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Models beyond the standard model with extra scalars have been highly motivated by the recent discovery
of the Higgs boson. The two Higgs doublet model type III considers the most general case for the scalar
potential, allowing mixing between neutral CP-even and CP-odd scalar fields. This work presents the
results of the study on the t → cγ decay at one loop level if neutral flavor changing is generated by
top-charm-Higgs coupling given by the Yukawa matrix. For instance, a value for the branching ratio
Brðt → cγÞ ∼ 10−6 for tan β ¼ 2.5 and general neutral Higgs mixing parameters, 1.16 ≤ α1 ≤ 1.5,
−0.48 ≤ α2 ≤ −0.1. The number of events for the t → cγ decay with an integrated luminosity of
300 fb−1 is estimated as 10≲ NEff ≲ 100 for the parameters of the model constrained by experimental data.
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I. INTRODUCTION

The observation of the scalarlike Higgs boson with a
mass of 126 GeVat the Large Hadron Collider (LHC) [1,2]
has motivated the study of extended models with multiple
scalar multiplets. The mass hierarchy between the up-type
and down-type quarks suggests the consideration of models
with two complex SUð2ÞL doublet scalar fields, referred to
as two Higgs doublet models (THDM). There are two
versions of THDM, labeled as type I and type II, with
invariance under a Z2 discrete symmetry that ensures CP
conservation in the scalar sector [3]. In the first case, all
quarks acquire mass through one doublet [4,5] whereas in
type-II models [6] one doublet gives mass to the up-type
quarks while the other doublet gives mass to the down-type
quarks.
In the so-called type-III models both doublets simulta-

neously give masses to all quark types, which we refer to as
model III [7]. In any type of THDM five physical Higgs
particles are predicted; three of them are neutral with CP-
even or CP-odd states and a charged pair. An important
feature in model III is the mixing between the CP-even and
CP-odd states for neutral scalar fields given by the mixing
parameters α1, α2, and α3 [8–10]. Current measurements in

the LHC imply that the 126 GeV scalar particle is
in good agreement with the Higgs boson being CP
even [11,12].
Model IIIwithoutZ2 discrete symmetry is ageneral version

that generates flavor changing (FC) neutral scalar interactions
(FCNSI) in Higgs-fermion Yukawa couplings and CP vio-
lation in the Higgs potential [13–17]. One motivation to look
for new sources ofCP violation beyond the SM is thematter-
antimatter problem [18,19] as well as the fermion electric
dipole moments [20–23]. On the side of the FCNSI, a
motivation arises from the studyof the flavor changingneutral
current (FCNC) processes, which are extremely suppressed
in the standard model (SM), for instance, Brðt → qþ xÞ ≈
10−17–10−12 with q ¼ c, u and x ¼ γ, Z, g, H [24–32]. In
particular,weare interested in the t → cγ raredecay.TheLHC
excludes the ranges of Brðt → cγÞ > 5.9 × 10−3; meanwhile
in future results it is expected to set an upper bound of order
10−5 [33]. Also for other rare top-quark decays with FCNC,
current experimental limits are Brðt → cgÞ < 1.6 × 10−4 at
95% C.L. [34], Brðt → cZÞ < 2.1 × 10−3 at 95% C.L. [33],
Brðt → chÞ < 5.6 × 10−3 [35].
A value for Brðt → cγÞ ∼ 10−8 has been estimated with

charged Higgs mass mH� ∼ 200 GeV as well as small
values of the β mixing parameter, tan β ¼ 0.1 [36]. A
detailed study in the framework of model III with FCNC
shows more feasible values for branching ratio in the range
10−12 < Brðt → cγÞ < 10−7 with the masses of the scalars
between 200 and 800 GeV [7,37–40]. For the different
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THDM types, the Brðt → cγÞ is enhanced for specific
regions of scalar masses and mixing parameters [30,41,42].
The rare top decay has been analyzed in extended models

other than THDM, for instance, [43–47]. In a previous work
[48,49], it was shown that Brðt → cγÞ is sensitive to tan β
in the framework of model III, obtaining Brðt → cγÞ∼
1 × 10−6 for 8 ≤ tan β ≤ 15. The rare top-quark decays at
one loop with FCNC coming from additional fermions and
gauge bosons have been studied in several extensions of the
SM such as the minimal supersymmetric standard model,
left-right symmetry models, top color assisted technicolor,
little Higgs and two Higgs doublets with four generations of
quarks [7,32,36–40,50]. FCNC and CP violation between
quarks and scalars can also contribute to interactions with the
rare top decay [51,53]. A recent study on generic FCNC top
decays can be found in [52].

