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Flavor changing t—cl; |13 decay in the general two Higgs doublet model
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We study the flavor changirig-cly |5 decay in the framework of the general two Higgs doublet model, the

so-called model Ill. We predict the branching ratio far=7, 1,=u at the order of magnitude odBR
~10°8,
DOI: 10.1103/PhysRevD.67.015004 PACS nuntderl12.60.Fr
[. INTRODUCTION 1(d)] and observe that their contribution to tB& is negli-

gible, namely 10*-10 0.

The top quark has a large mass and therefore it breaks The paper is organized as follows: In Sec. Il, we present
SU(2)xU(1) symmetry maximally. The richness of the de- theBR of the decayt—c (1715 +1715) in the framework of
cay products stimulates one to study its decays to test thenodel Ill. Section Ill is devoted to discussion and our con-
standard modelSM) and to get some clues about new phys-clusions.
ics beyond the SM. The rare decays of the top quark have
been studied in the _Iiterature in the framework of _the SM a_nd Il. THE FLAVOR CHANGING t—c (1717 +113) DECAY
k?eyond[l—l()] and in the one-loop ﬂavor changing gr_ansr IN THE FRAMEWORK OF THE GENERAL TWO
F;r;stl—(icg(y,Z) in[4,7],t—cV(VV) in[5], andt—cH" in HIGGS DOUBLET MODEL

These decays are strongly suppressed in the SM and the The flavor changing transition—cl; |5 is forbidden in
predicted values of the branching ratiBR) of the process the SM. Such transitions would be possible in the case that
t—cg(y,2) is 4x10 1%(5x107131.3x10 9 [2], theBR  the Higgs sector is extended and the flavor changing neutral
for t—cH? is at the order of the magnitude of 1H—10"13, currents(FCNC) in the tree level are permitted. The simplest
in the SM[8]. These predictions are so small that it is not model which obeys these features is the model Il version of
possible to measure them even at the highest luminosity ac-
celerators. This forces one to go beyond the SM and study Ly b
these rare decays in the framework of new physics. \/ \/
—cH?Y decay has been studied in the general two Higgs dou-
blet model(model Il) [10] and it has been found that tBR
of this process could reach to values of the order 0f®.0
playing with the free parameters of model Ill, and respecting (a) (b)
the existing experimental restrictions. This is a strong en-
hancement, almost seven orders larger compared to the or \/

[
A'h

\
’

in the SM.

The present work is devoted to the analysis of the flavor
changing(FO) t—c (1715 +171;) decay in the framework
of the general two Higgs doublet modehodel Ill). This
decay occurs in the tree level since the FC transitions in the
quark and leptonic sector are permitted in model Ill. Here,
the Yukawa couplings fot—c andl; —I; transitions play
the main role and they exist with the help of the internal (¢) (d)
neutral Higgs boson&? andA°. In the process, it is possible
to geth® and A° resonances since the kinematical region is \/ \\/

large enough and this difficulty can be solved by choosing
the appropriate propagator fbf andA° (see Sec. )l In the
tree level, theBR of the t—c(l{1; +171,) decay forl,
=randl,= u is predicted as 10— 10" ’. We also calculate H _2...¢ ;.
the one loop effects related with the interactions due to the S \
internal mediating charged Higgs bos¢see Figs. (b)- (e) ()

FIG. 1. Tree level and one-loop level diagrams contribute to the
*Email address: eiltan@heraklit.physics.metu.edu.tr decaytHcll‘Igr . Dashed lines represent th& A° ¢*, W*, and
"Email address: ituran@metu.edu.tr H= fields.
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the two Higgs doublet modgRHDM). This section is de- andé&y'° is defined by the expression

voted to the calculation of thBR in model Ill. In this model,

there are various new parameters, such as complex Yukawa

couplings, masses of new Higgs bosons, etc. and they should NP = (VD) eV OIWVER) . (7)

be restricted by using the present experimental results.
Thet—cl; |, process is controlled by the Yukawa inter-

action and. in model 111. it reads Here the index N” in £3° denotes the word “neutral.”

Notice that, in the following, we replacg’:®F with £5'°F
Ly= HH@L%UJ'RJF ﬂﬁaiL ¢1Djrt §HT@L$2U1R whereN denotes the word “neutral” and defirng|"®*F which
satisfies the equatioghOE= 4G/ \2£Y P E.

