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SUSY QCD effect on top-charm associated production at linear colliders
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We evaluate the contribution of SUSY-QCD to top-charm associated production at next generation linear

colliders. Our results show that the production cross section of the processe1e2→t c̄ or t̄ c could be as large
as 0.1 fb, which is larger than the prediction of the standard model by a factor of 108.
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PACS number~s!: 14.65.Ha, 11.30.Pb, 12.60.Jv
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One of the most important aspects of physics in the
quark sector is to probe anomalous flavor changing neu
current ~FCNC! couplings. In the standard model~SM!,
FCNC couplings are forbidden at the tree level and hig
suppressed in loops by the Glashow-Iliopoulos-Mai
mechanism. Any signals on FCNC couplings in the p
cesses of top quark decay and production or indirectly
loops will indicate the existence of new physics beyond
SM. Recently in the framework of the effective Lagrangia
Han and Hewett@1# examined carefully the possibility o
exploring the FCNC couplingstcZ/tcg in the production

vertex for the reactione1e2→t c̄1 t̄ c and concluded that a
higher-energy colliders with 0.5–1 TeV center-of-mass
ergy, the resulting sensitivity to FCNC couplings will b
better than the present constraints@2#. In this paper, in the
minimal supersymmetric standard model~MSSM! we study
the processe1e2→t c̄1 t̄ c and perform a detailed calcula
tion of the contribution from the FCNC couplings in th
vertex of gluino-squark-quark to the production cross s
tion. We will point out that at higher-energye1e2 colliders
the cross section could be as large as 0.1 fb, which is at l
eight orders of magnitude larger than the prediction of
SM, ;1021021029 fb @3#.

The MSSM is arguably the most promising candidate
physics beyond the SM. In addition to the many attract
features of supersymmetry~SUSY! in understanding the
mass hierarchy, gauge coupling unification, the weak s
SUSY models in general lead to a rich flavor physics. In fa
SUSY models often have arbitrary flavor mixings and m
parameters in the squark and slepton sectors and these
matrices after diagonalization induced FCNC couplings
tree level in the vertex of gluino-squark-quark, etc. Pheno
enologically one would have to assume certain symmet
or dynamical mechanisms to prevent large FCNC among
first and second generations. On the other hand, the fl
structure, especially among the second and third genera
in the SUSY sector, motivates us to seek for new physics
any experimental observation on the FCNC processes
yond the SM would undoubtedly shed light on our und
standing of flavor physics. In this paper we take the mode
Refs.@4,5# where the FCNC couplings relevant to our calc
lation are given by
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LFC52A2gsT
aKgDPLqq̃L1H.c. ~1!

In Eq. ~1!, K is the supersymmetric version of th
Kobayashi-Maskawa matrix, which is explicitly expressed

Ki j 5S 1 « «2

2« 1 «

2«2 2« 1
D , ~2!

where« parametrizes the strength of the flavor mixing and
shown to be as large as 1/2 without contradicting the lo
energy experimental data@5#.

In Fig. 1 we give the Feynman diagrams for the proce
e1(p1)e2(p2)→t(k1) c̄(k2). In calculations, we have ne
glected the scalaru-quark contribution since it is highly sup
pressed byK12K13; and we use the dimensional regulariz
tion to control the ultraviolet divergence. We have check
that all divergences cancel out in the final result with t
summing up of all of the diagrams. The calculations are c
ried out in the frame of the center of mass system and M
delstam variables have been employed:

s5~p11p2!25~k11k2!2, t5~p12k1!2,

u5~p12k2!2. ~3!

FIG. 1. The Feynman diagrams for the processe1e2→t c̄.
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After straightforward calculations, one obtains for the a
plitudes

M5
e

S
v̄~p1!gmu~p2!ū~k1!Vm~ tcg!v~k2!

1
g

2 cosuW~S2MZ
2!

v̄~p1!gm~gV
e2gA

eg5!

3u~p2!ū~k1!Vm~ tcZ!v~k2!, ~4!

where gV
e51/222 sin2uW, gA

e51/2, and Vm(tcg) and
Vm(tcZ) are the on-shell quarks effective vertices given b1

Vm~ tcg;Z!5 f 1
g;ZgmPR1 f 2

g;ZgmPL1 f 3
g;Zk1mPR

1 f 4
g;Zk1mPL1 f 5

g;Zk2mPR1 f 6
g;Zk2mPL .

