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Flavor changing t\cl1
Àl 2

¿ decay in the general two Higgs doublet model
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We study the flavor changingt→cl1
2l 2

1 decay in the framework of the general two Higgs doublet model, the
so-called model III. We predict the branching ratio forl 15t, l 25m at the order of magnitude ofBR
;1028.
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I. INTRODUCTION

The top quark has a large mass and therefore it bre
SU(2)3U(1) symmetry maximally. The richness of the d
cay products stimulates one to study its decays to test
standard model~SM! and to get some clues about new phy
ics beyond the SM. The rare decays of the top quark h
been studied in the literature in the framework of the SM a
beyond@1–10# and in the one-loop flavor changing trans
tions t→cg(g,Z) in @4,7#, t→cV(VV) in @5#, andt→cH0 in
@2,7–10#.

These decays are strongly suppressed in the SM and
predicted values of the branching ratio (BR) of the process
t→cg(g,Z) is 4310211(5310213,1.3310213) @2#, theBR
for t→cH0 is at the order of the magnitude of 10214–10213,
in the SM @8#. These predictions are so small that it is n
possible to measure them even at the highest luminosity
celerators. This forces one to go beyond the SM and st
these rare decays in the framework of new physicst
→cH0 decay has been studied in the general two Higgs d
blet model~model III! @10# and it has been found that theBR
of this process could reach to values of the order of 1026,
playing with the free parameters of model III, and respect
the existing experimental restrictions. This is a strong
hancement, almost seven orders larger compared to the
in the SM.

The present work is devoted to the analysis of the fla
changing~FC! t→c ( l 1

2l 2
11 l 1

1l 2
2) decay in the framework

of the general two Higgs doublet model~model III!. This
decay occurs in the tree level since the FC transitions in
quark and leptonic sector are permitted in model III. He
the Yukawa couplings fort2c and l 1

22 l 2
1 transitions play

the main role and they exist with the help of the intern
neutral Higgs bosons,h0 andA0. In the process, it is possibl
to geth0 andA0 resonances since the kinematical region
large enough and this difficulty can be solved by choos
the appropriate propagator forh0 andA0 ~see Sec. II!. In the
tree level, theBR of the t→c( l 1

2l 2
11 l 1

1l 2
2) decay for l 1

5t andl 25m is predicted as 102821027. We also calculate
the one loop effects related with the interactions due to
internal mediating charged Higgs boson@see Figs. 1~b!–
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1~d!# and observe that their contribution to theBR is negli-
gible, namely 10211–10210.

The paper is organized as follows: In Sec. II, we pres
theBR of the decayt→c ( l 1

2l 2
11 l 1

1l 2
2) in the framework of

model III. Section III is devoted to discussion and our co
clusions.

II. THE FLAVOR CHANGING t\c „ l 1
Àl 2

¿¿ l 1
¿l 2

À
… DECAY

IN THE FRAMEWORK OF THE GENERAL TWO
HIGGS DOUBLET MODEL

The flavor changing transitiont→cl1
2l 2

1 is forbidden in
the SM. Such transitions would be possible in the case
the Higgs sector is extended and the flavor changing neu
currents~FCNC! in the tree level are permitted. The simple
model which obeys these features is the model III version

FIG. 1. Tree level and one-loop level diagrams contribute to
decayt→cl1

2l 2
1 . Dashed lines represent theh0, A0, f6, W6, and

H6 fields.
©2003 The American Physical Society04-1
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the two Higgs doublet model~2HDM!. This section is de-
voted to the calculation of theBR in model III. In this model,
there are various new parameters, such as complex Yuk
couplings, masses of new Higgs bosons, etc. and they sh
be restricted by using the present experimental results.