+&PQi poD i+ 7l P1E R+ EE1 B g+ H.C, _ SN
GjQuéDirt 7l S1ER+ &l S2Eir In model IlI, thet—cl; 1, decay exists in the tree level,

(1) by taking nonzerd—c(l; —I5) transition with the help of
i L the neutral bosonis’ andA°. For completeness, we also take

where L and R denote chiral projections.(R)=1/2(1 ¢ one loop contributions into accoufsee Fig. 1 and we
+vs), ¢ for i=1,2, are the two scalar double®y; are use the on-shell renormalization scheme to get rid of the
left-handed quark doublet$);z(Djr) are right-handed up existing divergences. The method is to obtain the renormal-
(down) quark singlets, ant], (E;g) are lepton doubletsin-  jzedt— ch® (A%) transition vertex function
glets, with family indicesi,j. The Yukawa matrices;""
and giEj have in general complex entries. It is possible to

collect SM particles in the first doublet and new particles in FE0$N=FBO* +Fho,
the second one by choosing the parametrizationgfpand (8
¢, as
Mg e
. 1 0 V2x* . 1 V2H™
1= = 0 ) ) 2= = . )
\/E v+H 1'% \/E H1+|H2 by using
2
with the vacuum expectation values, i
0
1 /0 FRenon sl 7= ﬁ«gﬁufﬁzt>+<§ﬁ,m—§mtm>,

<¢1>:E vl <¢2>:0! (3) (9)

and considering the gauge a@d invariant Higgs potential Al

1
_ U _ £Ux + V] + Ux
which spontaneously breaJ(2)x U (1) down toU(1) as RENonshel™ 5 2 ((&ne™ Enic) T (Ense T éN'e) ¥s).

V(d1,¢2,¢3)=Cai(d) dp1—v%12)%+Co( b5 ¢2)?
+esl () p1—v%2)+ ¢; py]?
+Cql (] d1) (b3 b2)— (b1 b2) (b5 B1)] FEOZFEOEN|0n Shen_rgo|on e

+es[Re(¢1 ¢o) 12+ celIm(¢1 b2) 1%+ c7, (10
(4)

with constantg;, i=1,...,7.Here,H, andH, are the mass
eigenstate® and A°, respectively, since no mixing occurs ho . )
between two CP-even neutral bosdd® and h® in the tree  Wherel'y is the bare vertex function. Here, we take the loop
level, for our choice. diagrams(see Fig. 1 including H™ intermediate boson for
The flavor changingFC) interaction can be obtained as FC interaction[Figs. 1Ib)-1(d)] in the quark sector, since
fﬁ,bb and fH,n are dominant couplings in the loop effects.
Ly = fHTQiL?ﬁzUjRﬁL fﬁQiL¢2DjR+ gﬁT”_ $oEjr+H.c., Therefore we neglect all the Yukawa couplings excﬁng
(55 and fH,n in the loop contributions. Notice that the self-
energy diagrams do not give any contribution in the on-shell
where the couplingg":P for the FC charged interactions are renormalization scheme.

The renormalized vertex function is connected tolfhig;

and the counter term

A0 _ A0 A0
FC _FREN|on shell_ro |onshellu

U _ (U

&ch=ENVekm outgoing leptons by intermediatd andA° bosons as shown
5 5 in Fig. 1 and for the matrix element square of the prodess
&ch=Vekmén ©® e (15 +1715) we get

015004-2
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IMIP=8mi(1=s) 2> |psf*(|a8?|*+]a’&I*) ([snf—(my;—my)%][af) 2+ [smf—(my+my)?|a’§[?)

S=h0 A0

+16m7(1—s)([snf— (m; - —m+)*JRel proppoddans (aidans? +a’{fa’ 1)1

| |
+[snf—(my+m2)? IR propjoant ans (apdand? + a/iays ),
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(11)

where
i
snmf—m3+imgl's,’

I's, is the total decay width of th& boson, forS=hCA°,
Here, the parametexis s=q%m?, andq? is the intermedi-
ate S boson momentum square. In E@.1) the functions
aﬂg A0 a’ﬂg a0 have tree level contributions analho A0

aééq/lo are the combinations of tree level and one-loop level

contributions,

Ps= (12

afd jo=alo a0
aﬁ%),_\o— azgez(q) + aLoop(q) ,
O "
aé(m aéoTreg(q) +ar,1(|5,(f§(q)
and they read
age V= 2\/—(§N| L&),

