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t—cH? decay in the general two Higgs doublet model
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We study the flavor changing—cH® decay in the framework of the general two Higgs doublet model, the
so called model Ill. Here, we take the Yukawa couplings complex and switch ddRhéolating effects. We
predict the branching ratio six orders larger compared to the one calculated in the SM, Rl 7, and
observe a measurab@P asymmetry, at the order of 102,
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[. INTRODUCTION The paper is organized as follows: In Sec. I, we present
the BR and A¢p of the decayt—cH? in the framework of

The top quark has attracted great interest since it break®odel Ill. Section Ill is devoted to discussion and our con-
the SU(2)x U(1) symmetry maximally and it has rich de- clusions.
cay products due to its large mass. The rare decays of the top
quark have been studied in the literature in the framework of || THE FLAVOR CHANGING t—cH® DECAY IN THE
the standard moddlSM) and beyonc[l—lO]; the one-loop FRAMEWORK OF THE GENERAL TWO HIGGS
flavor changing transitiong—cg(y,Z) in [5,8], and t DOUBLET MODEL
—cHC%in [3,8-10. _ - 0 .

In the SM, these decays are suppressed as a result of the 1€ flavor changing transition—cH" is quite suppressed
Glashow-lliopoulos-Maiani (GIM) mechanism[11]. The N the SM due to the GIM mechanispil]. The extended
branching ratiosBR) of the decays—cg(y,Z) have been Higgs sector C.OUId. bring Ia}rge gontrlbutlons tp this 'dec.ay
predicted in the SM as10 1 (51013 1.3x 10~ %) in and makeCP violation possible, in general. This section is

[3]. t—cHO, which can give strong clues about the nature Ofdevoted to the calculation of thBR and theCP violating

electroweak symmetry breaking, has been calculated at tr%s/ymmetry of the decay under consideration, in the general
order of the magnitude of T84~ 1022 in the SM, in[9]. o Higgs doublet model, so called model Ill. In the model

I, the flavor changing neutral currents in the tree level are

|
These are small rates for the measurement, even at the hige ited and various new parameters, such as Yukawa cou-
est luminosity accelerators and therefore, there is a need

. . ings, masses of new Higgs bosons, exist.
analyze these rare decays in new physics beyond the' SM. Thet—cH? process is controlled by the Yukawa interac-
In 0the pres_ent work, we study the flavor changlpg tion and in the model IIl, it reads as
—cH" decay in the framework of the general two Higgs
doublet model(model I11), whereH? is the SM Higgs boson. V= ~ o= U= ~
Here, we take the Yukawa couplings complex and switch on ~ Ly= 7;;QiL#1Ujr+ 7;jQiL #1Djr + &ij QiL #2Ujr
the CP violating effects. Since th&R is at the order of b=
~10 in the SM, we neglect this contribution and calculate +&jQiLdDjrtH.C., @)
the new physics effects in the model Ill. In the calculations,
we take into account the interactions due to the internal mewhere L and R denote chiral projectiond. (R)=1/2(1

diating charged Higgs bosoH = and neglect the ones in- ), ¢ for i=1,2, are the two scalar double®®;, are
cluding internal neutral Higgs bosons? and A° (see the |eft handed quark doubletd) ir(D;g) are right handed up
Discussion. The numerical results show that tBR of this  (down) quark singlets, with family indices j. The Yukawa
process can reach to the values of order J(laying with - matricesz;"” and&;"® have in general complex entries. It is
the free parameters of the model Ill, respecting the existingyossible to collect SM particles in the first doublet and new

ders larger compared to the one in the SM and it is @ me&yy o, and ¢, as

surable quantity in the accelerators.
Furthermore, we predict the possilild asymmetryAcp

+ +
at the order of 102 for the intermediate values of th@P :i 0 i V2x b :i V2H
parameter, due to the complex Yukawa coupl'ﬁ}?gbb (see ! V2| \v+H?° ix° /) 2 V2 Hi+iH,)’
Sec. Il for its definition. This is purely a new physics effect 2
and the measurement At.p for the process under consider-
ation may open a new window to go beyond the SM and tesith the vacuum expectation values,
the new physics.
9=2{2). (ga=0 @
= — , ¢ = .
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FIG. 1. One loop diagrams contribute to the detaycH® due
to internal charged Higgs boson. Wavy line representdtfidield
and dashed line thel = field.