The t→cl1
2l 2

1 process is controlled by the Yukawa inte
action and, in model III, it reads

LY5h i j
UQ̄iLf̃1U jR1h i j

DQ̄iLf1D jR1j i j
U†Q̄iLf̃2U jR

1j i j
DQ̄iLf2D jR1h i j

E l̄ iLf1EjR1j i j
E l̄ iLf2EjR1H.c.,

~1!

where L and R denote chiral projectionsL(R)51/2(1
7g5), f i for i 51,2, are the two scalar doublets,Q̄iL are
left-handed quark doublets,U jR(D jR) are right-handed up
~down! quark singlets, andl iL (EjR) are lepton doublets~sin-
glets!, with family indices i , j . The Yukawa matricesj i j

U,D

and j i j
E have in general complex entries. It is possible

collect SM particles in the first doublet and new particles
the second one by choosing the parametrization forf1 and
f2 as

f15
1

A2
F S 0

v1H0D 1S A2x1

ix0 D G , f25
1

A2
S A2H1

H11 iH 2
D ,

~2!

with the vacuum expectation values,

^f1&5
1

A2
S 0

v D , ^f2&50, ~3!

and considering the gauge andCP invariant Higgs potential
which spontaneously breaksSU(2)3U(1) down toU(1) as

V~f1 ,f2 ,f3!5c1~f1
1f12v2/2!21c2~f2

1f2!2

1c3@~f1
1f12v2/2!1f2

1f2#2

1c4@~f1
1f1!~f2

1f2!2~f1
1f2!~f2

1f1!#

1c5@Re~f1
1f2!#21c6@ Im~f1

1f2!#21c7 ,

~4!

with constantsci , i 51, . . . ,7.Here,H1 andH2 are the mass
eigenstatesh0 andA0, respectively, since no mixing occur
between two CP-even neutral bosonsH0 andh0 in the tree
level, for our choice.

The flavor changing~FC! interaction can be obtained as

LY,FC5j i j
U†Q̄iLf̃2U jR1j i j

DQ̄iLf2D jR1j i j
E l̄ iLf2EjR1H.c.,

~5!

where the couplingsjU,D for the FC charged interactions a

jch
U 5jN

UVCKM ,

jch
D 5VCKMjN

D , ~6!
01500
wa
uld

andjN
U,D is defined by the expression

jN
U(D)5~VR(L)

U(D)!21jU,(D)VL(R)
U(D) . ~7!

Here the index ‘‘N’’ in jN
U,D denotes the word ‘‘neutral.’’

Notice that, in the following, we replacejU,D,E with jN
U,D,E

whereN denotes the word ‘‘neutral’’ and definej̄N
U,D,E which

satisfies the equationjN
U,D,E5A4GF/A2j̄N

U,D,E .
In model III, thet→cl1

2l 2
1 decay exists in the tree leve

by taking nonzerot2c( l 1
22 l 2

1) transition with the help of
the neutral bosonsh0 andA0. For completeness, we also tak
the one loop contributions into account~see Fig. 1! and we
use the on-shell renormalization scheme to get rid of
existing divergences. The method is to obtain the renorm
ized t→ch0* (A0* ) transition vertex function

GREN
h0* 5G0

h0* 1GC
h0

,
~8!

GREN
A0* 5G0

A0* 1GC
A0

,

by using

GREN
h0

uon shell5
i

2A2
„~jN,tc

U 1jN,ct
U* !1~jN,tc

U 2jN,ct
U* !g5…,

~9!

GREN
A0

uon shell52
1

2A2
„~jN,tc

U 2jN,ct
U* !1~jN,tc

U 1jN,ct
U* !g5…,

and the counter term

GC
h0

5GREN
h0

uon shell2G0
h0

uon shell,
~10!

GC
A0

5GREN
A0

uon shell2G0
A0

uon shell,

whereG0
h0

is the bare vertex function. Here, we take the lo
diagrams~see Fig. 1! including H6 intermediate boson for
FC interaction@Figs. 1~b!–1~d!# in the quark sector, since
jN,bb

D and jN,tt
U are dominant couplings in the loop effect

Therefore we neglect all the Yukawa couplings exceptjN,bb
D

and jN,tt
U in the loop contributions. Notice that the sel

energy diagrams do not give any contribution in the on-sh
renormalization scheme.

The renormalized vertex function is connected to thel 1
2l 2

1

outgoing leptons by intermediateh0 andA0 bosons as shown
in Fig. 1 and for the matrix element square of the procest
→c ( l 1

2l 2
11 l 1

1l 2
2) we get
4-2
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uM u258mt
2~12s! (

S5h0,A0
upSu2~ uaS

(q)u21ua8S
(q)u2!~@smt

22~ml
1
22ml

2
1!2#uaS

( l )u21@smt
22~ml

1
21ml

2
1!2#ua8S

( l )u2!

