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P and T odd asymmetries in lepton flavor violatingt decays
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We calculate the differential cross sections of the processes in which one of the pair createdt particles at an
e1e2 collider decays into lepton flavor violating final states, e.g.,t→mg, t→3m, t→mee. Using the
correlations between angular distributions of both sides oft decays, we can obtain information on parity and
CP violations of lepton flavor nonconserving interactions. The formulas derived here are useful in distinguish-
ing different models, since each model of physics beyond the standard model predicts different angular
correlations. We also calculate angular distributions of the major background process tot→ lg search, namely,

t→ lnn̄g, and discuss the usefulness of the angular correlation for background suppression.
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I. INTRODUCTION

Recent results from neutrino experiments such as
Super-Kamiokande experiment strongly suggest neutrino
cillation so that there are flavor mixings in the lepton sec
@1#. This implies that charged lepton flavor violating pr
cesses such asm→eg, t→mg, t→eg, etc., also occur a
some level. It is, therefore, important to search for lep
flavor violation ~LFV! in rare decay processes of the mu
andt.

The prediction of the branching fraction of LFV process
depends on models of physics beyond the standard mode
the minimal extension of the standard model, which ta
into account neutrino oscillations by the seesaw mechan
of neutrino mass generation@2#, the expected branching frac
tion is too small to be observable in the near future@3#. On
the other hand, in supersymmetric~SUSY! models, the pre-
diction can be close to the current experimental upper bou
In this case, flavor mixing in the slepton mass matrix b
comes a new source of LFV. Even in the minimal supergr
ity scenario@4#, in which the slepton mass matrix is propo
tional to a unit matrix at the Planck scale, th
renormalization effects due to LFV interactions can indu
sizable slepton mixings@5#. For example, such LFV Yukawa
interactions exist in the SUSY grand unified theory~GUT!
model@6#, SUSY model with right-handed neutrinos@7#, and
SUSY models with exotic vectorlike leptons@8#. Another
interesting possibility is models with extra dimension
where the neutrino masses and mixings are obtained from
Yukawa interaction between the ordinary left-handed lept
and the gauge-singlet neutrinos which propagate in the b
of extra dimensions@9#. This Yukawa interaction breaks th
lepton flavor conservation and the Kaluza-Klein modes
the bulk neutrinos can enhancem→eg decay,t→mg decay,
etc., through the loop diagrams@10#.

In the muon decay, the polarized muon experiments p
vide useful information on the nature of LFV interactio
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@11,12#. We can define a parity~P! odd asymmetry form
→eg process andP and time reversal~T! odd asymmetries
for m→3e processes. These asymmetries are useful to
tinguish different models. For example, in the SU~5! SUSY
GUT model with small and intermediate values of tanb ~a
ratio of two vacuum expectation values of Higgs fields!, only
m1→eL

1g ~or m2→eR
2g) occurs because LFV is induce

through the right-handed slepton sector. On the other ha
SUSY models with right-handed neutrinos predictm1

→eR
1g ~or m2→eL

2g), and SUSY models with vectorlike
leptons can induce bothm1→eL

1g and m1→eR
1g depend-

ing on how the interaction breaks lepton flavor conservati
In models with extra dimensions, onlym1→eR

1g can occur.
As for the T odd asymmetry in them→3e process, it was
shown that asymmetry could be sizable in the SU~5! SUSY
GUT @11,12#.

In this paper, we discuss the LFV processes oft decays
such ast→mg, t→3m, t→mee, taking into accountP and
T odd asymmetries. In thet1t2 pair production ate1e2

collisions, we can extract information on the spin of the d
cayingt particle from the angular distribution of thet decay
products in the opposite side. Using this technique, we
obtain theP andT odd asymmetry defined in the rest fram
of t. The method of the spin correlation has been develo
since the days before the discovery oft particle@13#. There
have been many works on the spin correlation method
search of anomalous coupling involvingt @14#. In those ref-
erences various energy and angular correlations as we
asymmetries are introduced to extractP andT odd quantities.
We have applied the same formalism in order to obtain
information on LFV interactions underP andT symmetries.
We also calculate angular correlation of the process wh
one of thet ’s decays through thet→ lnn̄g mode. This mode
is a background process to thet→ lg search if the neutrinos
carry little energy. As in the muon case@15#, the angular
correlation is useful to identify the background process a
background suppression is effective fort2→mL

2g (t1

→mR
1g) search.

This paper is organized as follows. In Sec. II, we intr
duce a formalism to calculate the spin correlation. In Sec.
©2001 The American Physical Society03-1
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we present a differential cross section of the production
decays oft1t2 at e1e2 colliders where one oft ’s decays in
t→mg or t→eg modes, and show how to extract theP odd
asymmetry oft decay. In Sec. IV,P andT odd asymmetries
in three body LFV decays (t→3m, t→mee, etc.! are con-
sidered. In Sec. V, we consider thet→ lnn̄g mode and show
that the analysis of the angular distribution is useful
background suppression of thet→mg andt→eg searches.
A summary and discussion are given in Sec. VI. The App
dixes contain the derivation of basic formulas and a list
kinematical functions.

II. GENERAL FORMULA FOR SPIN CORRELATION

In this section, we present general formulas used in
calculation of differential cross sections and spin corre
tions.

We calculate differential cross sections ofe1e2→t1t2

→ f Bf A , where f B( f A) represents the decay products
t1 (t2). If the intermediate states were spinless partic
the cross section is simply a product of a production cr
section and decay branching ratios. However, in the cas
spin 1/2 particles, we have to take into account spin corr
tion between two intermediate particles. If we taket1→ f B
to be a LFV decay mode, we can measureP andT violation
of LFV interactions by using the angular correlations of d
cay products oft1 andt2.

The differential cross section ofe1e2→t1t2→ f Bf A is
given by

ds5dsPdBt2→ f AdBt1→ f B1 (
a,b51

3

dSab
P dRa

t2→ f AdRb
t1→ f B

~1!

and

dsP5
d3pA

~2p!32pA
0

d3pB

~2p!32pB
0

1

2s
~2p!4

3d4~pA1pB2pe12pe2!aP, ~2!

dBt2→ f A5
1

G

d3q1

~2p!32q1
0
•••

d3qn

~2p!32qn
0

1

2mt
~2p!4

3d4S (
i 51

n

qi2pADaD2, ~3!

dBt1→ f B5
1

G

d3qn11

~2p!32qn11
0

•••

d3qn1m

~2p!32qn1m
0

3
1

2mt
~2p!4d4S (

i 5n11

n1m

qi2pBD aD1, ~4!

dSab
P 5

d3pA

~2p!32pA
0

d3pB

~2p!32pB
0

1

2s
~2p!4

3d4~pA1pB2pe12pe2!rP, ~5!
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dRa
t2→ f A5