Here,H; andH, are the mass eigenstatebandA° respec-
tively since no mixing occurs between tv@P-even neutral
bosonsH? andh® at tree level, for our choice.

The flavor changingFC) interaction can be obtained as

EY,FC:§HT6iL7ﬁ2UjR+fﬁ@iL(l&szR'*' H.c., (4)

where the couplingg¥'® for the FC charged interactions are

En=EnVekm

En=Vekmén - (5)
and £3'P is defined by the expression
U(D) (VU(D)) lgU (D)VU(D) (6)

Here the index “N” in &y'° denotes the word “neutral.”
The SM contribution to th&R of the proces$—cH? is
negligibly small, which is at the order of the magnitude

10" %3 Therefore, we take into account only the new effects
beyond the SM. The relevant diagrams are given in Fig. 1. At
this stage, we would like to discuss the possibilities not toVith g(x Y)=(— 1+x+y)(xyt+yzt) Here Y
take into account the tree level contribution to the decayz=mpo/ Mz =, yw=ma/m? . andy,=
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V(1 ¢2)=C1( b1 p1—022)%+Co( 3 b)?
+Cal(B1 p1—v2/2)+ ¢y B2
+Cal (b1 1) (b3 b2)— (b1 b2) (5 b1)]

+Cs[Re( b1 )12+ ce[Im( by )12+ 7.
(7)

Since we assume that ondy; has vacuum expectation value,
no mixing occurs between two neutral Higgs bosons and the
tree level interaction vanishes. Furthermore, since we take
the c-quark mass zero and the Coupllflkhtc negligible com-
pared to the coupllngsN «+ and fN by (see[12]), the main
contribution comes from the d|agrams with internal charged
Higgs boson and for the matrix element, we get

. g
M (t—cHO) = =iV Vi —— (Fe+ Fseld
( ) cb tb64mwﬂ_2( )
X c(1+ ygt, 8
where
FOE= g8 pp(Mpén i f 1+ MR Fuf2),
Flseld= mng bng tfa (€)
and the functiong , f,, f5 are defined as
1 1-x z(—1+x+y)(y+xzP
f1=f dxf dy
o Jo X+9g(x,y)
) 1
Yw cog Oy "
X+ g(x, y) +2In(x+g(x,y)) |
(—=1+x+y)| 2 ! )
—1+x _
. fld fl_xd Yw Y cog by
= X y
2 Jo 0 y 1-x+g(x,y)
(10
_ 1-yptyplInyp
1-yp ’
2
m2/m¢,.

/mH+ . Using Eq.

under consideration, in the model lll. First, it can be assumed8), it is straightforward to obtain the decay width as
that all the off diagonal neutral Yukawa couplings vanish and

therefore the couplmgN tc vanishes. Another possibility is
to take the mixing between two neutral Higgs bosbifsand
h is small and the tree level interactior-c—H? is negli-
gible. In our case, we consider the gauge &t invariant
Higgs potential which spontaneously breg&bl(2) <X U (1)
down toU(1) as

yt_zt| 12

T(t—cH)= o~ e

(11)

Now we would like to give the expression féi.p of the

above process. Here, we takR ,, and &y ,, complex with
the parametrizations
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§H tt:|§H tt|ei Ot tents, by our assumption. Notice that we also neglect the off
_ diagonal couplinng,tC, since it is smaller compared ﬁ,n
N bb=| &R pol€' %, (120 (see[12]). Therefore, the new neutral Higgs bosons do not

_ _ _ have any contribution to thBR of the decay under consid-
and assume that the complexity ﬁ’n is small. Using the  gration.

definition of theCP violating asymmetryAcp We takeEH,tt and E[N),bb complex and respect the con-