116mt
2~12s!~@smt

22~ml
1
22ml

2
1!2#Re@ph0pA0* ah0

( l )aA0* ( l )
~ah0

(q)aA0* (q)
1a8h0

(q)a8A0* (q)
!#

1@smt
22~ml

1
21ml

2
1!2#Re@ph0pA0* ah08

( l )aA08* ( l )
~ah0

(q)aA0* (q)
1ah08

(q)aA08* (q)
!# !, ~11!
ve
where

pS5
i

smt
22mS

21 imSG tot
S

, ~12!

G tot
S is the total decay width of theS boson, forS5h0A0.

Here, the parameters is s5q2/mt
2 , andq2 is the intermedi-

ate S boson momentum square. In Eq.~11! the functions
ah0,A0

( l ) , a8h0,A0
( l ) have tree level contributions andah0,A0

(q) ,

ah0,A08(q) are the combinations of tree level and one-loop le
contributions,

ah0,A0
( l )

5ah0,A0
Tree(l ) ,

ah0,A0
(q)

5ah0,A0
Tree(q)

1ah0,A0
Loop(q) ,

~13!
ah0,A08( l )

5ah0,A08Tree(l ) ,

ah0,A08(q)
5ah0,A08Tree(q)

1ah0,A08Loop(q)

and they read

ah0
Tree(l )

52
i

2A2
~jN,l 1l 2

E 1jN,l 2l 1
* E !,
01500
l

aA0
Tree(l )

5
1

2A2
~jN,l 1l 2

E 2jN,l 2l 1
* E !,

ah08
Tree(l )

52
i

2A2
~jN,l 1l 2

E 2jN,l 2l 1
* E !,

aA08Tree(l )
5

1

2A2
~jN,l 1l 2

E 1jN,l 2l 1
* E !,

ah0
Tree(q)

5
i

2A2
~jN,tc

U 1jN,ct* U !,

aA0
Tree(q)

52
1

2A2
~jN,tc

U 2jN,ct* U !,

ah08
Tree(q)

5
i

2A2
~jN,tc

U 2jN,ct* U !,

aA08Tree(q)
52

1

2A2
~jN,tc

U 1jN,ct* U !,
ah0
Loop(q)

52
i

32A2p2
Vcb Vtb* jN,bb

D S mb
2jN,bb

D jN,tt
U* E

0

1

dxE
0

12x

dy f1
h0

~x,y!1mbmt~jN,bb
D* !2E

0

1

dxE
0

12x

dy

3„~12x2y! f 1
h0

~x,y!…2mbmtujN,bb
D u2E

0

1

dxE
0

12x

dy„~x1y! f 1
h0

~x,y!…2jN,bb
D* jN,tt

U* E
0

1

dxE
0

12x

dy f2
h0

~x,y! D ,

aA0
Loop(q)

5
1

32A2p2
VcbVtb* jN,bb

D S mb
2jN,bb

D jN,tt
U* E

0

1

dxE
0

12x

dy f1
A0

~x,y!2mbmt~jN,bb
D* !2E

0

1

dxE
0

12x

dy

3„~12x2y! f 1
A0

~x,y!…2mbmtujN,bb
D u2E

0

1

dxE
0

12x

dy„~x1y! f 1
A0

~x,y!…1jN,bb
D* jN,tt

U* E
0

1

dxE
0

12x

dy f2
A0

~x,y! D ,

ah08
Loop(q)

5ah0
Loop(q) ,

~14!

aA08Loop(q)
5aA0

Loop(q) ,
4-3
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where

f 1
S5

1

LS~mS!
2

1

LS~s!
,

~15!

f 2
S5~12x2y!S mt

2~x1mS
2y!

LS~mS!
2

mt
2~x1sy!

LS~s!
D

12 ln
LS~s!

LS~mS!
,

with
-

tia

he

s
ce
ult
e
or

01500
LS~s!5mb
2~x21!1mH6

2 x1mt
2~211x1y!~x1sy!,

~16!

