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We present a detailed and complete calculation of the gluino and scalar quarks contribution to the flavor-
changing top quark decay into a charm quark and a photon, gluon, or aZ0 boson within the minimal super-
symmetric standard model including flavor-changing gluino-quark-scalar-quark couplings in the right-handed
sector. We compare the results with the ones presented in an earlier paper where we considered flavor-
changing couplings only in the left-handed sector. We show that these new couplings have important conse-
quences leading to a large enhancement when the mixing of the scalar partners of the left- and right-handed top
quark is included. FurthermoreCP violation in the flavor-changing top quark decay will occur when a SUSY
phase is taken into account.@S0556-2821~97!07419-5#

PACS number~s!: 12.60.Jv, 14.65.Ha

I. INTRODUCTION

Flavor-changing top quark decay modes are a promising
test ground for models beyond the standard model~SM!.
While in the SM the branching ratios of the decays
t→cg, cg, and cZ are far away from experimental reach
@1–5#, the authors of@5,6# showed that they are enhanced by
several ~3–4! orders of magnitude in two-Higgs-doublet
models~THDM’s!.

Nowadays, the Collider Detector at Fermilab~CDF! @7,8#
and D0 Collaborations@9# have begun to explore flavor-
changing top quark decays and interesting bounds have been
reported @8#. A systematic examination of anomalous top
quark interactions is actively pursued@10–15#.

Within supersymmetry, the decayst→cV were first con-
sidered in@16# and the authors obtained the same enhance-
ment as in the THDM’s. However as we have pointed out in
a recent paper@17#, in their calculation of the QCD correc-
tions they had an inconsistency basically due to the lack of
gauge invariance arising from the omission of the gluino-
gluino-gluon coupling. They also did not include the non-
negligible mixing of the scalar partners of the left- and right-
handed quarks. In a very recent paper@18# the calculations
were redone for the weak sector with charginos and neutrali-
nos within the relevant loops including the mixing of the
scalar quarks, where it was shown that supersymmetric con-
tributions tot→cV can be up to 5 orders of magnitude larger
than their SM counterparts.

In our previous paper@17# the results of the gluino and
scalar quarks contribution to the flavor-changing top quark
decay into a charm quark and a photon, a gluon, or aZ0

boson within the minimal supersymmetric standard model
~MSSM! were presented. We included the mixing of the sca-
lar partners of the left- and right-handed top quark and
showed that it has several effects, the most important of
which is to enhance greatly thecZ decay mode for large
values of the soft SUSY-breaking scalar massmS and to give
rise to a Glashow-Iliopoulos-Maiani-~GIM-! like suppres-
sion in thecg mode for certain combinations of parameters.

However the analysis of@17# considered flavor-changing
strong interactions between the gluino, the quarks, and their

scalar partners only in the left-handed sector and kept the
right-handed sector flavor-diagonal. This is a common as-
sumption within the MSSM~see@17# and references therein!
and might not be necessarily the case in any kind of exten-
sion of the MSSM, or more general assumptions within the
MSSM.

The goal of this paper is to recalculate the flavor-changing
top quark decays including flavor-changing couplings within
the right-handed sector. We will assume maximal flavor-
changing in both sectors and analyze how the previous re-
sults will be changed. Furthermore we show that flavor-
changing couplings in the left- and right-handed sectors lead
to a CP-violating term proportional to the gluino mass for
the top quark decay modes under consideration, which will
be investigated in a further paper@19#.

The Feynman diagrams and the couplings leading to the
decay modest→cg, cZ, andcg as well as the mass matrix
of the scalar top quark are given in@17#. The only difference
will be the flavor-changing gluino-scalar quark-quark cou-
pling in Eq. ~6! of @17#, which will be taken in the present
paper in the most general way:

LFC52A2gsT
ag̃a@̄KL

g̃~cQ q̃12sQ q̃2!PL2KR
g̃~sQ q̃1

1cQ q̃2!PR#q1H.c. ~1!

Here KL,R
g̃ is the supersymmetric version of the

Kobayashi-Maskawa matrix andQ is the mixing angle of the
scalar partners of the left- and right-handed quarks.q̃1 and
q̃2 are the mass eigenstates which are related to the current
eigenstatesq̃L and q̃R by

q̃15cosQ q̃L1sinQqR , q̃252sinQ q̃L1cosQqR . ~2!

