cancellation in
Eq. ~27!, this dependence is significant.

The decay width ofa1 meson has been introduced. Thea1 dominance int→rpn is revealed and the dominance is caused
by the cancellation~34! which leads to the axial-vector current conservation. Using the vertexLrpp, Eq. ~31!, the matrix
element is derived:

^p1p2p2uc̄t1gmg5cu0&5
i

A8v1v2v3
S 2gmn1

qmqn

q2 D g2f amr
22 iAq2f a21Ga~q

2!

q22ma
21 iAq2Ga~q

2!
H f rpp~k2!

k22mr
21 ikGr~k2!

@A~k2!~k22k3!n

1Bk1nk1•~k22k3!#1
f rpp~k82!

k822mr
21 ik8Gr~k82!

@A~k82!~k12k3!n1Bk2nk2•~k12k3!#J , ~36!

f rpp~k2!5
2

g H 11
k2

2p2f p
2 F S 12

2c

g D 224p2c2G J ,
Gr~k2!5

f rpp
2

48p

k2

mr
S 124

mp
2

k2 D 3/2, ~37!

where ki ( i51,2,3) are the momenta ofp2, p2, and p1, k5k21k3, k85k11k3, q5k11k21k3. A(k
2) @A(k82)# are

obtained by takingp25k2 @k82# in Eq. ~27! and Ga is defined in Eq.~39!. The distribution of the decay width of
t2→p2p2p1n is derived:

dG

dq2dk2dk82
5

G2

~2p!5
cos2uC

3072mt
3q6

~mt
22q2!2~mt

212q2!
g4f a

2mr
41q2f a

22Ga
2~q2!

~q22ma
2!21q2Ga

2~q2!
F~k2,k82!,

G~k2,k82!5H f rpp~k2!

~k22mr
2!21k2Gr

2~k2!
~k22mr

2!@A~k2!1k1•~k22k3!B#1
f rpp~k82!

~k822mr
2!21k82Gr

2~k82!
~k822mr

2!2A~k82!J 2
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1H f rpp~k2!

~k22mr
2!21k2Gr

2~k2!
Ak2Gr~k2!@A~k2!1k1•~k22k3!B#

1
f rpp~k82!

~k822mr
2!21k82Gr

2~k82!
Ak82Gr~k82!2A~k82!J 2,

F~k2,k82!5 1
2 $G~k2,k82!~q22k2!21G~k82,k2!~q22k82!2%. ~38!

Ga is derived from the vertices~26! and ~31!:

Ga~q
2!5

1

192~2p!3maq
4E dq1

2dq2
2~q22q1

2!2H f rpp~q1
2!

~q1
22mr

2!21q1
2Gr~q1

2!
~q1

22mr
2!@A~q1

2!1 1
2 ~q3

22q2
2!B#

1
f rpp~q2

2!

~q2
22mr

2!21q2
2Gr~q2

2!
~q2

22mr
2!2A~q2

2!J 21H f rpp~q1
2!

~q1
22mr

2!21q1
2Gr~q1

2!
Aq12Gr~q1

2!@A~q1
2!1 1

2 ~q3
22q2

2!B#

1
f rpp~q2

2!

~q2
22mr

2!21q2
2Gr~q2

2!
Aq22Gr~q2

2!2A~q2
2!J 2, ~39!

whereq1
25(q2k1)

2, q2
25(q2k2)

2, q3
25(q2k3)

2, and k1,
k2, and k3 are momentum of the three pions, respectively.
There are two decay modesp1p2p2 andp2p0p0 which
have equal branching ratios. The branching ratios are com-
puted to be

B~t→p1p2p2n!5B~t→p2p0p0n!56.3%. ~40!

The comparison with experiments is presented in Table I.
The distribution ofdG(t→p1p2p2n)/dq is shown in Fig.
1. From Fig. 1 the decay width is determined to be

Ga5386 MeV. ~41!

The data are;400 MeV @27#. The comparison with experi-
ments using the model@19# is presented in Table II. The
starred results are taken from@19#.

V. a1 DOMINANCE IN t˜f 1„1285…pn

The f 1 meson is the chiral partner of thev meson@12#
and the mass formula of thef 1 meson is derived in Ref.@12#:

S 12
1

2p2g2Dmf1
2 56m21mv

2 , mf1
51.21 GeV.

~42!

The vertex off 1(1285)a1p is presented in Ref.@12# ~a
factor of24 has been lost!,

Lf1a1p5
1

p2f p

1

g2 S 12
1

2p2g2D
21

«mnab f m]np i]aab
i .

~43!

The narrow width of the decayf 1→rpp is revealed from
this vertex @12#. Using the substitution~6!, the vertex
LWf1p is derived. The vertexLf1a1p has abnormal parity;
hence, it belongs to the WZW anomaly. Therefore, the
WZW anomaly can be tested int mesonic decay. Only the

FIG. 1. Distribution of the decay rate oft→3pn vs the invari-
ant mass of three pions.

TABLE I. Branching ratios.

