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t\cH0 decay in the general two Higgs doublet model
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Physics Department, Middle East Technical University, Ankara, Turkey

~Received 26 November 2001; published 1 April 2002!

We study the flavor changingt→cH0 decay in the framework of the general two Higgs doublet model, the
so called model III. Here, we take the Yukawa couplings complex and switch on theCP violating effects. We
predict the branching ratio six orders larger compared to the one calculated in the SM, namely,BR;1027, and
observe a measurableCP asymmetry, at the order of;1022.
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I. INTRODUCTION

The top quark has attracted great interest since it bre
the SU(2)3U(1) symmetry maximally and it has rich de
cay products due to its large mass. The rare decays of the
quark have been studied in the literature in the framework
the standard model~SM! and beyond@1–10#; the one-loop
flavor changing transitionst→cg(g,Z) in @5,8#, and t
→cH0 in @3,8–10#.

In the SM, these decays are suppressed as a result o
Glashow-Iliopoulos-Maiani ~GIM! mechanism @11#. The
branching ratios (BR) of the decayst→cg(g,Z) have been
predicted in the SM as 4310211 (5310213, 1.3310213) in
@3#. t→cH0, which can give strong clues about the nature
electroweak symmetry breaking, has been calculated at
order of the magnitude of 10214210213 in the SM, in @9#.
These are small rates for the measurement, even at the
est luminosity accelerators and therefore, there is a nee
analyze these rare decays in new physics beyond the S

In the present work, we study the flavor changingt
→cH0 decay in the framework of the general two Hig
doublet model~model III!, whereH0 is the SM Higgs boson
Here, we take the Yukawa couplings complex and switch
the CP violating effects. Since theBR is at the order of
;10213 in the SM, we neglect this contribution and calcula
the new physics effects in the model III. In the calculatio
we take into account the interactions due to the internal
diating charged Higgs bosonH6 and neglect the ones in
cluding internal neutral Higgs bosons,h0 and A0 ~see the
Discussion!. The numerical results show that theBR of this
process can reach to the values of order 1026, playing with
the free parameters of the model III, respecting the exis
experimental restrictions. This prediction is almost seven
ders larger compared to the one in the SM and it is a m
surable quantity in the accelerators.

Furthermore, we predict the possibleCP asymmetryACP
at the order of 1022 for the intermediate values of theCP
parameter, due to the complex Yukawa couplingjN,bb

D ~see
Sec. II for its definition!. This is purely a new physics effec
and the measurement ofACP for the process under conside
ation may open a new window to go beyond the SM and
the new physics.

*Email address: eiltan@heraklit.physics.metu.edu.tr
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The paper is organized as follows: In Sec. II, we pres
the BR and ACP of the decayt→cH0 in the framework of
model III. Section III is devoted to discussion and our co
clusions.

II. THE FLAVOR CHANGING t\cH0 DECAY IN THE
FRAMEWORK OF THE GENERAL TWO HIGGS

DOUBLET MODEL

The flavor changing transitiont→cH0 is quite suppressed
in the SM due to the GIM mechanism@11#. The extended
Higgs sector could bring large contributions to this dec
and makeCP violation possible, in general. This section
devoted to the calculation of theBR and theCP violating
asymmetry of the decay under consideration, in the gen
two Higgs doublet model, so called model III. In the mod
III, the flavor changing neutral currents in the tree level a
permitted and various new parameters, such as Yukawa
plings, masses of new Higgs bosons, exist.

The t→cH0 process is controlled by the Yukawa intera
tion and in the model III, it reads as

LY5h i j
UQ̄iLf̃1U jR1h i j

DQ̄iLf1D jR1j i j
U†Q̄iLf̃2U jR

1j i j
DQ̄iLf2D jR1H.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, with family indicesi , j . The Yukawa
matricesh i j

U,D andj i j
U,D have in general complex entries. It

possible to collect SM particles in the first doublet and n
particles in the second one by choosing the parametriza
for f1 andf2 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!
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Here,H1 andH2 are the mass eigenstatesh0 andA0 respec-
tively since no mixing occurs between twoCP-even neutral
bosonsH0 andh0 at tree level, for our choice.