II. SUSY QCD FLAVOR-CHANGING TOP QUARK DECAY

After summation over all diagrams, we obtain the follow-
ing effectivetcV vertex, neglecting the charm quark mass:
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Ka iL ,R
g̃ is the supersymmetric-~SUSY-! Kobayashi-Maskawa

matrix; which, as explained in@17#, will be parametrized by
a small number« ~not to be confused with thee above! to
be taken as«251/4 @16,20#. It is straightforward at this point
to verify that all divergent terms cancel exactly in a
nontrivial way, without making use of the GIM mechanism.

The results of@17# are reproduced withKa2,3R
g̃ 50, that is

VVR505TVL . Note that withKa2,3R
g̃ Þ0 we obtain terms

proportional to the gluino mass, which might become domi-
nant for large gluino masses.

A further crucial test is also provided by the nature of the
current. Using the identity

ū p2

Pm

mtop
PL,Rup1
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we can show that the quantity in front of thegm term van-
ishes in the limitq2→0, as required by gauge invariance,
that is VVL,R52TVR,L for V5g,g. For V5Z, that is
q25mZ

2 , the relations above do not hold anymore. We do the
first Feynman integration by hand and the second one
numerically.1

In a recent paper@22# one of us~H.K.! considered the
gluino and neutralino contributions to the direct
CP-violating parametere8. The Feynman diagrams and cal-
culations were similiar. It is straightforward to show that Eq.
~3! reproduces the Eq.~A.9! in @22# by replacingmtop with
ms and putting the down quark there to zero.

We assumed that both couplings of the gluino to the left-
and right-handed quarks and their superpartners are flavor
nondiagonal and to be of the same order, that is we take

1We think that in the computer age it is not necessary to present
the results in the form of the Passarino-Veltman functions, which
would make the results only more difficult to read, but refer the
interested reader to@21#, where similiar calculations have been
done. See also@18,23#.
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KabR
g̃ 5e2 iFSKab and KabL

g̃ 5e1 iFSKab , whereFS is a su-
persymmetricCP-violation phase@22#.

In Eq. ~3! this phase only comes in whenKL
g̃ is multiplied

by KR
g̃ and, as can be seen, these terms are proportional to the

gluino mass. However this SUSYCP-violating phase is
strongly bounded by the electric dipole moment of the neu-
tron ~EDMN! to be of the order of 102221023, if not the
SUSY masses are heavier than several TEV’s~see references
given in @22#!. We are not interested here in the conse-
quences of this phase leading toCP-violating flavor chang-
ing top quark decay, which will be presented elsewhere@19#.
In the following we putFS50.

When summing over all scalar quarks within the loops,
the scalar up quark contributions cancels because of the uni-
tarity of Kab , and withK2352K32 the mass splitting of the
scalar top quark and the scalar charm quark comes into ac-
count. This was taken to bemc̃50.9mt̃ in @16#, and there-
fore too small for a top quark mass of 174 GeV. If all scalar
quark masses would be the same, the decay rate oft→cV
would be identical to 0. As a final result we obtain
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Our input parameters aremtop5174 GeV and the strong
coupling constantas51.4675/ln(mtop

2 /LQCD
2 )50.107 with

LQCD50.18 GeV@5#.

III. DISCUSSIONS

To compare the new results with flavor-changing cou-
plings in the right- and left-handed sector with the ones al-
ready presented in@17#, where flavor-changing couplings
only in the left-handed sector was considered, we present the
same plots as in@17#. The general discussion remains the
same and we will only present the changes when flavor
changing in the right-handed sector is included.

In Fig. 1 we present the branching ratioB(t→cZ) as a
function of the scalar massmS for a gluino mass of 100 GeV.
We see that without mixing, the branching ratio decreases
rapidly with increasing scalar mass and is hardly changed
when flavor changing in the right-handed sector is included.
However the mixing has a drastic effect. It enhances the

branching ratio by up to 4 orders of magnitude for largems
and is enhanced by another factor of 5 when flavor changing
occurs in both sectors.