Experiment@24# B(2h2h1n)% B(h22p0n)%

New W.A. 9.2660.26 9.2160.14
DELPHI~92-95! 8.6960.1260.16 9.2260.4360.20
ALEPH~89-93! 9.4660.1060.11 9.3260.1360.10
CELLO~90! 9.161.360.9
OPAL~91-94! 9.8360.1060.24
L3~92! 8.8860.3760.42
CLEO~93! 8.760.8 8.9660.1660.449
CLEO~95! 9.4760.0760.20
CBALL ~91! @44# 5.760.561.4
ARGUS~93! 7.360.160.5
MAC~87! 8.760.460.11
BES @14# 7.360.5(p1p2p2)
Taula 2.4 7.062.8 6.462.8
This study 6.3(p1p2p2) 6.3(p2p0p0)
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axial-vector part of the weak interaction contributes to the
decayt→ f 1pn. Using the LagrangianLA, Eq. ~10!, it is
obtained:

^ f 1puc̄t1gmg5cu0&

52
1

A4vE

1

p2f pg
2 S 12

1

2p2g2D
21

3
g2f amr

22 iq f a
21Ga~q

2!

q22ma
21 iqGa~q

2!
«mnabknqaeb*

s ,

~44!

wherek is the momentum of the pion andq5p1k; p is the
momentum of thef 1 meson.

The decay width is derived:

G5
G2

~2p!3
cos2uC
128mt

3E dq2
1

q4
~mt

22q2!2~mt
212q2!

3~q22mf
2!3

f a
4

p4f p
2

g4f a
2mr

41q2f a
22Ga

2~q2!

~q22ma
2!21q2Ga

2~q2!
. ~45!

a1 is dominant in this decay. The theoretical prediction of
the branching ratio of this decay is

B~t→ f 1pn!52.9131024. ~46!

The data are (6.761.462.2)31024 @28#. Two factors result
in the small branching ratio. A small phase space is the first
factor and the second factor is the anomalous coupling. The
effective theory proposed in Ref.@12# is a theory at low
energies; therefore, the derivative expansion is exploited. In
this theory the anomalous couplings are at the fourth order in
derivatives. Comparing with the couplings at the second or-
der in derivatives, the anomalous couplings are weaker. This
is the reason why the widths ofr anda1 are broader~the two
vertices are at the second order in the derivative expansion!
andv and f 1→rpp are narrower.

The distribution of the invariant mass off 1p is shown in
Fig. 2. The peak of the distribution results from both the
effects of the threshold and thea1 resonance.

The experimental measurement of this decay is a test of
the Wess-Zumino-Witten anomaly and the mechanism pro-
posed in this paper.

VI. t˜K* „892…Kn

The processest→KKpn have been studied by many au-
thors. The earlist study is done by using a chiral Lagrangian
@3#. In Ref. @17# a chiral Lagrangian and three resonances

r, r8, and r9 are used. In Ref.@4# the r meson field is
introduced to a chiral Lagrangian. In Ref.@5# a comprehen-
sive resonace model including vector and axial-vector reso-
nances has been exploited. In this paper the process
t→K*Kn is studied in terms of the same formulas~5! and
~10! used to studyt→3pn and f 1pn.

Both the vector and the axial-vector currents of the weak
interactions contribute to the decayt2→(K*K)2n. The
vector part comes from the anomaly and the vertex is pre-
sented in Ref.@12#:

LK* Kr52
NC

p2g2f p
«mnabdabiKm

a ]nra
i ]bK

b. ~47!

LK* KW can be derived by using the substitution~4!. There
are three vertices in the axial-vector part:pK*K, a1K*K,
andWK*K. As mentioned above, the latter can be derived
by using the substitution~6! in the vertexa1K*K. The vertex
LpK* K is given in Ref.@12#:

LpK* K5 i f K* Kp~q2!H 2
1

A2
Km
0 ~p1]mK22K2]mp1!

2
1

A2
Km

1~p2]mK̄02K̄0]mp2!

1 1
2Km

0 ~p0]mK̄02K̄0]mp0!

2 1
2Km

1~p0]mK22K2]mp0!J 1H.c., ~48!

whereq2 is the momentum squared ofK* . In the limit of
mq50, f K* Kp(q

2) is the same asf rpp(q
2), Eq. ~37!. The

vertexa1K*K is derived from Ref.@12#:

La1K* K5 f abiKm
aKban

i $A~q2!K*gmn1Bkmkn%

2 f abiDKm
a ]mKb]nan

i , ~49!

TABLE II. Parameters of thea1 meson.

Experiment ma1
~GeV! Ga1

~GeV!

ARGUS @25# 1.21160.007 0.44660.021
DELCO* 1.18060.060 0.43060.190
Mark II * 1.25060.050 0.58060.100
ARGUS* 1.21360.011 0.43460.030
This study 1.20 0.386

FIG. 2. Distribution of the decay rate oft→ fpn vs the invari-
ant mass offp.
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whereA(q2)K* is obtained by replacingmr
2 by mK*

2 in Eq.
~27!. In the limit of mq50, B andD are the same as Eqs.
~27!, ~29!, and ~30!. The vector matrix element is obtained
from LV, Eq. ~3!, and the vertex~47!:

^K2K* 0uc̄t1gmcu0&

52
1

A4vE

NC

A2p2g fp

mr
22 iAq2Gr~q2!

q22mr
21 iAq2Gr~q2!

3«mnaben*
sqakb , ~50!

wherek is the momentum of the kaon andq5p1k; p is the
momentum ofK* . Because ofq2.4mK

2 , the decay mode of
r→KK̄ is open and we have

G~r→pp!5
f rpp
2 ~q2!