The flavor changing~FC! interaction can be obtained as

LY,FC5j i j
U†Q̄iLf̃2U jR1j i j

DQ̄iLf2D jR1H.c., ~4!

where the couplingsjU,D for the FC charged interactions a

jch
U 5jN

UVCKM ,

jch
D 5VCKMjN

D . ~5!

andjN
U,D is defined by the expression

jN
U(D)5~VR(L)

U(D)!21jU,(D)VL(R)
U(D) . ~6!

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

The SM contribution to theBR of the processt→cH0 is
negligibly small, which is at the order of the magnitud
10213. Therefore, we take into account only the new effe
beyond the SM. The relevant diagrams are given in Fig. 1
this stage, we would like to discuss the possibilities not
take into account the tree level contribution to the dec
under consideration, in the model III. First, it can be assum
that all the off diagonal neutral Yukawa couplings vanish a
therefore the couplingjN,tc

U vanishes. Another possibility is
to take the mixing between two neutral Higgs bosonsH0 and
h0 is small and the tree level interactiont2c2H0 is negli-
gible. In our case, we consider the gauge andCP invariant
Higgs potential which spontaneously breaksSU(2)3U(1)
down toU(1) as

FIG. 1. One loop diagrams contribute to the decayt→cH0 due
to internal charged Higgs boson. Wavy line represents theH0 field
and dashed line theH6 field.
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V~f1 ,f2!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 .

~7!

Since we assume that onlyf1 has vacuum expectation value
no mixing occurs between two neutral Higgs bosons and
tree level interaction vanishes. Furthermore, since we t
thec-quark mass zero and the couplingjN,tc

U negligible com-
pared to the couplingsjN,tt

U and jN,bb
D ~see@12#!, the main

contribution comes from the diagrams with internal charg
Higgs boson and for the matrix element, we get

M ~ t→cH0!52 iVcbVtb*
g

64mWp2
~F (vert)1F (sel f)!

3 c̄~11g5!t, ~8!

where

F (vert)5jN,bb
D ~mbjN,tt

U * f 11mtjN,bb
D * f 2!,

F (sel f)5mbjN,bb
D jN,tt

U * f 3 , ~9!

and the functionsf 1 , f 2 , f 3 are defined as

f 15E
0

1

dxE
0

12x

dyH 11
zt~211x1y!~y1xzt!

x1g~x,y!

1

yWS 22
1

cos2 uW
D

12x1g~x,y!
12 ln„x1g~x,y!…J ,

f 25E
0

1

dxE
0

12x

dy

yW~211x1y!S 22
1

cos2 uW
D

12x1g~x,y!
,

~10!

f 35
12yb1yb ln yb

12yb
,

with g(x,y)5(211x1y)(xyt1yzt). Here yt5mt
2/mH6

2 ,
zt5mH0

2 /mH6
2 , yW5mW

2 /mH6
2 and yb5mb

2/mH6
2 . Using Eq.

~8!, it is straightforward to obtain the decay width as

G~ t→cH0!5
1

32p

yt2zt

mtyt
uM u2. ~11!

Now we would like to give the expression forACP of the
above process. Here, we takejN,bb

D and jN,tt
U complex with

the parametrizations
7-2
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t→cH0 DECAY IN THE GENERAL TWO HIGGS . . . PHYSICAL REVIEW D 65 075017
jN,tt
U 5ujN,tt

U ueiu tt,

jN,bb
D 5ujN,bb

D ueiu tb, ~12!

and assume that the complexity ofjN,tt
U is small. Using the

definition of theCP violating asymmetryACP

ACP5
G~ t→cH0!2G~ t̄→ c̄H0!

G~ t→cH0!1G~ t̄→ c̄H0!
, ~13!

we get

ACP5ujN,tt
U usin~u tb2u tt!

N

D
, ~14!

where

N522 Im~ f 1f 2* 1 f 3f 2!,

D5
mt

mb
yWujN,bb

D uu f 2u212ujN,tt
U u

3Re~ f 1f 2* 2 f 3f 2!cos~u tb2u tt!, ~15!

and the functionsf 1 , f 2 and f 3 are given in Eq.~10!. Here
the symbol * denotes the complex conjugation. As it
shown from Eq.~14!, ACP vanishes when twoCP violating
anglesu tb and u tt are equal. This is interesting, sinceACP
can vanish even in the existence of complex phases, in
model III.