Treea)
A0

rTreea)
Ao

1 Tree() _

A0

Tree(q)
ano

a‘Tree(q) _

AO

ar; Tree(@) _

a’ Tree(@) _

A0

2\/— (&N, ~ &N )

2\/— (&N, ~ &)

m(&EJ L&),

\/—(fN tc+§N ct
2\/—(§N tc gN ct

(- Y
\/E N,tc~ SN,ct

2\/— gN tc gN ct

arI;oop(q) i Vep Vi gN bb( mbe bng ttf dxf dy fh (X, y)+mbmt(§N bb) f dxf
32272

ho 1-x 1o 1-x Ho
X(L=x=y)f] (x,y)— mbmt|§Nbb| f dxf dy((x+y)f] (x,y))— beb Nttf dxf dy 5 (x, y))

Loop(q) 1 1-x 20 1 1—x
apo = 320277 cthbebb mbebbett dX dy f; (x,y)— mbmt(beb) OdX . dy

1—-x
X (1= X—y) F2°00y)) — Moy €2yl f dxj “ay(oxcty) A (xy))+§Nbanf dxf dy 2 <xy>)

als rLoop(a) _ aLoop(q)

rLoo Loo
a5o0P(0) _ 5LooP(@)
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where

s 1 1
f5= - ,
LS(mg)  L¥(s)

2 2 2 (15
mg (X+mgy) B me(X+sy)
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LS(s)=m3(x— 1)+ mZ.x+m(—1+x+y)(x+sY),
(16)
LS(mg) =m2(x—1)+m7 . x+(— 1+x+y)(mZx+may).

Finally, the differential decay width dDW) dI'/dqt

fS=(1-x—-y) : - —c(I71; +1715)] is obtained by using the expression
L>(mg) L=(s)
dar 1
+2In%:;, EZWMMR (17)
with where\ is
|
\ V(ME(s—1)%=4mQ)(m¢+mj’ +(mf —m{s)®—2mg(mf +mf —mgs)—2m; (m; +m(s))

Here the parametes is restricted into the regionn@1

2m?s

O;=e/16m%s,0,,(MyR+mL )b, F*" (see[11] and refer-

+m )?/mf<s=(m—mc)?/m{. Notice that we use the pa- ences therein in the region 0.25% |CS"|<0.439. Here up-

rametrizationéy | | =|y, /€' %'z for the leptonic part, in

the numerical calculations.

Ill. DISCUSSION

per and lower limits were calculated using the CLEO mea-
suremen{12]

BR(B— Xsy)=(3.15+0.35+ 0.3210 4, (18)

This section is devoted to the analyses of the differentiahnd all possible uncertainties in the Ca|cu|ati0|ﬂ$1ff [11].

BR(D BR) and theBR of the process—c(l; 1, +1715) in

The above restriction ensures getting upper and lower limits

the tree level and also in the one loop level, in model Ill. Thefor gﬁ bb» gH « and also forgH 1 (see[11] for details. In our
H ] E H H s ! . ! .
Yukawa couplingsty . and &y i, play the main role in the  nymerical calculations we choose the upper limit @'

tree level and new couplings, especiaﬂﬁybb,gﬁ’n, enter

>0, fix &§pp=30m,, and take&y .~ 0.01£y ~0.0025,

into calculations if one goes to the loop level. Since thesegespecting the constraints mentioned. Furthermore, the cou-
couplings are free parameters of the model used, it is neceplings §ﬁy,l|2 in the leptonic part are restricted by using the
sary to restrict them, using appropriate experimental resu“%xperimental results, such as, anomalous magnetic moment

We use the constraint region by restricting the Wilson coeft myon, dipole moments of leptons, and rare leptonic de-
ficientC$"", which is the effective coefficient of the operator cays. Forl,= 7 andl,= u, we take the upper limit obtained

0.8 T T T T T T T T
0.7 /

T
4

o
(=]
T
.
\,

1

|ER 7l (GeV)

FIG. 2. DBR[t—c (7 u"+ 7" u )] as a function oﬂgﬁvml
for my=80 GeV, my=90 GeV, sing,,=0.5, reaIE[N’,tc, and
F?(?[:Fﬁ)ot:O.l GeV. The soliddashed, dash-dottédine repre-
sents the case fa= (12 (2p2 (32)?].

by using the experimental result of anomalous magnetic mo-
ment of muor{13]. Forl,= 7 andl,=e, we use the numeri-