48p

q2

mr
S 12

4mp
2

q2 D 3/2,

G~r→KK̄ !5
f rpp
2 ~q2!

96p

q2

mr
S 12

4mK
2

q2 D 3/2,
Gr~q2!5G~r→pp!1G~r→KK̄ !. ~51!

The axial-vector matrix element is derived by using

LK* Kp, Eq.~48!, La1K* K, Eq.~49!, LWK* K, andLA, Eq.~10!:

^K2K* 0uc̄t2gmg5cu0&52
i

A4vE

1

A2
g2f amr

22 iAq2f a21Ga~q
2!

q22ma
21Aq2Ga~q

2!
S qmqn

q2
2gmnD @A~q2!K*gnl1Bknkl2Dknpl#es*

l .

~52!

The decay width is derived:

dG

dq2
~t2→K* 0K2n!5

G2cos2uC
64mt

3q4
1

~2p!3
@~q21mK*

2
2mK

2 !224q2mK*
2

#1/2~mt
22q2!2~mt

212q2!

3H 3

p4g2f p
2

mr
41q2Gr

2~q2!

~q22mr
2!21q2Gr

2~q2!
@~p•q!22q2mK*

2
#

1
1

2

g4f a
2mr

41 f a
22q2Ga

2~q2!

~q22ma
2!21q2Ga

2~q2! FA2~q2!K*2
1

3

~q•k!2

q2
2A~qK*

2 B2mK*
2 D2!G J . ~53!

The distribution ofdG/dq is shown in Fig. 3. There is a peak
located at 1.51 GeV which is caused by both threshold and
resonance effects. The branching ratio is computed to be

B~t→K* 0K2n!50.392%.

The calculation shows that the vector current is the dominant
contributor and the contribution of the axial-vector current is
only 7.5% of the decay rate. The data are CLEO@29#,
(0.3260.0860.12)%, and ARGUS @30#, (0.2060.05
60.04)%. The branching ratio oft2→K*2K0n is the same
ast2→K* 0K2n.

VII. CVC AND e1e2
˜pp

As discussed in Ref.@14#, CVC works very well in both
meson productions ine1e2 annihilation andt decays. As a
test of the theory explored in this paper, the same theory@12#
is used to studye1e2→p1p2.

The expression of VMD@12# is

e

2
g$2 1

2F
mn~]mrn

02]nrm
0 !1Am j n%. ~54!

Using the substitution

rm→
e

2
gAm ,

FIG. 3. Distribution of the decay rate oft→K*Kn vs the in-
variant mass ofK*K.
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the currentj m is obtained fromLrpp, Eq.~31!. There are two
diagrams: The photon is coupled topp directly and the pho-
ton is via ther meson coupled topp. The matrix element is
derived:

^p1p2uc̄t3gmcu0&

5
1

A4v1v2

g frpp~q2!H 12
q2

q22mr
21 iqGr~q2! J

3~k12k2!m

5
1

A4v1v2

g frpp~q2!

3
2mr

21 iqGr~q2!

q22mr
21 iqGr~q2!

~k12k2!m , ~55!

wherek1 andk2 are momenta ofp1 andp2, respectively,
andq25(k11k2)

2. The cross section is found to be

s5
pa2

12

1

q2 S 12
4mp

2

q2 D 3/2g2f rpp
2 ~q2!

3
mr
41q2Gr

2~q2!

~q22mr
2!21q2Gr

2~q2!
. ~56!

The numerical results are shown in Fig. 4. Theoretical results
are in good agreement with the data@31#. Systematic study
of meson production ine1e2 collisions will be presented
somewhere else.

The pion form factor is found from Eq.~56!:

uF~q2!u25S g2 f rpp~q2! D 2 mr
41q2Gr

2~q2!

~q22mr
2!21q2Gr

2~q2!
.

The new point in this study is that the couplingf rpp , Eq.
~37!, is a function ofq2. As a matter of fact,f rpp(q

2) is the
form factor of the vertexrpp. The chiral theory of mesons
presented in Ref.@12# is a theory at low energies~the energy
scaleL is determined to be 1.6 GeV@12#! and covariant
derivative expansion is exploited. In Eq.~37! part of theq2

dependence off rpp , (q
2/2p2f p

2 )(122c/g)2, comes from
the fourth order in derivatives and (q2/2p2f p

2 )(24p2c2)
comes from

2 1
8 Trr

mnrmn ,

wherermn is the strength of the non-Abelianr field @12#.
The radius of the charged pion is derived from the pion form
factor in the spacelike region ofq2:

^r 2&p5
6

mr
2 1

3

p2f p
2 H S 12

2c

g D 224p2c2J .
In Ref. @12# g50.35 is chosen and the last two terms are
canceled out. In this paper we chooseg50.39 to have better
fits and

^r 2&p5~0.39310.0549! fm250.447 fm2.

The first number is from ther pole and the second comes
from the form factorf rpp and it is 12.2% of the total value.
The data@32# are (0.4460.01) fm2.

It is necessary to point out that the new expression of the
pion form factor still results in VMD and therpp coupling
constant is substituted by the form factor ofrpp. On the
other hand, therpp form factor increases the value of the
pion radius.

In the chiral limit, the form factors of the verticesrKK̄,
rK*K, K*Kp, andK*Kh are the same. These form factors
result in physical effects in correspondingt decays.