1

G

d3q1

~2p!32q1
0
•••

d3qn

~2p!32qn
0

1

2mt
~2p!4

3d4S (
i 51

n

qi2pAD ra
D2 , ~6!

dRb
t1→ f B5

1

G

d3qn11

~2p!32qn11
0

•••

d3qn1m

~2p!32qn1m
0

3
1

2mt
~2p!4d4S (

i 5n11

n1m

qi2pBD rb
D1 , ~7!

where we assume thatf A is a n body system andf B is a m
body system.pe1(pe2) is the e1(e2) four-momentum,pB
(pA) is the t1(t2) four-momentum, andqi ’s are the mo-
menta of final state particles.s is determined ass5(pe1

1pe2)2. G and mt are the width and the mass of thet,
respectively. In order to defineaP, aD2, aD1, rab

P , ra
D2 ,

and rb
D1 , we first write down the invariant amplitude o

e1e2→t1t2→ f Bf A as follows:

M5
e2

s
Ā~p” A1mt!g

m~p” B2mt!Bv̄e1gmue2

3
1

pA
22~mt2 iG/2!2

1

pB
22~mt2 iG/2!2

, ~8!

whereve1(ue2) is the wave function of the positron~elec-
tron! andA andB are spinors which include wave function
of final states and interaction vertices. By using t
Bouchiat-Michel formulas@16# and the narrow width ap-
proximation,aP, aD2, aD1, rab

P , ra
D2 , andrb

D1 are given
by

aP5
1

4

e4

s2
Tr@~p” A1mt!g

m~p” B2mt!g
n#

3Tr@p” e1gmp” e2gn#, ~9!

aD25
1

2
$Ā~p” A1mt!A%, ~10!

aD15
1

2
$B̄~p” B2mt!B%, ~11!

rab
P 5

1

4

e4

s2
Tr@g5s”A

a~p” A1mt!g
mg5s”B

b~p” B2mt!g
n#

3Tr@p” e1gmp” e2gn#, ~12!

ra
D25

1

2
$Āg5s”A

a~p” A1mt!A%, ~13!

rb
D15

1

2
$B̄g5s”B

b~p” B2mt!B%, ~14!
3-2
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where the spins of the final state fermions are summed o
and the four-vectors (sA

a)m and (sB
b)n (a,b51,2,3) are a se

of vectors which satisfy following equations:

pA•sA
a5pB•sB

b50, ~15!

sA
a
•sA

b5sB
a
•sB

b52dab, ~16!

(
a51

3

~sA
a !m~sA

a !n52gmn1
pAmpAn

mt
2

,

(
b51

3

~sB
b !m~sB

b !n52gmn1
pBmpBn

mt
2

. ~17!

The derivation of the above result is shown in Appendix
Notice thatdsP, dBt2→ f A, anddBt1→ f B in Eq. ~1! are the
t1t2 production cross section andt decay branching ratios

in which the spins oft ’s are averaged, anddSab
P , dRa

t2→ f A ,

and dRb
t1→ f B represent the spin correlation effects of th

process.
In the above formulas, it is assumed thatt pair production

occurs through photon exchange. It is straightforward to
clude the contribution fromZ boson exchange andg-Z in-
terference. If we consider thee1e2 center of mass energy t
be in the range of thet1t2 threshold energy considered
the t-charm factory or theY(4S) resonance energy wher
e1e2 B factories are operated, these effects only contrib
to the production cross section at the level ofO(1024) of the
photon exchanging diagram.

III. PARITY ASYMMETRY IN t\µg DECAY

Let us calculate the cross section ofe1e2→t1t2

→m1g1 f A processes. Forf A , we consider hadronic an
leptonic modes such as (pn, rn, a1n, and l n̄n). Below we
neglect the muon mass compared to thet mass, and there
fore all formulas can be applied also to thet→eg process.
The effective Lagrangian fort1→m1g decay is given by

L52
4GF

A2
$mtARt̄smnPLmFmn

1mtALt̄smnPRmFmn1H.c.%, ~18!

where GF is the Fermi coupling constant,PL5(12g5)/2,
and PR5(11g5)/2. In this paper, we use the conventio
smn5 i /2@gm,gn#, Fmn5]mAn2]nAm, and Dm5]m1 ieAm
for electrons wheree~70! is the positron charge. The operat
with the coupling constantAR (AL) induces thet1→mR

1g
(t1→mL

1g) decay. As mentioned in the Introduction, ea
model of physics beyond the standard model predicts a
11300
r,

.

-
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ferent ratio ofAL and AR . For example, the SU~5! SUSY
GUT in the minimal supergravity scenario predicts that on
AL has a nonvanishing value for small and intermediate v
ues of tanb. Therefore the separate determination ofAL and
AR provides us important information on the origin of LFV
For this purpose, we need information about thet polariza-
tion. This can be done by observing angular distributions
the final state oft decay in the opposite side in the modes
t→pn, t→rn, t→a1n, and t→ l n̄n, because these pro
cesses proceed due to theV-A interaction and therefore hav
a specific angular distribution with respect to polarization
t. Usingt1-t2 spin correlation, we can determineuALu2 and
uARu2, separately.

We first define three coordinate systems~Fig. 1!. The first
coordinate system~frame 1! is the center of mass frame o
the e1e2 collision in which thez axis is taken to be thee1

momentum direction. The second one~frame 2! is the rest
frame of thet1, and the third one~frame 3! is the rest frame
of thet2. More explicitly, the relation of a four-vector in th
three systems is given as follows:

j1
m5S 1 0 0 0

0 cosut 0 sinut

0 0 1 0

0 2sinut 0 cosut

D S g 0 0 gbt

0 1 0 0

0 0 1 0

gbt 0 0 g
D j2

m

5S 1 0 0 0

0 1 0 0

0 0 21 0

0 0 0 21
D S 1 0 0 0

0 cosut 0 2sinut

0 0 1 0

0 sinut 0 cosut

D
3S g 0 0 gbt

0 1 0 0

0 0 1 0

gbt 0 0 g
D j3

m , ~19!

where g5As/(2mt) and bt5A124mt
2/s, and the four-

vectorsj123 are defined in frames 1–3, respectively. W
calculate the production process in frame 1 and thet1(t2)

FIG. 1. The coordinate systems. The plane determined bye1e2

andt1t2 momentum vectors corresponds to thexz planes in each
of three coordinate systems.
3-3
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decay in frame 2~frame 3!. In the calculations, we choos
the spin vectors (sA

a)m,(sB
a)m as follows:

~sA
a !m5S 0

damD ~ in frame 3!, ~20!
nit
he

11300
~sB
b !m5S 0

dbmD ~ in frame 2!. ~21!