~5!

The form factors,f i
g;Z are

f 1
g5 (

q̃5 c̃, t̃

~61!eegs
2 cos~u q̃!sin~u q̃!mg̃

12mtp
2

3@B0~0,mg̃
2 ,mq̃2

2
!2B0~mt

2 ,mg̃
2 ,mq̃2

2
!#1R.R.,

f 2
g5 (

q̃5 c̃, t̃

~61!eegs
2 sin2~u q̃!

24mt
2p2

@~mg̃
2

2mq̃2

2
!B0~0,mg̃

2 ,mq̃2

2
!2~mg̃

2
2mq̃2

2

1mt
2!B0~mt

2 ,mg̃
2 ,mq̃2

2
!14mt

2C00#1R.R.,

f 3
g5 (

q̃5 c̃, t̃

~71!eegs
2 sin~u q̃!cos~u q̃!mg̃

12p2
@C012C1#

1R.R.,

f 4
g5 (

q̃5 c̃, t̃

~61!eegs
2 sin~u q̃!cos~u q̃!mg̃

12p2
@C012C2#

1R.R.,

f 5
g5 (

q̃5 c̃, t̃

~61!eegs
2 sin2~u q̃!mt

12p2
@C012C11#1R.R.,

f 6
g5 (

q̃5 c̃, t̃

~71!eegs
2 sin2~u q̃!mt

12p2
@C012C12#1R.R.;

~6!

1For simplicity, we only give the results in the limit ofmc50.
However in our numerical calculations, we use the full formula
07770
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f 1

Z5 (
q̃5 c̃, t̃

~71!eggs
2 sin2~uw!cos~u q̃!sin~u q̃!

12mt cos~uw!p2

3@B0~0,mg̃
2 ,mq̃2

2
!2B0~mt

2 ,mg̃
2 ,mq̃2

2
!#1R.R.,

f 2
Z5 (

q̃5 c̃, t̃

~71!eggs
2 sin2~u q̃!

96mt
2 cos~uw!p2

$@2314 sin2~uw!#

3@~mg̃
2
2mq̃2

2
!B0~0,mg̃

2 ,mq̃2

2
!2~mg̃

2
2mq̃2

2
1mt

2!

3B0~mt
2 ,mg̃

2 ,mq̃2

2
!#14mt

2@23 sin2~u q̃!

14 sin2~uw!#C00212mt
2 cos2~u q̃!Ĉ00%1R.R.,

f 3
Z5 (

q̃5 c̃, t̃

~61!eggs
2 sin~u q̃!cos~u q̃!mg̃

48 cos~uw!p2
@$4 sin2~uw!

23 sin2~u q̃!%~C012C1!13 sin2~u q̃!~Ĉ012Ĉ1!#

1R.R.,

f 4
Z5 (

q̃5 c̃, t̃

~71!eggs
2 sin~u q̃!cos~u q̃!mg̃

48 cos~uw!p2
@$4 sin2~uw!

23 sin2~u q̃!%~C012C2!13 sin2~u q̃!~Ĉ012Ĉ2!#

1R.R.,

f 5
Z5 (

q̃5 c̃, t̃

~71!eggs
2 sin2~u q̃!mt

48 cos~uw!p2
@$4 sin2~uw!

23 sin2~u q̃!%~C012C11!23 cos2~u q̃!~Ĉ0

12Ĉ11!#1R.R.,

f 6
Z5 (

q̃5 c̃, t̃

~61!eggs
2 sin2~u q̃!mt

48 cos~uw!p2
@$4 sin2~uw!

23 sin2~u q̃!%~C012C12!23 cos2~u q̃!~Ĉ0

12Ĉ12!#1R.R., ~7!

whereR.R. represents the replacement ofu q̃→p/21u q̃ and
mq̃1

↔mq̃2
. The variables of three-point functionsCi ,Ci j @6#

and Ĉi ,Ĉi j are (mt
2 ,S,0,mg̃

2 ,mq̃2

2 ,mq̃2

2 ) and (mt
2 ,S,0,

mg̃
2 ,mq̃2

2 ,mq̃1

2 ), respectively.