VIII. t˜vpn

This process has been studied in Ref.@8# by using the
abnormal vertexrvp. The effects of excitedr mesons have
been taken into account. In this paper we only take the con-
tribution of ther meson. Thevrp vertex is presented in
Ref. @12#:

Lvrp52
NC

p2g2f p
«mnab]mvnra

i ]bp i .

The vertices ofp0gg, vpg, rpg, and v3p are via the
VMD derived from this vertex and theoretical results agree
with the data well. The coupling constant of thisvrp vertex
is different from the one presented in Ref.@8#. The decay
width of t→vpn is derived:

G5
G2

128mt
3

cos2uC
~2p!3

E dq2
1

q4
~mt

22q2!2~mt
212q2!

3~q22mv
2 !3

3

p4g2f p
2

mr
41q2Gr

2~q2!

~q22mr
2!21q2Gr

2~q2!
. ~57!

The numerical result of the branching ratio is

B51.2%,

and the experiment is (1.660.5)% @27#. This result is the
same as the one obtained in Ref.@8# when only ther meson
is taken. The distribution of the invariant mass ofv andp is
shown in Fig. 5.

FIG. 4. Cross section ofe1e2→pp vs the invariant mass of
pp.
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IX. t˜KK̄n

This process has been studied by several groups@33#. The
a1 field does not couple toKK̄. The vertexa1KK̄ in which
the tensor«mnab must be involved cannot be constructed.
Therefore, only the vector current contributes to this decay.

The vertexLvKK̄ has been used to calculate the electric form
factors of charged kaons and neutral kaons and theoretical
predictions are in good agreements with the data@12#. We
use the same vertex~only the isovector part! to calculate the
decay rate oft→KK̄n. This is a test of CVC. The related
vertex is presented in Ref.@12#:

LrKK̄5
i

A2
f rKK$rm

2~K1]mK̄02K̄0]mK1!

2rm
1~K2]mK02K0]mK2!%, ~58!

where f rKK is the same as thef rpp, Eq. ~37!, in the limit of
mq50. By using VMD, Eq. ~3!, and the vertex~58!, the
matrix element is derived:

^K2K0uc̄t1gmcu0&5
1

A4v1v2

1

A2
~k12k2!mg frpp~q2!

3
2mr

21 iqGr~q2!

q22mr
21 iqGr~q2!

, ~59!

where k1 and k2 are momenta of two kaons, respectively,
andq5k11k2. Using this matrix element, the decay width is
obtained:

dG

dq2
~t→K0K̄2n!5

G2

~2p!3
cos2uC
384mt

3 ~mt
22q2!2~mt

212q2!

3S 12
4mK

2

q2 D 3/2g2f rpp
2 ~q2!

mr
41q2Gr

2~q2!

~q22mr
2!21q2Gr

2~q2!
.

~60!

The branching ratio is computed to be

B50.27%,

and the data are TPC/2g @34#, ,0.26; ALEPH @35#,
0.2660.0960.02; CLEO @36#, 0.15160.02160.022. The
distribution of the decay rate is shown in Fig. 6.

Because of the effects of the threshold and ther reso-
nance, there is a peak in the distribution and it is positioned
at 1.17 GeV.

X. FORM FACTORS OF p2
˜egn

As a test ofLV,A, Eqs.~3! and ~10!, we study the vector
and the axial-vector form factors ofp2→egn. In
p2→gen there is inner bremsstrahlung from the lepton and
meson and structure-dependent term@27#. The form factors
of the structure-dependent term have been studied@27#.

The structure-dependent form factors are defined as@27#

MSD
V 1MSD

A 5e
G

A2
cosuCmpen* n̄gm~12g5!e

3$FV«mnabppakb

1 iF A@gmnk•pp2kmpp
n #1 iRtgmn%, ~61!

wherek andpp are momenta of the photon and pion, respec-
tively, andt5k2. It is known thatFV is via CVC determined
by the amplitude ofp0→2g. In this theory the amplitude of
p0→2g obtained by a triangle anomaly is obtained by com-
bining the vertexLvrp and VMD. Using LV, Eq. ~3!,
Lvrp, and VMD, it is obtained:

FV5
mp

2A2p2f p

50.0268. ~62!

The experiments@27# are 0.01460.009, 0.02320.013
10.015

The form factorsFA andR are determined by calculating
the matrix element̂guc̄t2gmg5cup1& which is via VMD
found from ^r0uc̄t2gmg5cup1&, Eq. ~35!. However, for
pion weak radiative decay besides the axial-vector current
conservation~in the limitmq50) the electric current is con-
served too. In order to satisfy the electric current conserva-

FIG. 5. Distribution of the decay rate oft→vpn vs the invari-
ant mass ofvp.

FIG. 6. Distribution of the decay rate oft→KK̄n vs the invari-
ant mass ofKK̄.
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tion, the divergence of ther field which is ignored in the
vertexLa1rp, Eq. ~26!, must be kept and the term derived
from the effective Lagrangian of Ref.@12# is

2De i jkam
i ]mp j]nrn

k , ~63!

whereD is given in Eq.~30! Adding the term~63! to the
matrix element~35! we obtain

^guc̄t2gmg5cup1&5
ie

A4vpvg
S qmqn

q2
2gmnD

3$Agln1Bppnppl1Dknkl%

3es*
l
1

2
g3f a

1

q22ma
2

mr
2

mr
22k2

,

~64!

whereq5pp2k. Using the expressions ofA, Eq. ~27!, B,
Eq. ~29!, andD, Eq. ~30!, it is proved that

A1k•ppB1Dk250. ~65!