The production cross section and spin dependence t
are obtained from Eqs.~9! and ~12! as follows:
dsP5
dVt

4p

pa2

s
A12

4mt
2

s H S 11
4mt

2

s D 1S 12
4mt

2

s D cos2 utJ , ~22!

dSab
P 5

dVt

4p

pa2

s
A12

4mt
2

s S S 11
4mt

2

s D sin2ut 0 2
2mt

As
sin 2ut

0 S 12
4mt

2

s D sin2ut 0

2mt

As
sin 2ut 0 2S 12

4mt
2

s D 2S 11
4mt

2

s D cos2ut

D ,

~23!
f

,

f

he

on
ely.
whereut is the angle between thee1 and t1 directions in
the frame 1, anddVt is a solid angle element oft1, dVt
5d cosut dft .

For decay processes, we taket1→m1g for the t1 side
and hadronic (t2→p2n, t2→r2n, and t2→a1

2n) and

leptonic (t2→ l 2n̄n) decays for thet2 side.dBt1→m1g and

dRb
t1→m1g @see Eq.~1!# can be calculated from Eqs.~11!

and ~14! in which the spinorB is given by

B5
8i

A2
GFmts

mn~qg!m~ARPL1ALPR!en* v~qm!, ~24!

whereen is the polarization vector of the photon, and (qg)m
is the momentum of the photon, andv(qm) is the wave func-
tion of the muon. These quantities are given as follows:

dBt1→m1g5
dVm

4p

1

G

2

p
GF

2mt
5~ uALu21uARu2!, ~25!

dRb
t1→m1g5

dVm

4p

1

G

2

p
GF

2mt
5~ uALu22uARu2!

3S sinum cosfm

sinum sinfm

cosum
D , ~26!

where (um ,fm) are angles in the polar coordinate for a u
vector of the muon momentum direction in frame 2. T
three components in Eq.~26! correspond tob51, 2, and 3.
Next, we listdB anddR for thet2 decay in each mode o
t2→p2n, t2→r2n, t2→a1

2n, and t2→ l 2n̄n. For t2

→p2n decay, the spinorA in Eqs.~10! and~13! is given by

A52iVudf pGFq” pPLu~qn!, ~27!

wheref p is the pion decay constant,qp is the momentum of
the pion, andu(qn) is the neutrino wave function. Then

dBt2→p2n anddRa
t2→p2n are given by

dBt2→p2n5
dVp

4p

1

G

1

8p
uVudu2f p

2 GF
2mt

3 , ~28!

dRa
t2→p2n5dBt2→p2nS sinup cosfp

sinup sinfp

cosup
D , ~29!

where (up ,fp) are the polar angles ofp2 momentum in
frame 3 anddVp5d cosup dfp ~we use a similar notation
in the following expressions!. Here we neglect the mass o
the pion. As before the three elements in Eq.~29! correspond
to a51, 2, and 3. Similar results can be obtained for t
vector mesons. The spinorA for t→rn, t→a1n is given by

A522VudgVGFe”VPLu~qn!, ~30!

where gV and eV are the decay constant and polarizati
vector of the corresponding vector mesons, respectiv
From this expression, we can obtaindB anddR for the lon-
gitudinally polarized vector mesons, e.g.,t2→r2(L)n and
t2→a1

2(L)n as follows:
3-4
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dBt2→V(L)2n5
dVV

4p

1

G

1

8p
uVudu2S gV

mV
2 D 2

3GF
2mt

3mV
2S 12

mV
2

mt
2D , ~31!

dRa
t2→V(L)2n5dBt2→V(L)2nS sinuV cosfV

sinuV sinfV

cosuV
D ,

~32!

wheremV and (uV ,fV) are the mass and polar angles of t
corresponding vector meson, respectively. For the tra
versely polarized vector mesons, the spin dependence t
have a minus sign contrary to the case of the pion and
gitudinally polarized vector mesons:

dBt2→V(T)2n5
dVV

4p

1

G

1

8p
uVudu2S gV

mV
2 D 2

3GF
2mt

3mV
2S 12

mV
2

mt
2D 2mV

2

mt
2

, ~33!

dRa
t2→V(T)2n5dBt2→V(T)2nS 2sinuV cosfV

2sinuV sinfV

2cosuV
D .

~34!
11300
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ms
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For leptonic decays, after integrating over the phase spac
the neutrinos, the branching ratio and the spin depende
term are given by

dBt2→ l 2n̄n5
dV l

4p
dx

1

G

GF
2mt

5

192p3
2x2~322x!, ~35!

dRa
t2→ l 2n̄n5

dV l

4p
dx

1

G

GF
2mt

5

192p3
2x2~122x!

3S sinu l cosf l

sinu l sinf l

cosu l
D , ~36!

where we neglect the masses of the leptons (e andm) andx
is the lepton energy normalized by the maximum ene
mt/2, i.e., x52El /mt , and (u l ,f l) are the polar angles o
the lepton in frame 3.

Substituting these results into the formula in Eq.~1!, we
obtain the differential cross sections of each process.
example, the differential cross section of thee1e2→t1t2

→m1g1p2n process is given by
ds~e1e2→t1t2→m1g1p2n!

5
s~e1e2→t1t2!

4

3 S 11
2mt

2

s D B~t2→p2n! B~t1→m1g!
dVt

4p

dVg

4p

dVp

4p

33 S 11
4mt

2

s D 1S 12
4mt

2

s D cos2ut1APSsinup cosfp sinup sinfp cosup D

3S S 11
4mt

2

s D sin2ut 0 2
2mt

As
sin 2ut

0 S 12
4mt

2

s D sin2ut 0

2mt

As
sin 2ut 0 2S 12

4mt
2

s D 2S 11
4mt

2

s D cos2ut

D S sinum cosfm

sinum sinfm

cosum
D 4 , ~37!
3-5
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where

s~e1e2→t1t2!5
4pa2

3s
A12

4mt
2

s S 11
2mt

2

s D
~38!

is thet1t2 production cross section. The branching ratio
t2→p2n andt1→m1g is given by

B~t2→p2n!5
1

G

1

8p
uVudu2f p

2 GF
2mt

3 , ~39!

B~t1→m1g!5
1

G

2

p
GF

2mt
5~ uALu21uARu2!,

~40!

and the asymmetry parameterAP is defined as follows:

AP[
uALu22uARu2

uALu21uARu2
. ~41!

We can see that the measurement of angular correlatio
the pion and muon momentum enables us to determine
parameterAP , so that we can obtainuALu2 and uARu2 sepa-
rately.

A simpler expression can be obtained if we integrate o
the angleut , ft , fp , andfg in Eq. ~37!. The differential
cross section is given by

ds~e1e2→t1t2→m1g1p2n!