III. DISCUSSION

In this section, we study thesin u tb , mH0 and j̄N,bb
D de-

pendencies of theBR andACP for the processt→cH0, in the
model III. For the calculation of theBR we take the value of
the total decay widthGT;G(t→bW) as GT51.55 GeV.
Notice that the coupling j̄N,bb

D is defined as jN,i j
U(D)

5A(4GF /A2)j̄N,i j
U(D) .

The processt→cH0 exists also in the SM and model
~or I! version of the 2HDM. In both models this proce
appears at least at loop level. In the SM model internal m
diatingW6 bosons are responsible for this decay and its
is very small, at the order of the magnitude of 10213. In the
model II, additional contribution comes from the charg
Higgs bosonH6 and can be enhanced compared to the
result by playing with the free parameter tanb, respecting
the experimental measurements. However, noACP occurs in
the model II ~I! and also in the SM. This forces one to g
into the model III, with complex and possibly large Yukaw
couplings.

Model III contains a large number of free parameters s
as Yukawa couplings,j̄N,i j

U(D) , the masses of new Higg
bosons,H6, h0 and A0, and they should be restricted b
using experimental measurements. At this stage we sum
rize these restrictions.

We neglect all the Yukawa couplings exceptj̄N,tt
U and

j̄N,bb
D since they are negligible due to their light flavor co
07501
he

-

h

a-

tents, by our assumption. Notice that we also neglect the
diagonal couplingj̄N,tc

U , since it is smaller compared toj̄N,tt
U

~see@12#!. Therefore, the new neutral Higgs bosons do n
have any contribution to theBR of the decay under consid
eration.

We take j̄N,tt
U and j̄N,bb

D complex and respect the con
straint for the angleu tt and ubb , due to the experimenta
upper limit of neutron electric dipole moment,dn

,10225 e cm, which leads to (1/mtmb)Im( j̄N,tt
U j̄N,bb* D ),1.0

for MH6'200 GeV@13#.
We find a constraint region for these free parameters

restricting the Wilson coefficientC7
e f f , which is the effective

coefficient of the operator O75(e/16p2) s̄asmn(mbR
1msL)baF mn ~see@12# and references therein!, in the re-
gion 0.257<uC7

e f fu<0.439. Here upper and lower limit
were calculated using the CLEO measurement@14#

BR~B→Xsg!5~3.1560.3560.32!31024. ~16!

and all possible uncertainties in the calculation ofC7
e f f @12#.

For completeness we present the Wilson coefficientC7
e f f .

Denoting the contribution for the SM withC7
SM(mW) and the

additional charged Higgs contribution withC7
H(mW), we

have the initial values

C7
2HDMH~mW!5C7

SM~mW!1
1

mt
2 S j̄N,tt* U 1 j̄N,tc* U

Vcs*

Vts*
D

3S j̄N,tt
U 1 j̄N,tc

U Vcb

Vtb
DF1~yt!,

1
1

mtmb
S j̄N,tt* U 1 j̄N,tc* U

Vcs*

Vts*
D

3S j̄N,bb
D 1 j̄N,sb

D Vts

Vtb
DF2~yt!. ~17!

The LO corrected coefficientC7
2HDM(m) is given as

FIG. 2. BR(t→cH0) as a function of sinutb for u j̄N,bb
D u

510mb , mH65400 GeV, mH05120 GeV, sinutt50.1 in the
model III. Here theBR is restricted in the region bounded by sol
lines for C7

e f f.0 and by dashed lines forC7
e f f,0.
7-3
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C7
LO,2HDM~m!5h16/23C7

2HDM~mW!

1~8/3!~h14/232h16/23!

3C8
2HDM~mW!1C2

2HDM~mW!(
i 51

8

hih
ai,

~18!

and h5as(mW)/as(m), hi and ai are the numbers which
appear during the evaluation@15#. The explicit forms of the
functionsF1(2)(y) are

F1~y!5
y~725y28y2!

72~y21!3
1

y2~3y22!

12~y21!4
ln y,

F2~y!5
y~5y23!

12~y21!2
1

y~23y12!

6~y21!3
ln y.