Equation ~65! guarantees electric current conservation. Ig-
noringq2 andk2, the two form factors are found:

FA5
1

2A2p2

mp

f p

mr
2

ma
2 S 12

2c

g D S 12
1

2p2g2D
21

50.0102,

~66!

R5
g2

2A2
mp

f p

mr
2

ma
2 H 2cg 1

1

p2g2 S 12
2c

g D J S 12
1

2p2g2D
21

.

~67!

The experimental values@27# of FA are 0.010660.006,
0.013560.0016, and 0.01160.003.

XI. EFFECTIVE LAGRANGIAN OF Ds51 WEAK
INTERACTIONS

It is natural to generalize the expressions ofLV,A, Eqs.~3!
and ~10!, to the case of three flavors. The vector part of the
weak interaction, instead of ther meson in Eq.~3!, the
K* (892) meson, takes part in

LVs5
gW
4
sinuC

1

f K*
$2 1

2 ~]mWn
12]nWm

1!~]mK2n2]nK2m!

1~]mWn
22]nWm

2!~]mK1n2]nK1m!1Wm
1 j2m

1Wm
2 j1m%, ~68!

where j m
6 are obtained by substituting

Km
6→

gW
4

1

f K*
sinuCWm

6

into the vertex in whichKm fields are involved. In the chiral
limit, f K* is determined to beg

21 @12#. This Lagrangian has
been used to calculate the form factors ofKl3 @12# and the
results are in good agreement with the data.

For the axial-vector partLA there are two 11 K mesons:
K1(1400) andK1(1275). In Ref.@12# the chiral partner of
theK* (892) meson, theK1 meson, is coupled to

c̄lagmg5c. ~69!

The mass of thisK1 meson is derived as

S 12
1

2p2g2DmK1
2 56m21mK*

2 , mK1
51.32 GeV.

~70!

Theoretical value ofmK1
is lower than the mass of the

K1(1400) and greater than theK1(1270)’s mass. The widths
of three decay modes (K1→K*p, Kr, Kv) are calculated
@12#. It is found that theK*p channel is dominant; however,
B(Kr) is about 11%. The data@27# show that the branching
ratio ofK1(1400) decaying intoKr is very small. Therefore,
the meson coupled to the quark axial-vector current is not a
pureK1(1400) state; instead, it is a mixture of the twoK1
mesons. This state is coupled to the quark axial-vector cur-
rent, Eq.~69!, and it isKa :

Ka5cosuK1~1400!1sinuK1~1270!,

Kb52sinuK1~1400!1cosuK1~1270!. ~71!

In this theoryKa is coupled to the quark axial-vector current
and the amplitudes oft→Kan are from the tree diagrams
and atO(NC) @12#. The production ofKb in t decay is
through loop diagrams of mesons which is at order 1 in the
largeNc expansion@12#. This theory predicts a small branch-
ing ratio forKb production int decays.

In the limit of mq50, the currents c̄lagmc and
c̄lagmg5c form an algebra of SU(3)L3SU(3)R . In this
theoryKa is taken as the chiral partner of theK* meson. The
axial-vector part of the weak interactionLA, Eq. ~10!, is
generalized to the case ofDs51:

LAs52
gW
4

1

f a
sinuC$2 1

2 ~]mWn
62]nWm

6!~]mKa
7n2]nKa

7m!

1W6m j m
7%2

gW
4
sinuCDm2f aWm

6Ka
7,m

2 1
4 sinuCf KWm

6]mK7, ~72!

where j m
6 are obtained by substituting

Kam
6 →2

gW
4 f a

sinuCWm
6

into the vertex in whichKa fields are involved. In the limit of
mq50, f a andDm2 are the same as Eqs.~23! and ~25! and
f K5 f p . LAs, Eq. ~72!, can be exploited to studyt mesonic
decays. On the other hand,t mesonic decays ofDs51 pro-
vide a crucial test ofLAs.

XII. Ka DOMINANCE IN t˜Kppn DECAY

The processest→Kppn have been studied by many au-
thors. In Ref.@3# a chiral Lagrangian of the psedoscalars with
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the introduction of vector resonances (r andK* ) has been
used to calculate the branching ratios oft→Kpp. In Ref.
@4# a chiral Lagrangian of pseudoscalars andr mesons is
exploited. In Ref.@37# the mixture of the twoK1 resonances
is phenomenologically taken into account in studying the
decayt→K1(1400)@K1(1270)#n. In Ref. @5# meson vertices
~independent of momentum! and normalized Breit-Wigner
propergators of the resonances are exploited.

In this theory, liket→3pn, the contribution of the con-
tact terms containing more than three mesons to the pro-
cessest→Kppn is too small and the processes are domi-
nated byt→K*pn andKrn.

A. t˜K*pn

We study the decayt→K*pn first. Both the vector and
axial-vector currents contribute to the decayt2→K̄* 0p2n.

The vertexLpK* K̄* contributes to the vector part and has
abnormal parity. It is from an anomaly. This vertex is de-
rived from

2 i
2m

f p
p i^c̄t ig5c&.