In the MSSM the mass eigenstates of the squarksq̃1 and
q̃2 are related to the weak eigenstatesq̃L and q̃R by @7#

S q̃1

q̃2
D 5Rq̃S q̃L

q̃R
D with Rq̃5S cosu q̃ sinu q̃

2 sinu q̃ cosu q̃
D . ~8!
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For the squarks, the mixing angleu q̃ and the massesmq̃1,2

can be calculated by diagonalizing the following mass m
trices:

Mq̃
2
5S MLL

2 mqMLR

mqMRL MRR
2 D ,

FIG. 2. The cross section for the processe1e2→t c̄ as a func-
tion of mS , where AS5500 GeV, tanb52, e251/4, andm5
2100 GeV. The solid and dashed lines representmg̃5100 GeV
and 500 GeV, respectively.

FIG. 3. The cross section for the processe1e2→t c̄ as a func-
tion of mg̃ , where AS5500 GeV, tanb52, e251/4, andm5
2100 GeV. The solid and dashed lines representmS5300 GeV
and 100 GeV, respectively.
07770
-

MLL
2 5mQ̃

2
1mq

21mz
2 cos 2b~ I q

3L2eq sin2 uw!,

MRR
2 5mŨ,D̃

2
1mq

21mz
2 cos 2beq sin2uw ,

MLR5MRL5H At2m cotb ~ q̃5 t̃ !

Ab2m tanb ~ q̃5b̃!,
~9!

FIG. 4. The cross section for the processe1e2→t c̄ as a func-
tion of AS, where mg̃5100 GeV, tanb52, e251/4, and m5
2100 GeV. The solid and dashed lines representmS5300 GeV
and 100 GeV, respectively.

FIG. 5. The cross section for the processe1e2→t c̄ as a func-
tion of tanb, whereAS5500 GeV,mg̃5100 GeV,e251/4, and
m52100 GeV. The solid and dashed lines representmS

5300 GeV and 100 GeV, respectively.
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wheremQ̃
2 , mŨ,D̃

2 are soft SUSY breaking mass terms of t
left- and right-handed squark, respectively;m is the coeffi-
cient of theH1H2 term in the superpotential;At andAb are
the coefficient of the dimension-three trilinear soft SUS
breaking terms;I q

3L ,eq are the weak isospin and electr

charge of the squarkq̃. From Eqs.~8! and ~9!, we have

mt̃ 1,2

2
5

1

2
@MLL

2 1MRR
2 7A~MLL

2 2MRR
2 !214mt

2MLR
2 #,

tanu t̃5
mt̃ 1

2
2MLL

2

mtMLR
. ~10!

Now we present the numerical results. For the SM para
eters, we take

mZ591.187 GeV, mW580.33 GeV,

mt5176.0 GeV, mc51.4 GeV,

a51/128, aS50.118 . ~11!

For the MSSM parameters, we choosem52100 GeV and
e251/4. To simplify the calculation we have taken thatmŨ
5mD̃5mQ̃5At5mS ~global SUSY!. In Figs. 2–5, we show
the cross sections of the processe1e2→t c̄ as functions of
mS , mg̃ , As, and tanb. One can see that the productio
s.
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-

-

cross section increases as squarks and gluino masse
crease, and it could reach 0.1 fb for favorable paramet
This is an enhancement by a factor of 108 relative to the SM
prediction. Such enhancement could be easily understoo
following:

sSUSY

sSM
;S asDmq̃

2

amb
2 D 2

, ~12!

where Dmq̃
2 represents the possible mass square differe

among squarks. IfDmq̃
2 varies from 100222002 GeV2,

sSUSY/sSM5107–108. At the same time, this kind of en
hancement could also be observed in the FCNC decay
cess of the top quark@8#. Due to the rather clean experimen
tal environment and well-constrained kinematics, the sig
of t̄ c or t c̄ would be spectacular@1#. We expect the SUSY-
QCD effects studied in this paper to be observed at high
energye1e2 colliders.
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