LS~mS!5mb
2~x21!1mH6

2 x1~211x1y!~mt
2x1mS

2y!.

Finally, the differential decay width (d DW) dG/ds@ t
→c( l 1

2l 2
11 l 1

1l 2
2)# is obtained by using the expression

dG

ds
5

1

256Ncp
3
luM u2, ~17!

wherel is
l5
A„mt

2~s21!224mc
2
…„mc

41ml 1
4 1~ml 2

2 2mt
2s!222mc

2~ml 1
2 1ml 2

2 2mt
2s!22ml 1

2 ~ml 2
2 1mt

2s!…

2mt
2s

.

a-

its

cou-
e

ent
de-

o-
Here the parameters is restricted into the region (ml 1

1ml 2
)2/mt

2<s<(mt2mc)
2/mt

2 . Notice that we use the pa

rametrizationjN,l 1l 2
E 5ujN,l 1l 2

E ueiu l 1l 2 for the leptonic part, in

the numerical calculations.

III. DISCUSSION

This section is devoted to the analyses of the differen
BR(D BR) and theBR of the processt→c( l 1

2l 2
11 l 1

1l 2
2) in

the tree level and also in the one loop level, in model III. T
Yukawa couplingsjN,tc

U andjN,l 1l 2
E play the main role in the

tree level and new couplings, especiallyjN,bb
D ,jN,tt

U , enter
into calculations if one goes to the loop level. Since the
couplings are free parameters of the model used, it is ne
sary to restrict them, using appropriate experimental res
We use the constraint region by restricting the Wilson co
ficient C7

e f f , which is the effective coefficient of the operat

FIG. 2. DBR @ t→c (t2m11t1m2)# as a function ofu j̄N,tm
E u

for mh0580 GeV, mA0590 GeV, sinutm50.5, real j̄N,tc
U , and

G tot
h0

5G tot
A0

50.1 GeV. The solid@dashed, dash-dotted# line repre-

sents the case fors5( 10
175)

2@( 50
175)

2,( 150
175)

2#.
l

e
s-
s.
f-

O75e/16p2s̄asmn(mbR1msL)baF mn ~see @11# and refer-
ences therein!, in the region 0.257<uC7

e f fu<0.439. Here up-
per and lower limits were calculated using the CLEO me
surement@12#

BR~B→Xsg!5~3.1560.3560.32!1024, ~18!

and all possible uncertainties in the calculation ofC7
e f f @11#.

The above restriction ensures getting upper and lower lim
for jN,bb

D , jN,tt
U and also forjN,tc

U ~see@11# for details!. In our
numerical calculations we choose the upper limit forC7

e f f

.0, fix jN,bb
D 530mb , and takejN,tc

U ;0.01jN,tt
U ;0.0025,

respecting the constraints mentioned. Furthermore, the
plings jN,l 1l 2

E in the leptonic part are restricted by using th

experimental results, such as, anomalous magnetic mom
of muon, dipole moments of leptons, and rare leptonic
cays. Forl 15t and l 25m, we take the upper limit obtained
by using the experimental result of anomalous magnetic m
ment of muon@13#. For l 15t andl 25e, we use the numeri-

FIG. 3. The same as Fig. 2 but fors5( 80
175)

2 and ( 90
175)

2. The

solid @dashed# line represents the case fors5( 80
175)

2@( 90
175)

2#.
4-4
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cal result obtained for the couplingsjN,te
E in @14#, based on

the experimental measurement of the leptonic procesm
→eg @15#. The total decay widths ofh0 andA0 are unknown
parameters and we expect that they are at the same ord

magnitude ofG tot
H0

;(0.1–1.0) GeV, whereH0 is the SM
Higgs boson. Notice that we take the value of the total de
width GT;G(t→bW) asGT51.55 GeV and choose the nu
merical valuesmh0580 GeV andmA0590 GeV for the cal-
culation of theBR.