The method obtaining the vertexLpK* K̄* from this quantity
is the same as the one used to derive the vertices ofhvv
(v5r,v,f) in Ref. @12#:

LpK* K̄*52
NC

A2p2g2f p

«mnabH ]mKn
1]aK̄b

0p2

1]mKn
2]aKb

0p11
1

A2
p0~]mKn

1]aKn
2

2]mKn
0]aK̄b

0 !. ~73!

The vertexLWK* 0p2
is derived by using the substitution.

Using LVs, Eq. ~68!, and the vertex~73!, the vector matrix
element is obtained:

^K̄* 0p2uc̄l1gmcu0&

5
21

A4vE

1

A2
NC

p2g2f p

mK*
2

2 iAq2GK* ~q2!

q22mK*
2

1 iAq2GK* ~q2!

3«mnabknpaeb*
s , ~74!

wherep andk are momentum ofK* and pion, respectively,
andq5k1p.

The axial-vector matrix element is obtained by using the
verticesKaK*p, KK*p which are presented in Ref.@12#. In
the chiral limit, the expression of the matrix element of the
axial-vector current is similar to Eq.~35!:

^K̄* 0p2uc̄l1gmg5cu0&5
i

A4vE

1

A2 S qmqn

q2
2gmnD es*

lH g2f amK*
2

2 iq f a
21GK1~1400!~q

2!

q22mK1~1400!
2 1 iqGK1~1400!~q

2!
cosu@AK1~1400!~q

2!K*g
nl

1BK1~1400!k
nkl#1

g2f amK*
2

2 iq f a
21GK1~1270!~q

2!

q22mK1~1270!
2 1 iqGK1~1270!~q

2!
sinu@AK1~1270!~q

2!K*g
nl1BK1~1270!k

nkl#J .
~75!

Let us determine the amplitudesAK1(1400)
, BK1(1400)

,

AK1(1270)
, andBK1(1270)

. Equation~71! is written as

K1~1400!5cosuKa2sinuKb ,

K1~1270!5sinuKa1cosuKb . ~76!

The vertex ofK1VP is presented in Ref.@12#:

LK1VP5 f abc$AK1m
a VbmPc2BKamVbn]m]nP

c%. ~77!

It is similar to Eq.~27!, the amplitudeAKa
K* being determined

to be

A~q2!Ka
K*5

2

f p
g faH mKa

2

g2f a
2 2mK*

2

1mK*
2 F2cg 1

3

4p2g2 S 12
2c

g D G
1q2F 1

2p2g2
2
2c

g
2

3

4p2g2 S 12
2c

g D G J .
~78!

BKa
is the same as Eq.~29!. The amplitudesAKb

K* andBKb
K*

are unknown and we take them as parameters. Both
K1(1400) andK1(1270) decay toKr and Kv. Using the
SU~3! coefficients, for bothK1, it is determined that

B~Kv!5 1
3B~Kr!.
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This relation agrees with the data@27# reasonably well. For
the Kr decay modeAKb

r andBKb
r are the other two param-

eters. In the decays of the twoK1 mesons the momentum of
the pion or kaon is low; therefore, the decay widths are in-
sensitive to the amplitudeB. We take

BKb
K*5BKb

r [Bb .

The decay width of theK1 meson is derived from Eq.~77!:

GK1
5

k

32p

1

Aq2mK1

H S 31
k2

mv
2DA2~q2!

2A~q2!B~q21mv
2!
k2

mv
2 1

q2

mv
2 k

4B2J , ~79!

whereq25mK1
2 , v5K* ,r, k is the momentum of the pion or

kaon,

k5H 1

4mK1
2 ~mK1

2 1mv
22mP

2 !224mv
2J 1/2,

andmP is the mass of the pion or kaon.
We choose the parameters as

u530°, Ab
K*524.5 GeV,

Ab
r55.0 GeV, Bb50.8 GeV21, ~80!

from which the decay widths are obtained:

G„K1~1400!→K*p…5159 MeV,

G„K1~1400!→Kr…510.5 MeV,

G„K1~1270!→K*p…512.4 MeV,

G„K1~1270!→Kr…526.8 MeV. ~81!

The value ofu is about the same as the one determined in
Ref. @37#. The data @27# are 163.4(160.13) MeV,
5.2265.22 MeV, 14.4(160.27) MeV, and 37.8(160.28)
MeV, respectively.

Using the two matrix elements~74! and ~75!, the distri-
bution of the decay rate is derived:

dG

dq2
~t2→K̄* 0p2n!5

G2

~2p!3
sin2uC
128mt

3q4
~mt

22q2!2~mt
212q2!$~q21mK*

2
2mp

2 !224q2mK*
2 %1/2

3H 6

p4g2f p
2

mK*
4

1q2GK*
2

~q2!

~q22mK*
2

!21q2GK*
2

~q2!
@~p•q!22q2mK*

2
#1uAu2F11

1

12mK*
2 q2

~q22mK*
2

!2G
2~BA*1B*A!