The content of this paper is as follows. The next section
introduces the model and the interactions between
quarks and neutral Higgs bosons. In Sec. III, we calculate
Brðt → cγÞ in the framework of model III with FCNSI
including CP violation in the scalar sector; in Sec. IV we
present the restrictions to the parameters involved in the
rare top decay. We present the results and discussion of our
analysis in Sec. V.

II. FLAVOR CHANGING NEUTRAL
SCALAR INTERACTIONS

Given Φ1 and Φ2, two complex SUð2ÞL doublet scalar
fields with hypercharge 1, the most general gauge invariant
and renormalizable Higgs scalar potential is [54]

V ¼ m2
11Φ

þ
1 Φ1 þm2

22Φ
þ
2 Φ2 − ½m2

12Φ
þ
1 Φ2 þ H:c:� þ 1

2
λ1ðΦþ

1 Φ1Þ2 þ
1

2
λ2ðΦþ

2 Φ2Þ2

þ λ3ðΦþ
1 Φ1ÞðΦþ

2 Φ2Þ þ λ4ðΦþ
1 Φ2ÞðΦþ

2 Φ1Þ

þ
�
1

2
λ5ðΦþ

1 Φ2Þ2 þ λ6ðΦþ
1 Φ1ÞðΦþ

1 Φ2Þ þ λ7ðΦþ
2 Φ2ÞðΦþ

1 Φ2Þ þ H:c:

�
; ð1Þ

where m2
11, m

2
22, and λ1, λ2, λ3, λ4 are real parameters and

m2
12, λ5, λ6, λ7 can be complex parameters. The most

general Uð1ÞEM-conserving vacuum expectation values
(VEV) are

hΦ1i ¼
1ffiffiffi
2

p
�

0

v1

�
; ð2Þ

hΦ2i ¼
1ffiffiffi
2

p
�

0

v2eiξ

�
; ð3Þ

where v1 and v2 are real and non-negative, 0 ≤ jξj ≤ π, and

v2 ≡ v21 þ v22 ¼ 4M2
W

g2 ¼ ð246 GeVÞ2. Without loss of gen-

erality, the phase in Eq. (2) was eliminated through the
Uð1ÞY global invariance, leaving the ξ phase in the VEVof
Eq. (3). This ξ phase is a source of spontaneous CP
violation that can be absorbed by redefining the free
parameters [55].
The neutral components of the scalar Higgs doublets in

the interaction basis are 1ffiffi
2

p ðvaþ ηaþ iχaÞ, where a ¼ 1, 2.

As a result of the explicit CP-symmetry breaking, a mixing
matrix R relates the mass eigenstates hi with the ηi as
follows,

hi ¼
X3
j¼1

Rijηj; ð4Þ

where the state orthogonal to the Goldstone boson asso-
ciated to the Z boson is η3 ¼ −χ1 sin β þ χ2 cos β and R is
parametrized as [56]

R ¼

0
B@

c1c2 s1c2 s2
−ðc1s2s3 þ s1c3Þ c1c3 − s1s2s3 c2s3
−c1s2c3 þ s1c3 −ðc1s1 þ s1s2c3Þ c2c3

1
CA;

ð5Þ

with ci ¼ cos αi, si ¼ sin αi for − π
2
≤ α1;2 ≤ π

2
, and

0 ≤ α3 ≤ π
2
. The neutral Higgs bosons hi satisfy the mass

relation mh1 ≤ mh2 ≤ mh3 [57–60]. In the CP conserving
case η1 and η2 are CP even and mixed in a 2 × 2 matrix
while η3 is CP odd without mixing with η1 and η2.
However, due to the CP-symmetry breaking in the general
case, the neutral Higgs bosons h1;2;3 do not have well-
defined CP states. The most general structure for the
Yukawa couplings among fermions and the scalar is

LYukawa ¼
X3
i;j¼1

X2
a¼1

ðq̄0LiY0u
aij

~Φau0Rj þ q̄0LiY
0d
aijΦad0Rj

þ l̄0LiY
0l
aijΦae0Rj þ H:c:Þ; ð6Þ

where Yu;d;l
a are the 3 × 3 Yukawa matrices. qL and lL

denote the left-handed fermion doublets under SUð2ÞL,
while uR, dR, lR correspond to the right-handed singlets.
The zero superscript in fermion fields stands for the
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interaction basis. After getting a correct spontaneous
symmetry breaking by the VEV using Eqs. (2) and (3),
the mass matrices become