5s~e1e2→t1t2!B~t1→m1g!B~t2→p2n!

3
d cosum

2

d cosup

2 S 12
s22mt

2

s12mt
2

AP cosum cosupD .

~42!
s

11300
f
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Notice that angular distribution in the rest frames oft1 and
t2 can be easily converted to the energy distribution in
center of mass frame of thee1e2 collision. We obtain

ds~e1e2→t1t2→m1g1p2n!

5s~e1e2→t1t2!B~t1→m1g!B~t2→p2n!

3
s

s24mt
2

dzmdzpS 12
s~s22mt

2!

~s24mt
2!~s12mt

2!

3AP~2zm21!~2zp21!D , ~43!

where zm5Em /Et (zp5Ep /Et), and Em , Ep , and Et

5As/2 are the energies of the muon, pion, andt in the
center of mass frame, respectively.

The angular~or energy! distributions in Eq.~42! @Eq.
~43!# can be understood as follows. Because of the helic
conservation of thet1t2 production process, the helicitie
of t1 andt2 are correlated; namely,tL

1tR
2 or tR

1tL
2 is pro-

duced. This means that twot spins are parallel in the limit of
As@mt . In the decay process, thep2 tends to be emitted in
the spin direction oft2 for t2→p2n, because of theV-A
interaction. On the other hand, fort1→m1g decay, the
muon tends to be emitted in the same direction of thet1 spin
if AP.0. Therefore the differential branching ratio is e
hanced~suppressed! if the sign of cosum cosup is negative
~positive!. In other words, pion and muon energies in t
center of mass frame of thee1e2 collision have a negative
correlation if AP.0. If AP,0, we have an opposite corre
lation.

We can define an asymmetryAm1g,p2n by the following
asymmetric integrations:
Am1g,p2n5

E d cosum d cosup w~cosum ,cosup!
d2s

d cosumd cosup

s~e1e2→t1t2!B~t1→m1g!B~t2→p2n!
5

N111N222N122N21

N111N221N121N21
, ~44!
the

er
Eq.
where the weight functionw(u,v) is defined by

w~u,v !5
uv

uuvu
, ~45!

and shown in Fig. 2. In Eq.~44!, N66 are the event number
where the first6 represents the sign of cosum and the second
one is that of cosup , respectively.Am1g,p2n is related to the
parameterAP by
Am1g,p2n52
s22mt

2

4~s12mt
2!

AP . ~46!

In Fig. 3, theAs dependence ofAm1g,p2g is shown forAP
521. We can see that the asymmetry is already close to
maximal value at theB-factory energy.

It is straightforward to extend the above formula to oth
cases. We only present here formulas corresponding to
~42! for different decay modes oft2:
3-6
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ds~e1e2→t1t2→m1g1V2n!

5s~e1e2→t1t2!B~t1→m1g!B~t2→V2n!

3
d cosum

2

d cosuV

2

3S 16
s22mt

2

s12mt
2

AP cosum cosuVD , ~47!

where1 corresponds to the vector mesons with transve
polarization V5r(T),a1(T) and 2 corresponds to thos
with longitudinal polarizationV5r(L),a1(L). For leptonic
decay, we obtain

ds~e1e2→t1t2→m1g1 l 2n̄n!

5s~e1e2→t1t2!B~t1→m1g!B~t2→ l 2n̄n!

3
d cosum

2

d cosu l

2
dx 2x2

3H 322x2
s22mt

2

s12mt
2 ~122x!AP cosum cosu lJ . ~48!

FIG. 2. The weight functionw(u,v).

FIG. 3. The observable asymmetryAm1g,p2n vs As for AP5

21. The dashed line represents theAs of t-charm factory and the
dotted line represents that ofB factory.
11300
e

The measurement of the polarization of the vector mes
can be done by the analysis of the distribution of the two~or
three! pions from ther (a1) meson decay@17#.

In the case oft2 decays intom2g andt1 decays via the

V-A interaction, thedRa
t2→ f A and dRb

t1→ f B acquire extra
minus signs. For example,

dRa
t2→m2g52

dVm8

4p

1

G

2

p
GF

2mt
5 ~ uALu22uARu2!

3S sinum8 cosfm8

sinum8 sinfm8

cosum8
D , ~49!

dRb
t1→p1n̄52

dVp8

4p

1

G

1

8p
uVudu2f p

2 GF
2mt

3

3S sinup8 cosfp8

sinup8 sinfp8

cosup8
D , ~50!

where (um8 ,fm8 ) @(up8 ,fp8 )# are the polar angle of the muo
@pion# momentum in frame 3@frame 2#. The formula in Eq.
~42! can be applied to thet2→m2g case by the replacemen
of (um ,up) by (um8 ,up8 ), and therefore same angular an
energy correlation holds as in thet1→m1g case. In a simi-
lar way, we can obtain the formulas corresponding to E
~47! and ~48! for the t2→m2g case by the replacement o
(uV ,u l) by (uV8 ,u l8), where uV8 (u l8) is the angle between
the vector meson~lepton! momentum andt1 direction in
frame 2.

IV. P AND T ASYMMETRIES IN LFV THREE
BODY t DECAYS

In this section, we consider LFV three body decays, i
t→3m, t→3e, t→mee, andt→emm. Within the approxi-
mation that the muon and electron masses are neglectet
→3m andt→3e ~or t→mee andt→emm) give the same
formula, so that we only considert→3m andt→mee pro-
cesses. In these processes, we can define theP odd as well as
T odd asymmetries oft decays.

For t1→m1m1m2 decay, the effective Lagrangian i
given by

L52
4GF

A2
$mtARt̄smnPLmFmn1mtALt̄smnPRmFmn

1g1~ t̄PLm!~m̄PLm!1g2~ t̄PRm!~m̄PRm!

1g3~ t̄gmPRm!~m̄gmPRm!1g4~ t̄gmPLm!~m̄gmPLm!

1g5~ t̄gmPRm!~m̄gmPLm!1g6~ t̄gmPLm!

3~m̄gmPRm!1H.c.%. ~51!
3-7
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With this Lagrangian in Eq.~51!, we can calculate the dif
ferential branching ratiodBt1→3m and the spin dependenc

term dRb
t1→3m in Eq. ~1!. In order to calculate these quant

ties we first define the Lorentz frame~frame 4! for the three

FIG. 4. The coordinate system in thet→3m calculation.
11300
body decays@12#. Frame 4 is the rest frame oft1 and we
take thez direction to be them2 momentum direction, and
the xz plane to be the decay plane. Thex direction is deter-
mined so that thex component of the momentum for them1

with larger energy is positive. The coordinate system
shown in Fig. 4. Any four-vector in frame 4 is related to th
in frame 2 by Euler rotation with three angles (u,f,c) as
follows ~Fig. 5!:

FIG. 5. The relation between frame 2 and frame 4.
ows:
j4
m5S 1 0 0 0

0 cosf 2sinf 0

0 sinf cosf 0

0 0 0 1
D S 1 0 0 0

0 cosu 0 sinu

0 0 1 0

0 2sinu 0 cosu
D S 1 0 0 0

0 cosc 2sinc 0

0 sinc cosc 0

0 0 0 1
D j2

m , ~52!

where

0<u<p, 0<f<2p, 0<c<2p. ~53!