In Fig. 2 we plot the DBR for the t→c(t2m11t1m2)
decay with respect tou j̄N,tm

E u for sinutm50.5, different s
values,s5(10/175)2, (50/175)2, ands5(150/175)2. Here,

we choosej̄N,tc
U real andG tot

h0
5G tot

A0
50.1 GeV. The solid

@dashed, small dashed# line represents the case fors
5(10/175)2@(50/175)2,(150/175)2#. From the figure, it is
seen that the DBR is at the order of the magnitude of 1028

for s5(50/175)2 and u j̄N,tm
E u;5 GeV. DBR is less than

1028 for s5(10/175)2 ands5(150/175)2 and it reaches ex
tremely small values foru j̄N,tm

E u<1 GeV. Increasingu j̄N,tm
E u

causes one to enhance the DBR, as expected. Figure 3 i
devoted to the same dependence fors5(80/175)2 ~solid
line!, (90/175)2 ~dashed line!, where the values ofs are
taken at theh0 andA0 resonances. The DBR is at the order
of the magnitude of 1026 for the small values of the couplin
u j̄N,tm

E u and increases extremely with the increasing value
this coupling.

In Fig. 4, we plot the DBR with respect tos, for u j̄N,tm
E u

510 GeV, sinutm50.5, andG tot
h0

5G tot
A0

50.1 GeV. It is ob-
served that DBR has a strongs dependence.

Finally, in Fig. 5 we present theBR for the processt
→c (t2m11t1m2) with respect tou j̄N,tm

E u for sinutm50.5

andG tot
h0

5G tot
A0

50.1 GeV. TheBR is at the order of magni-

tude of 1028 for u j̄N,tm
E u;2 (GeV) and increases to the va

ues 1027 with increasingu j̄N,tm
E u. Notice that the one loop

effects are at the order of magnitude of 0.1% of the tree le
result and therefore their contribution is negligible.

FIG. 4. DBR @ t→c(t2m11t1m2)# as a function ofs for

mh0580 GeV,mA0590 GeV, u j̄N,tm
E u510 GeV, sinutm50.5, real

j̄N,tc
U , andG tot

h0
5G tot

A0
50.1 GeV.
01500
r of

y

f

el

In the case of outgoingt and e leptons, theBR is pre-
dicted at the order of magnitude of 10214–10215, respecting
the numerical values of the couplingu j̄N,te

E u5(1024

–1023) GeV, obtained in@14#, based on the experimenta
measurement of the leptonic processm→eg. For the outgo-
ing m and e leptons, we believe that theBR is extremely
small, too difficult to be measured.

At this stage we would like to summarize our results.
The BR of the flavor changing processt→c ( l 1

2l 2
1

1 l 1
1l 2

2) is forbidden in the SM and the extended Higgs se
tor can bring considerable contribution to theBR in the tree
level, at the order of magnitude of 1028–1027, for l 15t and
l 15m. A measurement of such aBR will be highly non-
trivial due to efficiency problems in measuring thet lepton
and in identifying ac-quark jet. Moreover, one will have to
overcome the problem of isolating the signal from a possi
large reducible background by applying clever kinemati
cuts which will further degrade the signal. However, the p
sible enhancement of theBR of the given process in mode
III forces one to search new models to get a measurableBR
theoretically. TheBR is sensitive to Yukawa couplingjN,l 1l 2

E

and, respecting the experimental limits on the relevant c
plings, this results in extremely smallerBR’s of t
→c ( l 1

2l 2
11 l 1

1l 2
2), for l 15t,l 25e and l 15m,l 25e, com-

pared to the one forl 15t,l 25m. Notice that the loop effects
are negligibly small.

Therefore the future theoretical and experimental inve
gations of the processt→c( l 1

2l 2
11 l 1

1l 2
2), especially forl 1

5t, l 25m, would play an important role in the determina
tion of the physics beyond the SM.

ACKNOWLEDGMENTS

This work was supported by Turkish Academy of Sc
ences, in the framework of the Young Scientist Award P
gram~EOI/TUBA-GEBIP/2001-1-8!. The authors would like
to thank Professor T. M. Aliev for useful discussions.

FIG. 5. BR@ t→c(t2m11t1m2)# as a function ofu j̄N,tm
E u for

mh0580 GeV, mA0590 GeV, sinutm50.5, real j̄N,tc
U , and G tot

h0

5G tot
A0

50.1 GeV.
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