Mu;d;l ¼
X2
a¼1

vaffiffiffi
2

p Yu;d;l
a ; ð7Þ

where Yf
a ¼ Vf

LY
0f
a ðVf

RÞ†, for f ¼ u, d, l. The Vf
L;R

matrices are used to diagonalize the fermion mass matrices
and relate the physical and interaction states. Note that in
model III the diagonalization of mass matrices does not
imply the diagonalization of the Yukawa matrices, as
happens in type-I or II THDM. An important consequence
of nondiagonal Yukawa matrices in physical states is the
presence of FCNSI between neutral Higgs bosons and
fermions.

The focus is on the up-type quark Yukawa interactions
that contain the Feynman rules for the rare top decay.
Replacing Eqs. (4) and (7) in the Yukawa Lagrangian of
Eq. (6), the interactions between neutral Higgs bosons and
fermions can be written as interactions of the THDM with
CP conserving (type I or II) plus additional contributions,
which arise from any of the Y1;2 Yukawa matrices. The
relation among the mass matrix MF and the Yukawa
matrices YF

1;2, for F ¼ u, d, l, is used to write the
Yukawa Lagrangian, Eq. (6), as a function only of one
Yukawa matrix, YF

1 or YF
2 . We choose to write the

interactions as a function of the Yukawa matrix Y2, that

is, YF
1 ¼

ffiffi
2

p
v1
MF − v2

v1
YF
2 is replaced in Eq. (6). From now

on, in order to simplify the notation, the subscript 2 in the
Yukawa couplings is omitted. The interactions between
quarks and Higgs bosons in the mass eigenstates are
explicitly written as

L ¼ 1

v cos β

X
ijk

ūiMu
ijðAkPL þ A�

kPRÞujhk þ
1

v cos β

X
ijk

d̄jMd
ijðA�

kPL þ AkPRÞdjhk

þ 1

cos β

X
ijk

ūiYu
ijðBkPL þ B�

kPRÞujhk þ
1

cos β

X
ijk

d̄iYd
ijðB�

kPL þ BkPRÞdjhk

þ
� ffiffiffi

2
p

cos β

X
ij

ūiððKYdÞijPR − ðYuKÞijPLÞdjHþ

þ
ffiffiffi
2

p

v
tan β

X
ij

ūið−ðKMdÞijPR þ ðMuKÞijPLÞdjHþ

þ
ffiffiffi
2

p

v
ūi
X
ij

ððMdKÞijPR − ðMuKÞijPLÞdjGþ
W þ H:c:

�
; ð8Þ

where we define

Ak ¼ Rk1 − iRk3 sin β;

Bk ¼ Rk2 cos β − Rk1 sin β þ iRk3: ð9Þ

The fermion spinors are denoted as ðu1; u2; u3Þ ¼ ðu; c; tÞ,
where the indexes i, j ¼ 1, 2, 3 denote the family
generations in Eq. (8), while k ¼ 1, 2, 3 is used for the
neutral Higgs bosons and PR;L ¼ 1

2
ð1� γ5Þ. Note that aCP

conserving case is obtained only if two neutral Higgs
bosons are mixed with well-defined CP states, for instance,
α2 ¼ α3 ¼ 0 is the usual limit. The CP conserving case has
been studied by Kim et al. in [61] in the alignment limit,
where sinðα1 − βÞ ¼ 1 holds.

III. RARE TOP DECAY t → cγ

The expression for the t → cγ decay amplitude is a
magnetic transition written as

M ¼ ūðp0Þ½F1σμν þ F2σμνγ5�qνuðpÞϵμðqÞ; ð10Þ

where p0 ¼ p − q, ϵμðqÞ is the photon polarization;
when the photon is on shell, q2 ¼ 0, and ϵμðqÞqμ ¼ 0.
The invariant amplitudes F1;2 are obtained in terms of the
model parameters as shown in Eq. (11). Equation (10)
corresponds to a five-dimensional operator, and then the
on-shell t → cγ amplitude must be represented by a set of
loop diagrams. Fig. 1 shows the dominant contributions
for the rare top decay t → cγ at one loop coming from
neutral and charged Higgs bosons. The charged contri-
butions, see Figs. 1(b) and 1(c), are suppressed by the
bottom-quark mass compared to the top-quark mass in the
neutral Higgs contribution. In order to study the effects of
FCNSI we analyze only the dominant contribution; see
Fig. 1(a). In order to obtain the partial width of the t → cγ
decay in model III we apply the method previously used in
[32]. Integrating over the internal momentum, the partial
width is
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Γðt → cγÞ ¼ αGFm3
t