We also define the energy variablesx152E1 /mt andx252E2 /mt whereE1(E2) is the energy ofm1 with a larger~smaller!
energy in the rest frame oft1.

With these angles and energy variables, the branching ratio and spin dependence term can be expressed as foll

dBt1→3m5
1

G

mt
5GF

2

256p5
dx1 dx2 d cosu df dc X, ~54!

dRb
t1→3m5

1

G

mt
5GF

2

256p5
dx1 dx2 d cosu df dc

3S 2Ysu cc1Z~cucfcc2sfsc!1W~cusfcc1cfsc!

Ysu sc1Z~2cucfsc2sfcc!1W~2cusfsc1cfcc!

Ycu1Zsucf1Wsusf
D , ~55!

wheresu(sf , sc) andcu(cf , cc) represent sinu(sinf, sinc) and cosu(cosf, cosc), respectively. The functionsX, Y, Z, and
W are defined as follows:
3-8
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X5S ug1u2

16
1

ug2u2

16
1ug3u21ug4u2Da1~x1 ,x2!1~ ug5u21ug6u2!a2~x1 ,x2!1~ ueARu21ueALu2!a3~x1 ,x2!

2Re~eARg4* 1eALg3* !a4~x1 ,x2!2Re~eARg6* 1eALg5* !a5~x1 ,x2!, ~56!

Y5S ug1u2

16
2

ug2u2

16
1ug3u22ug4u2Da1~x1 ,x2!1Re~eARg4* 2eALg3* !a4~x1 ,x2!

2Re~eARg6* 2eALg5* !a5~x1 ,x2!1~ ug5u22ug6u2!b1~x1 ,x2!1~ ueARu22ueALu2!b2~x1 ,x2!, ~57!

Z5~ ug5u22ug6u2!g1~x1 ,x2!1~ ueARu22ueALu2!g2~x1 ,x2!2Re~eARg4* 2eALg3* !g3~x1 ,x2!

1Re~eARg6* 2eALg5* !g4~x1 ,x2!, ~58!

W52Im~eARg4* 1eALg3* !g3~x1 ,x2!1Im~eARg6* 1eALg5* !g4~x1 ,x2!, ~59!

wheree(.0) is the positron charge and functionsa125 , b122, andg124 are given in Appendix B. Notice that theY andZ
terms representP odd quantities with respect to thet1 spin in the rest frame oft1 and theW term represents aT odd quantity.
These are the same as theP and T odd terms considered in the differential decay width ofm1→e1e1e2 @12#. The sign
differences in some terms of the above expressions from the formulas in Ref.@12# are due to the difference of the sig
convention in the definition of the covariant derivative.

The differential cross section is obtained by substituting this into Eq.~1!. In the case that the opposite sidet decays into
p2n, we obtain, after integrating overfp , c, ut , andft ,

ds~e1e2→t1t2→m1m1m21p2n!5s~e1e2→t1t2!B~t2→p2n!S mt
5GF

2

128p4Y G D d cosup

2
dx1 dx2 d cosu df

3FX2
s22mt

2

s12mt
2 $Y cosu1Z sinu cosf1W sinu sinf%cosupG . ~60!

The termsX, Y, Z, andW can be extracted by the following~asymmetric! integrations:

E d cosudfd cosup

d5s

dx1dx2d cosudfd cosup
H s~e1e2→t1t2!B~t2→p2n!S mt

5GF
2

32p3 Y G D J 21

5X, ~61!

E d cosud cosupw~cosu,cosup!
d4s

dx1dx2d cosud cosup
H s~e1e2→t1t2!B~t2→p2n!S mt

5GF
2

32p3 Y G D J 21

52
~s22mt

2!

4~s12mt
2!

Y, ~62!

E dfd cosupw~cosf,cosup!
d4s

dx1dx2dfd cosup
H s~e1e2→t1t2!B~t2→p2n!S mt

5GF
2

32p3 Y G D J 21

52
~s22mt

2!

4~s12mt
2!

Z, ~63!

E dfd cosupw~sinf,cosup!
d4s

dx1dx2dfd cosup
H s~e1e2→t1t2!B~t2→p2n!S mt

5GF
2

32p3 Y G D J 21

52
~s22mt

2!

4~s12mt
2!

W. ~64!

Notice that the functionW represents aCP violating LFV interaction. We can see that this is induced by the relative ph
between the photon-penguin coupling constants (AL andAR) and the four-fermion coupling constants (g3–g6).
113003-9
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A similar formula can be obtained for thet1→m1e1e2 decay. The effective Lagrangian for thet1→m1e1e2 is given
by

L52
4GF

A2
$mtARt̄smnPLmFmn1mtALt̄smnPRmFmn1l1~ t̄PLm!~ ēPLe!1l2~ t̄PLm!~ ēPRe!1l3~ t̄PRm!~ ēPLe!

1l4~ t̄PRm!~ ēPRe!1l5~ t̄gmPLm!~ ēgmPLe!1l6~ t̄gmPLm!~ ēgmPRe!1l7~ t̄gmPRm!~ ēgmPLe!

1l8~ t̄gmPRm!~ ēgmPRe!1l9~ t̄smnPLm!~ ēsmne!1l10~ t̄smnPRm!~ ēsmne!1H.c.%. ~65!

In this calculation, we define frame 48 which is almost the same as frame 4 in thet1→m1m1m2 case. The definition is
obtained by the replacement ofm2 of t1→m1m1m2 by e2 of t1→m1e1e2, the m1 with a larger energy oft1

→m1m1m2 by m1 of t1→m1e1e2, andm1 with a smaller energy oft1→m1m1m2 by e1 of t1→m1e1e2. If we take
the definition of (u, f, c) in such a way that the same relation is satisfied as in Eq.~52!, the branching ratio and the spi
dependence term are given by

dBt1→m1e1e2
5

1

G

mt
5GF

2

256p5
dx1dx2d cosudfdcX8, ~66!

dRb
t1→m1e1e2

5
1

G

mt
5GF

2

256p5
dx1dx2d cosudfdc

3S 2Y8succ1Z8~cucfcc2sfsc!1W8~cusfcc1cfsc!

Y8susc1Z8~2cucfsc2sfcc!1W8~2cusfsc1cfcc!