1

24mK*
2 q2

~q21mK*
2

!~q22mK*
2

!21
uBu2

48mK*
2 q2

~q22mK*
2

!4J , ~82!

wherep is the momentum ofK* , q2 is the invariant mass squared ofK*p, and

A5
g2f amK*

2
2 iAq2f a21GK1~1400!

q22mK1~1400!
2 1 iAq2GK1~1400!

cosuAK1~1400!
K* 1

g2f amK*
2

2 iAq2f a21GK1~1270!

q22mK1~1270!
2 1 iAq2GK1~1270!

sinuAK1~1270!
K* ,

B5
g2f amK*

2
2 iAq2f a21GK1~1400!

q22mK1~1400!
2 1 iAq2GK1~1400!

cosuBK1~1400!
K* 1

g2f amK*
2

2 iAq2f a21GK1~1270!

q22mK1~1270!
2 1 iAq2GK1~1270!

sinuBK1~1270!
K* , ~83!

where

AK1~1400!
K* 5cosuAa

K*2sinuAb
K* , BK1~1400!

K* 5cosuBa2sinuBb ,

AK1~1270!
K* 5sinuAa

K*1cosuAb
K* , BK1~1270!

K* 5sinuBa1cosuBb . ~84!

In the range ofq2 the main decay channels ofK* areKp andKh @the vertex ofK*Kh is shown in Eq.~88!#. The decay width
of K* is derived:

G~q2!K*5
f rpp
2 ~q2!

8p

k3

Aq2mK*
1cos220°

f rpp
2 ~q2!

8p

k83

Aq2mK*
,

k5H 1

4q2
~q21mK

22mp
2 !22mK

2 J 1/2,
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k85H 1

4q2
~q21mK

22mh
2 !22mK

2 J 1/2. ~85!

In GK1
(q2) the decay modesK*p, Kr, andKv are included:

G~q2!K15
k

32p

1

Aq2mK1

H S 31
k2

mK*
2 DA2~q2!K*2A~q2!K*B~q21mK*

2
!
k2

mK*
2 1

q2

mK*
2 k4B2J 1

4

3

k8

32p

1

Aq2mK1

3H S 31
k82

mr
2 DA2~q2!2A~q2!B~q21mr

2!
k82

mr
2 1

q2

mr
2 k8

4B2J ,
k5H 1

4q2
~q21mK*

2
2mp

2 !22mK*
2 J 1/2,

k85H 1

4q2
~q21mK

22mr
2!22mK

2 J 1/2. ~86!

For K1(1270) G„K1(1270)→K0* (1430)p…525.2 MeV is
included. The distribution is shown in Fig. 7 and the branch-
ing ratio is calculated:

B~t2→K̄* 0p2n!50.23%.

The contribution of the vector current is about 7.4%. There-
fore, Ka is dominant in this decay. The data are
0.3860.1160.13% ~CLEO @38#!, 0.2560.1060.05%
~ARGUS @39#!.

There is another decay channelt2→K*2p0n whose
branching ratio is one-half ofB(t2→K̄* 0p2n!. The total
branching ratio is

B~t2→K̄pn!50.35%.

The narrow peak in Fig. 7 is fromK1(1270) and the wider
peak comes fromK1(1400). The width is about 230 MeV.

B. t˜Krn and Kvn

It is the same ast→K*pn; Ka dominates the decay
t→Krn. Both the vector and axial-vector currents contrib-
ute to this decay mode. The matrix element of the vector
current, ^K̄0r2uc̄l1gmcu0&, is determined by the vertex
LK* Kr, Eq. ~47!, and is the same as Eq.~50!. The axial-
vector matrix element̂K̄0r2uc̄l1gmg5cu0& is obtained by
substituting

K*→r, K→p

in Eq. ~75!. Using the same substitutions in Eq.~83!, the
distribution of the decay rate oft→Krn is found. The
branching ratio oft→Krn ~two modesK̄0r2 andK2r0) is
computed to be

B50.7531023. ~87!

It is about 18% oft→Kppn. The vector current makes an
8% contribution. The DELPHI Collaboration@40# has re-
ported thatt→K*pn dominates the decayt→Kppn and
Krn decay mode have not been observed. The ALEPH Col-
laboration @41# has reported theK*p dominance and a
branching ratio of (30611)% for theKr mode.

Because of the SU~3! coefficient, we expect

B~t→Kvn!5 1
3B~t→Krn!.

The theoretical results are in reasonable agreement with
the data. In this paper the spontaneous chiral symmetry-
breaking effect~for the mass difference betweenK* and
Ka) is taken into account and the resonance formula is@Eq.
~83!#

BWK1
@s#[

2g2f a
2mK*

2
1 iAq2GK1

q22mK1
2 1 iAq2GK1

.

Because the spontaneous chiral symmetry-breaking effect
does not disappear in the limit ofq2→0, we have a different

FIG. 7. Distribution of the decay rate oft→K*pn vs the in-
variant mass ofK*p.
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low energy limit which isg2f a
2mK*

2 /mK1
2 On the other hand,

in this theory the amplitudeA strongly depends onq2 and
this dependence plays an important role in understanding the
large branching ratio of theK*p mode and the smaller one
for theKr mode.

XIII. t˜K*h

There are vector and axial-vector parts in this decay. The
calculation of the decay rate is similar to the decay of

t→K*pn. The verticesLK* K̄* h and LWK* h via the La-
grangianLVs, Eq. ~68!, contribute to the vector part and the
verticesLK1K* h, LKK* h, andLWK* h via LAs take the respon-
sibility for the axial-vector part. The vertexLK* K̄* h comes
from the anomaly. Using the same method deriving the ver-
ticeshvv ~in Ref. @12#!, it is found that

LK* K̄* h52
3a

2p2g2f p
dab8«

mnabh]mKn
a]aKb

b

2
3b

2p2g2f p
«mnabh]mKn

a]aKb
a , ~88!

wherea and b are the octet and singlet components ofh,

respectively,a5cosu, b5A2
3 cosu, and u5220°. Because

of the cancellation between the two components, the vector
matrix element is very small and can be ignored.