192π4cos4β
jYu

ctj2

×
X
k

jf1ðm̂kÞA�
kBk þ f2ðm̂kÞAkB�

kj2; ð11Þ

where G−1
F ¼ ffiffiffi

2
p

v2, v ¼ 246 GeV, α ≈ 1=128 at electro-
weak scale and the functions f1;2 are defined as

f1ðm̂kÞ ¼
Z

1

0

dx
Z

1−x

0

dy
xðxþ y − 1Þ

x2 þ xy − ð2 − m̂2
kÞxþ 1

;

ð12Þ

f2ðm̂kÞ ¼
Z

1

0

dx
Z

1−x

0

dy
ðx − 1Þ

x2 þ xy − ð2 − m̂2
kÞxþ 1

;

ð13Þ

with m̂i ¼ mhi
mt

for i ¼ 1, 2, 3. The branching ratio can be
approximated as

Brðt → cγÞ ≈ Γðt → cγÞ
Γtop

; ð14Þ

where Γtop at next-to-leading order is given by [33]

Γtop ¼
Gfm3

t

8π
ffiffiffi
2

p
�
1 −

M2
W

m2
t

�
2
�
1 − 2

M2
W

m2
t

�

×

�
1 −

2αs
3π

�
2π2

3
−
5

2

��
: ð15Þ

IV. CONSTRAINTS ON RARE TOP
DECAY PARAMETERS

We note that Eq. (11) contains free parameters of the
THDM, such as the masses of the neutral Higgs bosons, the
mixing angles αi, β, and Yukawa couplings. In order to set
allowed values for free parameters we first review the
possible constraints that the b → sγ decay can impose on
the Ytc coupling. Following Refs. [62–66], the branching

ratio of the b → sγ decay is a function of the Wilson
coefficients and it can be written as

BrðB → XsγÞ ≈ aþ a77δC2
7 þ a88δC2

8 þ Reða7δC7Þ
þ Reða8δC8Þ þ Reða78δC7δC�

8Þ; ð16Þ

with a ≈ 3.0 × 10−4, a77 ≈ 4.7 × 10−4, a88 ≈ 0.8 × 10−4,
a7 ≈ ð−7.2þ 0.6iÞ × 10−4, a8 ≈ ð−2.2 − 0.6iÞ × 10−4, and
a78 ≈ ð2.5–0.9iÞ × 10−4. The main contributions due to
Wilson coefficients, beyond the W-boson contribution,
are given by charged Higgs and FC Yukawa couplings,
δC7;8 ¼ CH�

7;8 þ CH;FC
7;8 . The charged-Higgs contribution is

CH�
7;8 ¼ 1

3tan2β
fð1Þ7;8ðytÞ þ fð2Þ7;8ðytÞ; ð17Þ

while the FC contribution is

CH;FC
7;8 ¼ 2MW

gmtKts cos β
ðYuKÞtsfð2Þ7;8ðytÞ

þ 2MW

gmbKtb cos β
ðKYdÞtbfð2Þ7;8ðytÞ ð18Þ

with yt ¼ m2
t =M2

H and the explicit relations fð1Þ;ð2Þ7;8 ðxÞ can
be found in Refs. [62–66]. Using the hierarchy of the
Kobayashi-Maskawa matrix (K) we have the following
approximations: ðYuKÞts ≈ YtcKcs and ðKYdÞtb ≈ KtbYbb.
In order to have a bound to the Ytc FC Yukawa coefficient,
it was considered that ðKYdÞtb gives the most important
contribution. The limits on the B → Xsγ decay come from
BABAR, Belle, and CLEO [67–71]. The current world
average for E > 1.6 GeV, given by HFAG [72], is

BrðB → XsγÞ ¼ ð3.43� 0.21� 0.07Þ × 10−4: ð19Þ

This result provides an important constraint on the
(Ytc, Ybb) space, Fig. 2, with mH� ¼ 500 GeV and
0 < tan β < 20.

FIG. 1. One loop Feynman diagram with a Higgs boson in the internal line, (a) flavor changing neutral scalar contribution, (b) and
(c) charged contributions.