0N T/ 40 straint for the angled,; and 6,,, due to the experimental
ACP:F(t_)CH ) F(t__fH ), (13  upper limit of neutron electric dipole momentd,
I(t—cH®%)+I'(t—cH) <107?° ecm, which leads to (Bhmy)Im(£Y &0, <1.0
for My=~200 GeV[13].
We find a constraint region for these free parameters by
| N restricting the Wilson coefficier@S'", which is the effective
Acp=| &N ulSIN( O~ 0u) 5 » (14 coefficient of the operator O;=(e/16m?)s,0,,(M,R
+mgL)b, F*" (see[12] and references thergjnin the re-
where gion 0.25%|CS"|<0.439. Here upper and lower limits
were calculated using the CLEO measurenjédy

we get

N=—2Im(f,f%+f5f,),
BR(B—Xgy)=(3.15-0.35+0.32 10" 4. (16)

D= yud R ol Fol?+ 218
mbYW N,bbl [ 12 N, tt _ S _ .
and all possible uncertainties in the calculat|0r0($1f [12].

X Re(f1f5 —f5f,)coq by — Oy), (15) For completeness we present the Wilson coeffic@§f .
Denoting the contribution for the SM wit@ (mW) and the

and the functiond,, f, andf; are given in Eq(10). Here  4qqitional charged Higgs contribution wnﬁ (my), we
the symbol* denotes the complex conjugation. As it is phave the initial values

shown from Eq(14), Acp vanishes when twe& P violating

anglesé,, and 6,; are equal. This is interesting, sinéep

can vanish even in the existence of complex phases, in the C2HOMH
model 111 7

*

my) =C3Y(my) + —
t

Ntt+§N tcV*

Ill. DISCUSSION

Vep
§N it Ex v ) F1(yo),
In this section, we study thein 6,,, myo and &Q Enpp de-
pendencies of thBR andAcp for the process— cHC, in the s
model Ill. For the calculation of thBR we take the value of + W N n fN %
the total decay widthl't~ F(t—>bV\/) as '1=1.55 GeV. v ts

Notice that the couplingé&y,, is defined as &5

= V(4G \2)g®.

The process—>cH0 exists also in the SM and model I
(or 1) version of the 2HDM. In both models this process
appears at least at loop level. In the SM model internal me-
diating W= bosons are responsible for this decay and its BR 011
is very small, at the order of the magnitude of 18 In the /,,'.,,/'—;\
model Il, additional contribution comes from the charged 0.105 - =

Higgs bosorH* and can be enhanced compared to the SM

fN obt €N B, ) Fa(yo)- (17

r@%HDM

The LO corrected coefficie (u) is given as

. : . o1 —
result by playing with the free parameter {gnrespecting ©

the experimental measurements. HoweverAg@ occurs in f,; 0.095 - -
the model II(l) and also in the SM. This forces one to go - 000

into the model Ill, with complex and possibly large Yukawa ~ °®F -
couplings. T -
Model 11l contains a large number of free parameters such ===~ ==mmssoomeeee .

1 1 1 1 1 1
as Yukawa couplingsgy(™, the masses of new Higgs 01 02z 03 04 05 06 07 08
bosons,H=, h® and A°, and they should be restricted by sin Oy

using experimental measurements. At this stage we summa-

rize these resrictions. . =10m,, my==400 GeV, myo=120 GeV, sing;=0.1 in the
We neglect all the Yukawa couplings eXCﬂ w and  model 111 Here theBR is restricted in the region bounded by solid

& b Since they are negligible due to their light flavor con- lines for C$'™>0 and by dashed lines f&@S/*<0.

FIG. 2. BR(t—cH% as a function of sim, for |Eﬁ,bb|
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FIG. 3. BR(t—cH% as a function of[¢R, for siné,
=0.1, sinf,=0.5, my==400 GeV, muo=120 GeV in the
model lll. Here theBR is restricted in the region bounded by solid
lines for C¢"™>0 and by dashed lines f@S''<0.