In Fig. 2 we consider the same cases as in Fig. 1, but for
B(t→cg). As before without mixing the results remain al-
most the same whether or not flavor changing in the right-
handed sector is included. However when mixing is taken
into account the results are changed drastically up to 7 orders
of magnitude for large values of the scalar massmS when
flavor changing is considered in both sectors, compared with
the case where flavor changing occurs only in the left-handed
sector.

In Fig. 3 we consider the branching ratioB(t→cg). As in
the cases before, without mixing there is almost no differ-
ence between the results with flavor changing only in the
left-handed sector or in both sectors. As in Fig. 2 the results
are changed drastically, up to 6–7 orders of magnitude for
large values of the scalar mass, when mixing is taken into

FIG. 2. The same as Fig. 1, but for the decay of the top quark
into a charm quark and a gluon.

FIG. 1. The ratioGS /GW of the top quark decay into a charm
quark andZ0 boson as a function of the scalar massmS . The gluino
mass was taken to be 100 GeV. The solid line is the unphysical case
with no mixing (m505Atop) and tanb510, the dotted line the

same case when flavor changingg2q2 q̃ in the right-handed sec-
tor is included. The other cases are with mixing (Atop5mS). The
dashed-dotted ones withm5500 GeV and tanb510. The shorter
ones are with flavor changing in both sectors.
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account and flavor changing is considered in the left- and
right-handed sector, compared with the case where flavor
changing occurs only in left-handed sector.

A further important consequence is that the GIM-like su-
pression where the contribution of the top quark exactly can-
cels the contribution from thec quark is pushed to much
smaller values of the scalar massmS . We have tried many
different combinations ofm and mg̃ and the cancellation is
always pushed to smaller values of the scalar mass.

IV. CONCLUSIONS

In this paper we presented the supersymmetric QCD
1-loop correction to the flavor-changing decay ratet→cV.
We included flavor-changingg2q2 q̃ couplings in the left-
and right-handed sector, thus extending the previous analysis
of @17#, where flavor changing was only considered in the
left-handed sector. We have shown that the results remain
almost the same when mixing of the scalar top quark is ne-
glected. This remains true for thet→cZ decay rate even
when mixing is included. However the results are changed
drastically, up to 7 orders of magnitude for the decay rates
t→cg and t→cg when mixing of the scalar top quark is
included and flavor-changing couplings are taken in both
sectors. Furthermore in thet→cg decay mode the GIM-

like cancellation of the scalar top and charm quarks is
pushed to much smaller values of the scalar massmS .

We must also conclude that, in spite of these spectacular
enhancements, these particular decays are beyond the reach
of planned accelerators such as LHC, upgraded Tevatron~for
example through jets with high transverse momentum! and
the next linear collider@24#, except maybe thet→cg in a
very narrow part of parameter space. Therefore, if these de-
cays were observed at these accelerators, it would be a clear
signal of physics beyond the SM and most likely beyond the
MSSM.

Note added: While completing this work we have seen a
paper by an Italian group@23#, where the same processes
were considered. Their statement is that the SUSY mixing
angle between the second and the third generation (K235«)
has been overestimated by at least 1 order of magnitude in
our first paper@17#. There and in this present paper we took
« as a free parameter and have taken it pretty large following
the spirit of former papers. From Eq.~6! it is obvious that the
results are diminished drastically if smaller values are taken
for «. However the authors of@23# showed that relaxing the
universitality constraints on soft SUSY mass breaking terms
of the off-diagonal squark masses betweenc̃ and t̃ reintro-
duces a large«, that is a large mixing angle betweenc̃ and
t̃ .

They also find a difference in the result for the amplitude
which can be traced back to the omission in@17# of the
diagrams involving a helicity flip in the gluino line, which
dominate the branching ratios when the gluino mass gets
large. However in@17# we considered flavor changing only
in the left-handed sector as is usually done in the MSSM and
therefore no gluino helicity flip was possible, that is no term
proportional to the gluino mass is introduced. In the present
work, we also took into account flavor changing in the right-
handed sector and as a consequence the mentioned effect
occurs, which is expressed by the new terms proportional to
the gluino mass in Eq.~3!.
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