Y8cu1Z8sucf1W8susf
D , ~67!

where the functionsX8, Y8, Z8, andW8 are given by

X85~ ueARu21ueALu2!A1~x1 ,x2!1Re~eARl5* 1eALl8* !A2~x1 ,x2!1Re~eARl6* 1eALl7* !A3~x2!

1~ ul1u21ul2u21ul3u21ul4u2!A4~x1!1~ ul5u21ul8u2!A5~x1 ,x2!1~ ul6u21ul7u2!A6~x2!

1~ ul9u21ul10u2!A7~x1 ,x2!1Re~l1l9* 1l4l10* !A8~x1 ,x2!, ~68!

Y852Re~eARl5* 2eALl8* !A2~x1 ,x2!1Re~eARl6* 2eALl7* !A3~x1 ,x2!2~ ul5u22ul8u2!A5~x1 ,x2!

1~ ueARu22ueALu2!B1~x1 ,x2!1~ ul1u21ul2u22ul3u22ul4u2!B2~x1 ,x2!

1~ ul6u22ul7u2!B3~x1 ,x2!1~ ul9u22ul10u2!B4~x1 ,x2!1Re~l1l9* 2l4l10* !B5~x1 ,x2!, ~69!

Z85~ ueARu22ueALu2!C1~x1 ,x2!1Re~eARl5* 2eALl8* !C2~x1 ,x2!1Re~eARl6* 2eALl7* !C3~x1 ,x2!

1~ ul1u21ul2u22ul3u22ul4u2!C4~x1 ,x2!1$ul6u22ul7u21Re~22l1l9* 12l4l10* !%C5~x1 ,x2!

1~ ul9u22ul10u2!C6~x1 ,x2!, ~70!

W85Im~eARl5* 1eALl8* !C2~x1 ,x2!1Im~eARl6* 1eALl7* !C3~x1 ,x2!1Im~l1l9* 1l4l10* !C7~x1 ,x2!.
~71!

The functionsA128 ,B125 ,C127 are given in Appendix B. TheX8, Y8, Z8, andW8 can be extracted in the same way as
Eqs.~61!–~64!.

Next we consider the decay mode oft1→m2e1e1. This case is different from above in the point that botht→e andm→e
transitions are necessary. The effective Lagrangian for this process is given by

L52
4GF

A2
$g18~ t̄PLe!~m̄PLe!1g28~ t̄PRe!~m̄PRe!1g38~ t̄gmPRe!~m̄gmPRe!

1g48~ t̄gmPLe!~m̄gmPLe!1g58~ t̄gmPRe!~m̄gmPLe!1g68~ t̄gmPLe!~m̄gmPRe!1H.c.%. ~72!
113003-10
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If we take a coordinate system similar to frame 4, in which the larger~smaller! energym1 is replaced by the larger~smaller!

energye1, dBt1→m2e1e1
anddRb

t1→m2e1e1
are given by

dBt1→m2e1e1
5

1

G

mt
5GF

2

256p5
dx1dx2d cosudfdcX9, ~73!

dRb
t1→m1e1e2

5
1

G

mt
5GF

2

256p5
dx1dx2d cosudfdc S 2Y9succ1Z9~cucfcc2sfsc!

Y9susc1Z9~2cucfsc2sfcc!

Y9cu1Z9sucf
D ,

~74!

where functionsX9, Y9, andZ9 are given by

X95S ug18u
2

16
1

ug28u
2

16
1ug38u

21ug48u
2Da1~x1 ,x2!1~ ug58u

21ug68u
2!a2~x1 ,x2!, ~75!

Y95S ug18u
2

16
2

ug28u
2

16
1ug38u

22ug48u
2Da1~x1 ,x2!1~ ug58u

22ug68u
2!b1~x1 ,x2!, ~76!

Z95~ ug58u
22ug68u

2!g1~x1 ,x2!, ~77!
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where a122 , b1, and g1 are the same functions that w
defined in thet1→m1m1m2 calculation.X9, Y9, and Z9
can be extracted by asymmetric integrations as before,
we cannot obtain information onCP violation in this case.

Notice that the above three cases exhaust all possibil
in the three body decay oft to e and/orm as long as we
neglect the electron and muon masses compared to tt
mass. Namely, the formula for other cases can be obta
by appropriate replacements ofe and/orm.

The formulas for LFV decays witht2 can be obtained in
a similar substitution as thet→mg case. Using appropriat
angles oft2 decay in frame 3 andt1 decay in frame 2,dRb
gets an extra minus sign in Eqs.~55!, ~67!, and~74!.

V. t\µnn̄g PROCESS AND BACKGROUND
SUPPRESSIONS

In this section, we consider the background processes
the t→mg search, and we show that the measuremen
angular distributions is useful in identifying the backgrou
process. In the muon decay, the physical background ca
suppressed if we use polarized muons@15#. In the following,
we show a similar suppression mechanism holds fort decay
if we use the spin correlation.

One of the main backgrounds for thet→mg search
comes from the kinematical end point region of thet

→mnn̄g process where two neutrinos carry out a little e
ergy at the rest frame oft. In the following, we assume tha
t1 decays intom1nn̄g andt2 decays through one of had
ronic and leptonic decay processes. For thet2 decay, the
differential branching ratio and the spin dependence term
given in Eqs.~28!–~36!. For t1→m1nn̄g, these quantities
are given by
11300
ut

es

ed

or
of

be

-

re

dBB.G.5
1

G

GF
2mt

5a

33211p5
dxdydzdVm sinz

bm

y
F, ~78!

dRb
B.G.5

1

G

GF
2mt

5a

33211p5
dxdydzdVm sinz

bm

y

3~2bmG1H cosz!S sinum cosfm

sinum sinfm

cosum
D , ~79!

wherex andy are the muon and photon energies normaliz
by mt/2, respectively, and (um ,fm) is the polar coordinate
of the unit vector of the muon momentum direction, all d
fined in the rest frame oft1 ~frame 2!. Here bm

5A124r /x2 with r[mm
2 /mt

2 . The anglez is defined byz
[p2umg , whereumg is the angle between the muon an
photon momentum in the same frame. These quantities
be obtained by a simple replacement from the formula of
differential decay width for the radiative muon decay pr
sented in Ref.@18#. For completeness, the functionsF, G,
andH are given in Appendix B.

The background comes from the kinematical region n
x511r andy512r , at which the branching fraction van
ishes. However, with finite detector resolutions, this kin
matical region gives physical backgrounds. If we take
signal region as 11r 2dx<x<11r and 12r 2dy<y<1
2r , the leading terms of the branching ratio and spin dep
dence term expanded in terms ofr, dx, anddy, after inte-
grating overz, are given by
3-11
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dBB.G..
1

G

GF
2mt

5a

33211p5
dVmS dx4dy21

8

3
dx3dy3D ,

~80!

dRb
B.G..