LO,2HDM 2HDM
C7o' ()= 7716/2%7 (my)

+ (8/3)( 7721.4/23_ 7721.6/23)

8
X CZHOM(myy)+ C3"OM(my) 3, b7,
i=1

(18

and »=ag(my)/as(n), h; and a; are the numbers which
appear during the evaluatiga5]. The explicit forms of the
functionsF,)(y) are

y*(3y-2) ny
2y-1)*

y(7—5y—8y?)
72y—1)3

Fi(y)=

_y(By—=3) y(-3y+2)
= +
12y-1)*  6(y-1)°
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FIG. 5. The same as Fig. 2, but f8p.

|rtb|=|Eﬁ’tt/EB’bb|<1. Notice that, in figures, thBR is re-
stricted in the region between solidashed lines for C&'f
>0 (C%"<0). Here, there are two possible solutions for
C¢' due to the cases whelg,|<1 andry,>1. In the case
of complex Yukawa couplings, only the solutions obeying
Iripl <1 exist.

In Fig. 2, we plot the BR with respect to sir,
for sin6=0.1, my==400 GeV, myo=120 GeV, &
=10m,. As shown in this figure, th&R can reach to the
values at the order of the magnitude of 70and it is not so
much sensitive to the parameter gjp. Its magnitude is al-
most 30% larger forCS'™>0 compared to the one for
cef'<o.

Figure 3 represents thBR with respect to| &y | for
sin6,=0.1, sing,=0.5, my==400 GeV and  myo
=120 GeV. This figure shows that ti&R is strongly sen-
sitive to the couplind&y 5| and it can get the values at the

order of 10°° even for[£R ;| =20m,. This observation is
an important clue about the upper limit of the coupling

| €8 bol» with the possible future measurement of Big. For
the small coupling &y ,,|, the restricted region for thBR

The discussion given above allows us to obtain a conpecomes narrow, for bot6s ™0 andC¢''<0.

straint region for the coupling&y) 1, &n.pp and theCP vio-
lating parameters, sify and sindy,. Here, we assume that

Finally, we show then,o dependence of thBR in Fig. 4
for sin6=0.1, sing,=0.5, my==400 GeV and |y )l

the couplinggﬂn has a small imaginary part and we choose=10m,. With the increasing values aho, the BR de-

0.2 T T T T T
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

100

10° BR

110

120 130

mgpo (GeV)

FIG. 4. BR(t—cH% as a function of myo for |Eﬁ,bb|
=10m,, sin#=0.1, singy=0.5, my==400 GeV in the model
lll. Here theBR is restricted in the region bounded by solid lines
for C¢'">0 and by dashed lines f@''<0.

creases and the restriction region becomes narrower.
At this stage, we would like to analyze tkiEP asymmetry
Acp of the decayt—cHC and show sir,, andmyo depen-

-0.02

-0.04

100 110 120 130

mgo (GeV)

140

FIG. 6. The same as Fig. 4, but f8gp.

075017-4



t—cH® DECAY IN THE GENERAL TWO HIGGS.. ..

dencies ofAcp in Figs. 5 and 6, respectivelqp is at the

order of the magnitude of 1& for the intermediate values of
sin 6y, and it can reach to 2 10~ for CS'">0. Notice that

sin g, is taken small and\cp vanishes when tw€ P param-
eters have the same values, namelyégjasin 6;. If Acp is

positive (negative, C$” can have both signs. However, if it

is negative CS"’

PHYSICAL REVIEW D 65 075017

TheBRis sensitive td&X .| and its measurement makes
it possible to predict an upper limit for this coupling. Fur-
thermore, the measurement of tBR of the decay under
consideration can give important information about the mass
of Higgs bosorH®.

Acp is at the order of the magnitude of 19 for the

must be negative. This observation is usefulintermediate values of sify, and it rises up to the values 7

in the determination of the sign &S'". The same behavior x 102 for C$'">0. The measurement ., can ensure a

is observed in Fig. 6 which represents the m@ags depen-

dence ofAcp. When the Higgs boson masg, o increases,

an enhancement iAp is detected, especially fa2s'"™>0.
Now we will summarize our results.
The BR of the flavor changing process-cH? is at the

order of 102 in the SM and the extended Higgs sector

brings large contributions, at the order of 76- 10" ¢, which

hint for the determination of the sign &5'".

Therefore, the experimental investigation of the process
t—cH° will be effective for understanding the physics be-
yond the SM.
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