GAITÁN, MONTES DE OCA, GARCÉS, and MARTINEZ PHYSICAL REVIEW D 94, 094038 (2016)

094038-4



The second constraint considered is based on the
branching ratio of the SM Higgs boson decay to bottom-
quark pairs, which has a reported value of BrðH → bb̄Þ ¼
5.77 × 10−1þ3.2%−3.3% [33]. The width decay in the THDM for
h1 → bb̄ is given by

Γh1→bb̄ ¼
Ncmh1

8π

�
1 − 4

m2
b

m2
h1

�1
2

�
C2

�
1 − 4

m2
b

m2
h1

�
þD2

�
;

ð20Þ

where

C ¼ mb

v cos β
R11 þ

Ybb

cos β
ðR12 cos β − R11 sin βÞ ð21Þ

and

D ¼ −
mb

v cot β
R13 þ

Ybb

cos β
R13: ð22Þ

Note that the matrix elements R11, R12, and R13 are
independent of the mixing parameter α3. Figure 3 shows
the behavior of Ybb as a function of tan β for random
values of α1;2. After that previous constraints are
imposed; the allowed values for Yukawa couplings are
−0.02 ≤ Ybb ≤ 0.06 and −0.5 ≤ Ytc ≤ 0.02 for 1 ≤
tan β ≤ 15; see Fig. 4. The nondiagonal elements of the
Yukawa matrix responsible for the FCNSI, shown in
Eq. (8), must be suppressed [73].

V. RESULTS AND DISCUSSION

Focusing on the rest of the parameters, note that the
masses of the hi neutral Higgs bosons are set so that the
mass of the lightest Higgs boson h1 is equal to the mass
value of the observed scalar reported by ATLAS and CMS,
mh1 ≈ 126 GeV [1,2]. Contributions to Eq. (14) from h2
and h3 are negligible for masses mh2 ; mh3 > 600 GeV.
Also, note that the contribution from h1 is independent of

the mixing parameter α3; see the first row in matrix Eq. (5).
Therefore, the set of free parameters considered in the
partial width Eq. (11) is reduced only to the mixing angles
fα1; α2; βg. Figures 5 and 6 show the allowed values for
mixing parameters α1 and α2 when the current limit for

0 5 10 15 20
0.04

0.02

0.00

0.02

0.04

0.06

tan

Y
bb

FIG. 3. Allowed values for the Yukawa couplings Ybb in a
scatter plot with compatible points with the experimental value of
the BRðH → bb̄Þ and π=2 ≤ α1;2 ≤ π=2.
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Y
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tan 1

tan 2.5

tan 5

tan 10
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FIG. 4. Allowed values for the Yukawa couplings in a scatter
plot with compatible points with the experimental values for
BrðH → bb̄Þ and BrðB → XsγÞ.
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FIG. 5. Allowed values for the mixing parameter α1;2 in a
scatter plot with points compatible with the experimental values
for BrðH → bb̄Þ, BrðB → XsγÞ, and Brðt → cγÞ < 5.9 × 10−3,
for fixed values of tan β ¼ 1, 2.5, 5, 10, and Ytc ¼ 0.01.
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Y
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FIG. 2. Allowed values for the Yukawa couplings in a scatter
plot with points compatible with the experimental value of the
BRðB → XsγÞ and 300 GeV ≤ m�

H ≤ 600 GeV and tan β ¼ 1,
2.5, 5, 10, and 15.
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the Brðt → cγÞ < 5.9 × 10−3 is considered [33]. Based in
Fig. 4 the Yukawa coupling Ytc was fixed with the two
representative values Ytc ¼ −0.04, 0.01.
In order to analyze the Brðt → cγÞ we consider the

allowed regions for the mixing parameters α1 and α2
previously fixed in [74,75]. The following regions can
be obtained for α1 and α2 from 0.5 ≤ Rγγ ≤ 2 with mH� ¼
300 GeV and tan β ¼ 2.5 [57–60]:

R1 ¼ f−1.39 ≤ α1 ≤ −1.2 and −0.13 ≤ α2 ≤ 0g;
ð23Þ

and

R2 ¼ f1.16 ≤ α1 ≤ 1.5 and −0.48 ≤ α2 ≤ −0.1g:
ð24Þ

The ratio Rγγ given by

Rγγ ¼
σðgg → h1ÞBrðh1 → γγÞ

σðgg → hSMÞBrðhSM → γγÞ ð25Þ

allows us to compare the prediction of the THDM with the
SM prediction for the Higgs boson diphoton decay.
Figure 7 shows Brðt → cγÞ as a function of α1 and α2
in the allowed regions R1 and R2 with tan β ¼ 2.5. The
Brðt → cγÞ can be enhanced up to 10−6 in the regions R1;2.
The limits obtained in model III are less restrictive than
those obtained in type-I and type-II THDM, which are of
the order of 10−8 [27,29]. In 2021, the LHC is expected to
reach an integrated luminosity of the order of 300 fb−1

[76]. Experiments in LHC Run 3 with this amount of data
could find evidence of new physics beyond the SM, in
particular, processes with the FCNC. The expected number
of events can be naively estimated with the following
approximation,

N ≈ σðpp̄ → tt̄ÞBrðt̄ → b̄WÞBrðt → cγÞLint; ð26Þ

where σðpp̄ → tt̄Þ ≈ 176 pb [33], Lint is the integrated
luminosity ∼300 fb−1, Brðt̄ → b̄WÞ ≈ 1, and Brðt → cγÞ is
the obtained result in model III, Eq. (14). Because of trigger
and selection cuts only a fraction of the produced events is
detected by the experiments. An efficiency of 2.4% is
achieved by CMS from simulation of tcγ signal events
taking into account all selection criteria [77]. Therefore, a
more realistic estimation of the effective number of events
has to be written as NEff ≈ 0.2 × N.
The limit that is expected to be reached in future

experiments is Brðt → cγÞ ∼ 10−5 [76]. If we consider this
expected limit as Brðt → cγÞ ∼ ð1–10Þ−5 withNEff ≥ 1 and
impose the restrictions discussed in the previous section,
then the NEff can be estimated for fixed values of tan β.
Figure 8 shows NEff as a function of Ytc. The mixing
parameters α1;2 are also bounded by the same constraints
and the allowed values of the α1;2 are shown in Fig. 9 for
fixed tan β. The numerical values for tan β are fixed by the
representative values tan β ¼ 1.56, 2.5, 5, 10, 15; however,
the NEff as a function of tan β with the above restrictions is
shown in Fig. 10. We find that the effective number of
events is greater than 1, NEff ≥ 1, from tan β ≥ 1.56. The
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FIG. 7. The model III branching ratio for t → cγ as a function
of α1–α2 in regions R1 and R2.
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FIG. 8. Effective number of events for t → cγ as a function of
Ytc for tan β ¼ 1.56, 2.5, 5, 10, 15 expected in LHC Run 3.
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for fixed values of tan β ¼ 1, 2.5, 5, 10, and Ytc ¼ −0.04.
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expression for the rare top decay t → cγ was calculated at
one loop due to the FCNSI in an extended model with two
scalar doublets. The SM predicted value for the Brðt → cγÞ
is extremely suppressed from LHC sensitivity, while in the
considered type-III THDM with mixing in the neutral
scalars the same branching ratio has been increased,
making it possible to test rare decays in future experiments.
In this work we have studied a theoretical framework
where Brðt → cγÞ ∼ 10−5 can be viable for specific values
of mixing parameters. If the t → cγ decay is observed in
the LHC, it will provide important evidence of physics
beyond the SM. With the allowed regions for the α1, α2 and

tan β≃ 2.5, model III predicts Brðt → cγÞ ∼ 10−6.
Model III, with an integrated luminosity of 300 fb−1,
predicts up to NEff ≈ 100 events for the t → cγ decay with
α1, α2 and tan β given in the previous section. There are also
other relevant decays, for instance, it is straightforward to
obtain Brðt → cgÞ in the framework of model III; in this
case Brðt → cgÞ can be found from Eq. (11) by replacing
the factor α by 3αs, where αs is the strong coupling
constant, and within the framework of our analysis the
parameter space can be phenomenologically restricted from
the experimental limits of this decay; we find the approxi-
mate region −0.6 < Ytc < 0 for 0 < tan β < 8. On the
other hand one can also calculate the Brðt → chÞ at tree
level in model III. From the current experimental limit on
Brðt → chÞ we obtain that the flavor changing Yukawa
coupling Ytc can be restricted to −0.2 < Ytc < 0.1 for
0 < tan β < 8. The phenomenological restrictions for Ytc
as a function of tan β for the three FCNC top-quark decays
are shown in Fig 11.
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