1

G

GF
2mt

5a

33211p5
dVmS 2dx4dy21

8

3
dx3dy3D

3S sinum cosfm

sinum sinfm

cosum
D . ~81!

Then after integrating overfm , fp , ft , andut , the differ-
ential cross section fore1e2→t1t2→m1nn̄g1p2n is
given by

ds~e1e2→t1t2→m1nn̄g1p2n!

5s~e1e2→t1t2!B~t2→p2n!

3S GF
2mt

5a

3329p4Y G D d cosum

2

d cosup

2

3H S dx4dy21
8

3
dx3dy3D2

s22mt
2

s12mt
2

3S 2dx4dy21
8

3
dx3dy3D cosum cosupJ .

~82!

If the photon energy resolution is worse than the muon
ergy resolution, the termdx4dy2 is small compared to
(8/3)dx3dy3. In such a case, the angular distribution is sim
lar to theAR50, ALÞ0 case of thet→mg angular distri-
bution. See Eqs.~25!, ~26!, and ~42!. This feature is usefu
for the background suppressions for thet1→mR

1g search
because signal and background processes have differen
gular correlations. For thet1→mL

1g search, the signal to
background ratio is almost the same even if we take i
account angular correlations.

A similar background suppression works for thet→eg
case because Eqs.~80! and ~81! do not include the mass o
the muon explicitly.

VI. SUMMARY AND DISCUSSION

In this paper, we have calculated the differential cro
sections ofe1e2→t1t2→ f Bf A processes, where one of th
t ’s decays through LFV processes. Using spin correlati
of t1t2, we show that theP odd asymmetry oft→mg and
t→eg andP andT asymmetries of three body LFV decay
of t can be obtained by angular correlations. TheseP andT
odd quantities are important to identify a model of new ph
ics responsible for LFV processes.

We have also considered the background suppressio
thet→mg andt→eg searches by the angular distribution
We see that the analysis of the angular distributions is us
11300
-
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an-
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s

s

-

of
.
ul

for the t1→mR
1g(t2→mL

2g) and t1→eR
1g(t2→eL

2g)
searches.

We would like to give a rough estimate of the number
t1t2 pairs needed for the asymmetry measurement at
B-factory energy. As an example, we take thet→mg pro-
cess for LFV decay and t→pn, rn, and
a1(→p6p7p7)n for the opposite sidet decay. Fort
→pn, we use the angular distribution in Eq.~42!. In t
→rn andt→a1n, we have to look at the angular distribu
tion of two or three pions in addition to the cosum and cosuV
distributions in order to use the information on ther anda1
polarizations. With help of optimized observable quantit
defined in Ref.@19#, the statistical errors for the determina
tion of the parameterAP with N signal events are 3.4/AN,
4.6/AN, and 9.5/AN for t→pn, t→rn, and t→a1n, re-
spectively. The combined error is then given by

sAP
5

1

A2NtBt→mg
S epBp

3.42
1

erBr

4.62
1

ea1
Ba1

9.52 D 21/2

,

~83!

whereep , er , and ea1
are the signal selection efficiencie

for these modes, andBt→mg , Bp , Br , and Ba1
are thet

decay branching ratios, namely,Bt→mg5B(t→mg), Bp

5B(t→pn)50.11, Br5B(t→rn)50.25, andBa1
5B(t

→a1n→p6p7p7n)50.09. HereNt is the total number of
t pair. If we assume that theB(t→mg) is 131026, which
is just below the current experimental bound@20#, and the
signal selection efficiency is 10%–20%,~2.5–5)3108 t1t2

pairs are required in order to distinguishAP511 and21 at
3s level. This number means that the ongoingB-factory
experiments could provide useful information on the LF
interaction if theB(t→mg) is close to the current experi
mental bound.

In this paper, we only considert decay. We can obtain
similar information in muon decay experiments if initia
muons are polarized. Although highly polarized muons
available experimentally, a special setup for the product
and transportation of a muon beam is necessary for an ac
experiment. The advantage of thet case is that we can ex
tract the information ont spins by looking at the deca
distribution of the other side oft decay so that we do no
need a special requirement for the experimental setup.
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APPENDIX A: THE DERIVATION OF THE GENERAL FORMULAS

In this section, we derive Eq.~1! from the amplitude in Eq.~8!.

By using the completeness relation of the fermion spinors, the amplitude squared is deformed to

uĀ~p” A1mt!g
m~p” B2mt!Bu25U (

l156
(

l256
Āu~pA ,l1!ū~pA ,l1!gmv~pB ,l2!v̄~pB ,l2!BU2

5 (
l156

(
l256

(
l1856

(
l2856

@Āu~pA ,l1!ū~pA ,l18!A#

3@ ū~pA ,l1!gmv~pB ,l2!v̄~pB ,l28!gnu~pA ,l18!#@B̄v~pB ,l28!v̄~pB ,l2!B#, ~A1!

wherel ’s are the spin eigenvalues. The spin summation can be performed by using the Bouchiat-Michel formulas as
@16,21#:

uĀ~p” A1mt!g
m~p” B2mt!Bu25aD2 Tr@~p” A1mt!g

m~p” B2mt!g
n#aD1

1aD2Tr@~p” A1mt!g
mg5s”B

b~p” B2mt!g
n#rb

D1

1ra
D2 Tr@g5s”A

a~p” A1mt!g
m~p” B2mt!g

n#aD1

1ra
D2 Tr@g5s”A

a~p” A1mt!g
mg5s”B

b~p” B2mt!g
n#rb

D1, ~A2!
e

e
in

used
where

aD25
1

2
$Ā~p” A1mt!A%, aD15

1

2
$B̄~p” B2mt!B%,

~A3!

ra
D25

1

2
$Āg5s”A

a~p” A1mt!A%,

rb
D15

1

2
$B̄g5s”B

b~p” B2mt!B%, ~A4!

where (sA
a)m and (sB

b)n are four vectors which satisfy th
following equations:

pA•sA
a5pB•sB

b50, ~A5!

sA
a
•sA

b5sB
a
•sB

b52dab, ~A6!

(
a51

3

~sA
a !m~sA

a !n52gmn1
pAmpAn

mt
2

,

(
b51

3

~sB
b !m~sB

b !n52gmn1
pBmpBn

mt
2

. ~A7!

The second and third terms in Eq.~A2! vanish because th
production parts are antisymmetric onm andn indices while
the square of the electromagnetic current frome1e2 colli-
sion is symmetric onm and n indices. Explicit calculation
gives
11300
Tr@~p” A1mt!g
mg5s”B

b~p” B2mt!g
n#

54imte
mnrspBr~sB

b !s14imte
mnrspAr~sB

b !s ,

~A8!