The verticesLK1K* h andLKK* h contribute to the axial-
vector matrix element and they are derived from the effective
Lagrangian presented in Ref.@12#:

LK1K* h5a fab8$A~q2!K*Km
aKbnh2BKm

aKn
b]mnh% , ~89!

LK* Kh5a fK* Kh f ab8Km
a ~Kb]mh2h]mKb!, ~90!

where f K* Kh is the same asf rpp , Eq. ~37!, in the limit of
mq50. The decay width is similar to the one of
t→K*pn:

dG

dq2
~t2→K*2hn!5

G2

~2p!3
cos220°

sin2uC
64mt

3q4
~mt

22q2!2~mt
212q2!

3
3

4 H uAu2F11
1

12mK*
2 q2

~q22mK*
2

!2G
2~BA*1B*A!

1

24mK*
2 q2

~q21mK*
2

!~q22mK*
2

!21
uBu2

48mK*
2 q2

~q22mK*
2

!4J . ~91!

The distribution is shown in Fig. 8. The branching ratio is
computed to be

B51.0131024.

The axial-vector current is dominant.

XIV. t˜Khn

The decayt→hKn has been studied in terms of a chiral
Lagrangian@3,7# and only the vector current contributes. The
prediction is 1.231024. The experiments are CLEO@42#,
(2.660.5)31024; ALEPH @43#, (2.921.2

11.360.7)31024.
In the effective chiral theory the vertexK1Kh does not

exist. The reason is that if it exists it has abnormal parity and
comes from the anomaly in which there is an antisymmetric
tensor. It is impossible to construct a vertex with an antisym-

metric tensor by usingK1, K, andh fields. Therefore, only
the vector current contributes to this process andK* is domi-
nant in this process. The vertexLK* Kh is shown in Eq.~90!.
The decay width is found:

dG

dq2
5
3

4

G2

~2p!3
sin2uCcos

220°
1

384mt
3

1

q2
~mt

22q2!2

3~mt
212q2!@~q21mh

22mK
2 !224q2mh

2 #1/2

3g2f rpp
2 ~q2!

mK*
4

1q2GK*
2

~q2!

~q22mK*
2

!21q2GK*
2

~q2!
. ~92!

The branching ratio is computed to be

FIG. 8. Distribution of the decay rate oft→K*hn vs the in-
variant mass ofK*h.
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B~t2→hK2n!52.2231024.

The distribution of the invariant mass ofh and K is
shown in Fig. 9. The figure indicates a peak at 1.086 GeV
which is slightly above the threshold. The peak results from
the effects of the threshold and the resonance.

The branching ratio oft→h8Kn is 200 times smaller.

XV. FORM FACTORS OF K1
˜g ln

As a test ofLVs,As, Eqs.~68! and~72!, we study the form
factors ofK2→egn. The form factors ofK1→g ln are cal-
culated in the chiral limit. The vector form factor is deter-
mined by the vertex which comes from the anomaly@12#:

LK*1K2g52
e

2p2g fp
«mnabKm

1]bK
2]nAa . ~93!

The vector form factor is determined:

FV5
1

2A2p2

mK

f p
50.095. ~94!

The verticesLK1Kg can be found from Ref.@12#:

LK1Kg5
i

2
eg~Agnl1Bpnpl1Dknkl!K1

2nK1Al. ~95!

LKKg is @12#

LK1K2g5 ie~K1]mK
22K2]mK

1!Am. ~96!

The axial-vector form factors are derived:

FA5
1

2A2p2

mK

f p

mK*
2

mK1
2 S 12

2c

g D S 12
1

2p2g2D
21

50.04,

mK1
2 5~1.32 GeV!2, ~97!

R5
g2

2A2
mK

f p

mK*
2

mK1
2 H 2cg 1

1

p2g2 S 12
2c

g D J S 12
1

2p2g2D
21

50.078. ~98!

We obtainFA1FV50.135,FA2FV520.055. The data@27#
are FA1FV50.14760.011, 0.15020.023

10.018, FA2FV5,0.49.
In the calculation ofFA the Ka is used, and we obtain
FA50.032. It is necessary to point out that the factormK in
Eqs. ~88!, ~91!, and ~92! comes from the definitions of the
form factors.

XVI. CONCLUSIONS

The Lagrangian of the weak interaction of mesons con-
sists of a vector part and an axial-vector part. In the chiral
limit, VMD takes responsibility for the vector part. Based on
chiral symmetry and spontaneous chiral symmetry breaking
the Lagrangian of the axial-vector part of weak interactions
of mesons is determined. The whole Lagrangian is derived
from the effective chiral theory of mesons. All the vertices of
mesons are obtained from the same theory. This theory pro-
vides a unified study fort mesonic decays. Thea1 domi-
nance in the matrix elements of theDs50 axial-vector cur-
rents andKa dominance in the ones ofDs51 axial-vector
currents int decays are found. All theoretical studies are
done in the limit ofmq50 and the results are in reasonable
agreement with the data. There are many othert mesonic
decay modes that can be studied by this theory.
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