T T T T T T T T
200 1

150 |- ]

dBR
ds
N\
\

100 - -~ -

105 x
AY
\

IR, 7l (GeV)

FIG. 3. The same as Fig. 2 but fer= (252 and ()2 The
solid [dashed line represents the case for (1) () 2]
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FIG. 4. DBR[t—c(r u*+7"u7)] as a function ofs for
myo=80 GeV, on—90 GeV, |& /=10 GeV, sind,,=0.5, real
&, andTi=T%=0.1 GeV.

cal result obtained for the coupling“gu(’es,je in [14], based on
the experimental measurement of the leptonic progess
— ey [15]. The total decay widths df® andA° are unknown
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FIG. 5. BR[t—c(r u*+7"17)] as a function oﬂgﬁyw| for
Myo=80 GeV, my=90 GeV, sing,,, =05, real &, and T,
-T2=0.1 GeV.

In the case of outgoing and e leptons, theBR is pre-
dicted at the order of magnitude of 178#-10 5, respecting

parameters and we expect that they are at the same ordertbe numerical values of the coupllnggN ol =(107%

magnitude of " ~(0.1-1.0) GeV, whereH® is the SM

—-10 %) GeV, obtained in[14], based on the experimental

Higgs boson. Notice that we take the value of the total decajneasurement of the leptonic procgss-ey. For the outgo-

width I't~T'(t—bW) asI't=1.55 GeV and choose the nu-
merical valuesn,o=80 GeV andm,o=90 GeV for the cal-
culation of theBR.

In Fig. 2 we plot the BR for thet—c(7 u™+ 7 u")

decay with respect t9&y -l for sing,,=0.5, differents
values,s= (10/175Y, (50/175)2 ands=(150/175¥f. Here,

we choose£l , real andI'lh=T%=0.1 GeV. The solid
[dashed, small dashkdine represents the case fa&
=(10/175¥[ (50/175Y,(150/175%]. From the figure, it is
seen that the BR is at the order of the magnitude of 19
for s=(50/175f and |§NT |~5 GeV. DBR is less than
10 8 for s=(10/175Y ands= (150/175¥ and it reaches ex-

tremely small values fofé, =1 GeV. Increasingéy, rul
causes one to enhance theBR, as expected. Figure 3 is
devoted to the same dependence $s¢(80/175f (solid
line), (90/175% (dashed ling where the values of are
taken at then® and A° resonances. The BR is at the order
of the magnitude of 10° for the small values of the coupling

ing © and e leptons, we believe that thBR is extremely
small, too difficult to be measured.

At this stage we would like to summarize our results.

The BR of the flavor changing procest—c (I71,
+1715) is forbidden in the SM and the extended Higgs sec-
tor can bring considerable contribution to tB® in the tree
level, at the order of magnitude of 18-10"7, forl,=r and
I;=u. A measurement of such BR will be highly non-
trivial due to efficiency problems in measuring thdepton
and in identifying ac-quark jet. Moreover, one will have to
overcome the problem of isolating the signal from a possibly
large reducible background by applying clever kinematical
cuts which will further degrade the signal. However, the pos-
sible enhancement of tr@R of the given process in model
Il forces one to search new models to get a measuiaBle
theoretically. TheBR is sensitive to Yukawa coupling | |
and, respecting the experimental limits on the relevant cou-
plings, this results in extremely smalleBRs of t
—c (I71; +1715), for I,=7,l,=e andl,;=u,l,=e, com-

|§N - | and increases extremely with the increasing values opared to the one fdr, = 7,1,= u. Notice that the loop effects

this couplmg
In Fig. 4, we plot the BR with respect tcs, for [£5, vl
=10 GeV, sing,,=0.5, andl'™ =T'A'=0.1 GeV. It is ob-

served that DBR has a strong dependence.
FinaIIy in Fig. 5 we present th8R for the process

—c (7 M Y+ 7 u7) with respect to|§N .l for sing,,=0.5
andT™ =TA'=0.1 GeV. TheBR is at the order of magni-
tude of 10°® for |5 ../~2 (GeV) and increases to the val-
ues 107 with increasing| &y, -ul- Notice that the one loop

are negligibly small.

Therefore the future theoretical and experimental investi-
gations of the process—c(l{ 15 +171,), especially forl,
=17, l,=u, would play an important role in the determina-
tion of the physics beyond the SM.
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