Tr@g5s”A
a~p” A1mt!g

m~p” B2mt!g
n#

54imte
mnrspBr~sA

a !s14imte
mnrspAr~sA

a !s ,

~A9!

(
spin

uv̄e1gmue2u25Tr@p” e1gmp” e2gn#

54pe1mpe2n14pe1npe2m24gmnpe1•pe2.

~A10!

Using the narrow width approximation

U 1

q22~m2 iG/2!2U2

.
p

mG
d~q22m2!, ~A11!

the first and last terms in Eq.~A2! give formula~1! after the
phase space integral.

APPENDIX B: THE KINEMATICAL FUNCTIONS

In this section, we list the kinematical functions used
the formulas of branching ratios.

The functions a125 , b122, and g124 in the t1

→m1m1m2 and t1→m2e1e1 decay calculations are
given as follows. These functions are the same as those
in m1→e1e1e2 decay@12#. Here x1 and x2 are given by
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x152E1 /mt andx252E2 /mt :

a1~x1 ,x2!58~22x12x2!~x11x221!, ~B1!

a2~x1 ,x2!52$x1~12x1!1x2~12x2!%, ~B2!

a3~x1 ,x2!58H 2x2
222x211

12x1
1

2x1
222x111

12x2
J , ~B3!

a4~x1 ,x2!532~x11x221!, ~B4!

a5~x1 ,x2!58~22x12x2!, ~B5!

b1~x1 ,x2!

5
2~x11x2!~x1

21x2
2!26~x11x2!2112~x11x2!28

22x12x2
,

~B6!

b2~x1 ,x2!5
8

~12x1!~12x2!~22x12x2!

3$2~x11x2!~x1
31x2

3!24~x11x2!

3~2x1
21x1x212x2

2!1~19x1
2130x1x2119x2

2!

212~2x112x221!%, ~B7!

g1~x1 ,x2!5
4A~12x1!~12x2!~x11x221!~x22x1!

22x12x2
,

~B8!

g2~x1 ,x2!532A x11x221

~12x1!~12x2!

~x11x221!~x22x1!

22x12x2
,

~B9!

g3~x1 ,x2!516A x11x221

~12x1!~12x2!
~x11x221!~x22x1!,

~B10!

g4~x1 ,x2!58A x11x221

~12x1!~12x2!
~22x12x2!~x22x1!.

~B11!

The functions A128 , B125, and C127 in the t1

→m1e1e2 decay calculation are given by

A1~x1 ,x2!5
8 ~22x124 x212 x1 x212 x2

2!

12x1
, ~B12!

A2~x1 ,x2!528 ~x11x221!, ~B13!

A3~x2!528 ~12x2!, ~B14!

A4~x1!5
x1~12x1!

2
, ~B15!

A5~x1 ,x2!52~22x12x2! ~x11x221!, ~B16!
11300
A6~x2!52 x2~12x2!, ~B17!

A7~x1 ,x2!528~425 x11x1
228 x214 x1 x214 x2

2!,
~B18!

A8~x1 ,x2!524~12x1! ~x112 x222!, ~B19!

B1~x1 ,x2!5
28

~12x1!~22x12x2!
3~2618x123x1

2112x2

211x1x212x1
2x228x2

214x1x2
212x2

3!, ~B20!

B2~x1 ,x2!5
2~12x1!~222 x11x1

222 x21x1 x2!

2~22x12x2!
,

~B21!

B3~x1 ,x2!5
2~12x2!~222 x122 x21x1 x21x2

2!

22x12x2
,

~B22!

B4~x1 ,x2!5
8

22x12x2
3~210116x127x1

21x1
3122x2

223x1x215x1
2x2216x2

218x1x2
214x2

3!,

~B23!

B5~x1 ,x2!

5
4~12x1!~224 x11x1

224 x213 x1 x212 x2
2!

22x12x2
,

~B24!

C1~x1 ,x2!

5
216~x11x221!A~12x1!~12x2!~x11x221!

~12x1!~22x12x2!
,

~B25!

C2~x1 ,x2!5
8~x11x221!A~12x1!~12x2!~x11x221!

12x1
,

~B26!

C3~x1 ,x2!5
28~12x2!A~12x1!~12x2!~x11x221!

12x1
,

~B27!

C4~x1 ,x2!5
~12x1!A~12x1!~12x2!~x11x221!

22x12x2
,

~B28!

C5~x1 ,x2!5
4~12x2!A~12x1!~12x2!~x11x221!

22x12x2
,

~B29!
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C6~x1 ,x2!

5
216A~12x1!~12x2!~x11x221!~32x122 x2!

22x12x2
,

~B30!

C7~x1 ,x2!58A~12x1!~12x2!~x11x221!. ~B31!

Finally, the functionsF, G, andH in thet→mnn̄g decay
calculation are given by

F5F (0)1rF (1)1r 2F (2), ~B32!

G5G(0)1rG (1)1r 2G(2), ~B33!

H5H (0)1rH (1)1r 2H (2), ~B34!

whereF (0)2(2), G(0)2(2), andH (0)2(2) are the functions of
x([2Em /mt), y([2Eg /mt), d([11bm cosz) with bm

5A124r /x2 (r[mm
2 /mt

2) andz5p2umg . These functions
are given by

F (0)~x,y,d!5
28~2312 x12 y!~2 x212 x y1y2!

d

18x$x2~214y!1y~231y1y2!1x ~23

1y14y2!%22x2y $261y~512y!12x ~4

13y!%d12x3y2~21y!d2, ~B35!

F (1)~x,y,d!5
32~x1y!~2312x12y!

xd2

1
8$6x21~625y!y22x~41y!%

d

28x$242~231y!y13x ~11y!%
-
pa

d

et
s
,

11300
16x2y ~21y!d, ~B36!

F (2)~x,y,d!5
232~2413x13y!

x d2
1

48y

d
, ~B37!

G(0)~x,y,d!5
28x$4x21y~2112y!1x~2216y!%

d

14x2$2213y14y21x~416y!%24x3y ~2

1y!d, ~B38!

G(1)~x,y,d!5
32~2112x12y!

d2
1

8x~6x2y!

d

212x2~21y!, ~B39!

G(2)~x,y,d!5
296

d2
, ~B40!

H (0)~x,y,d!5
28y~x1y!~2112x12y!

d

14xy$2x212y ~11y!1x ~2114y!%

22x2y2 ~2114x12y! d12x3y3d2,

~B41!

H (1)~x,y,d!5
32y~2112x12y!

xd2
2

8y ~221x15y!

d

24x~3x22y!y16x2y2d, ~B42!

H (2)~x,y,d!5
296y

xd2
1

48y

d
. ~B43!
s.
.

.

.

,
.
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