The discussion given above allows us to obtain a c
straint region for the couplingsj̄N,tt

U , j̄N,bb
D and theCP vio-

lating parameters, sinutt and sinutb . Here, we assume tha
the couplingj̄N,tt

U has a small imaginary part and we choo

FIG. 3. BR(t→cH0) as a function of u j̄N,bb
D u for sinutt

50.1, sinutb50.5, mH65400 GeV, mH05120 GeV in the
model III. Here theBR is restricted in the region bounded by sol
lines for C7

e f f.0 and by dashed lines forC7
e f f,0.

FIG. 4. BR(t→cH0) as a function of mH0 for u j̄N,bb
D u

510mb , sinutt50.1, sinutb50.5, mH65400 GeV in the model
III. Here theBR is restricted in the region bounded by solid lin
for C7

e f f.0 and by dashed lines forC7
e f f,0.
07501
-

ur tbu5u j̄N,tt
U / j̄N,bb

D u,1. Notice that, in figures, theBR is re-
stricted in the region between solid~dashed! lines for C7

e f f

.0 (C7
e f f,0). Here, there are two possible solutions f

C7
e f f due to the cases whereur tbu,1 andr tb.1. In the case

of complex Yukawa couplings, only the solutions obeyi
ur tbu,1 exist.

In Fig. 2, we plot the BR with respect to sinutb

for sinutt50.1, mH65400 GeV, mH05120 GeV, j̄N,bb
D

510mb . As shown in this figure, theBR can reach to the
values at the order of the magnitude of 1027 and it is not so
much sensitive to the parameter sinutb . Its magnitude is al-
most 30% larger forC7

e f f.0 compared to the one fo
C7

e f f,0.

Figure 3 represents theBR with respect tou j̄N,bb
D u for

sinutt50.1, sinutb50.5, mH65400 GeV and mH0

5120 GeV. This figure shows that theBR is strongly sen-
sitive to the couplingu j̄N,bb

D u and it can get the values at th

order of 1026 even for u j̄N,bb
D u520mb . This observation is

an important clue about the upper limit of the couplin
u j̄N,bb

D u, with the possible future measurement of theBR. For

the small couplingu j̄N,bb
D u, the restricted region for theBR

becomes narrow, for bothC7
e f f.0 andC7

e f f,0.
Finally, we show themH0 dependence of theBR in Fig. 4

for sinutt50.1, sinutb50.5, mH65400 GeV and u j̄N,bb
D u

510mb . With the increasing values ofmH0, the BR de-
creases and the restriction region becomes narrower.

At this stage, we would like to analyze theCP asymmetry
ACP of the decayt→cH0 and show sinutb andmH0 depen-

FIG. 5. The same as Fig. 2, but forACP .

FIG. 6. The same as Fig. 4, but forACP .
7-4
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dencies ofACP in Figs. 5 and 6, respectively.ACP is at the
order of the magnitude of 1022 for the intermediate values o
sinutb and it can reach to 731022 for C7

e f f.0. Notice that
sinutt is taken small andACP vanishes when twoCP param-
eters have the same values, namely sinutb5sinutt . If ACP is
positive ~negative!, C7

e f f can have both signs. However, if
is negative,C7

e f f must be negative. This observation is use
in the determination of the sign ofC7

e f f . The same behavio
is observed in Fig. 6 which represents the massmH0 depen-
dence ofACP . When the Higgs boson massmH0 increases,
an enhancement inACP is detected, especially forC7

e f f.0.
Now we will summarize our results.
The BR of the flavor changing processt→cH0 is at the

order of 10213 in the SM and the extended Higgs sect
brings large contributions, at the order of 102721026, which
can be measured in the future experiments. This ensur
crucial test for the new physics beyond the SM.
,

,

B

07501
l

a

TheBR is sensitive tou j̄N,bb
D u and its measurement make

it possible to predict an upper limit for this coupling. Fu
thermore, the measurement of theBR of the decay under
consideration can give important information about the m
of Higgs bosonH0.

ACP is at the order of the magnitude of 1022 for the
intermediate values of sinutb and it rises up to the values 7
31022 for C7

e f f.0. The measurement ofACP can ensure a
hint for the determination of the sign ofC7

e f f .
Therefore, the experimental investigation of the proc

t→cH0 will be effective for understanding the physics b
yond the SM.
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