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Flavor-changing single top quark production channels ate1e2 colliders
in the effective Lagrangian description

S. Bar-Shalom* and J. Wudka†
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~Received 27 May 1999; published 8 October 1999!

We perform a global analysis of the sensitivity of CERN LEP2 ande1e2 colliders with a c.m. energy in the
range 500–2000 GeV to new flavor-changing single top quark production in the effective Lagrangian ap-
proach. The processes considered are sensitive to new flavor-changing effective vertices such asZtc, htc, and
four-Fermitceecontact term as well as a right-handedWtb coupling. We show thate1e2 colliders are most
sensitive to the physics responsible for the contacttceevertices. For example, it is found that the recent data
from the 189 GeV LEP2 run can be used to rule out any new flavor physics that can generate these four-Fermi
operators up to energy scales ofL*0.7–1.4 TeV, depending on the type of the four-Fermi interaction. We
also show that a corresponding limit ofL*1.3–2.5 andL*17–27 TeV can be reached at the future 200 GeV
LEP2 run and a 1000 GeVe1e2 collider, respectively. We note that these limits are much stronger than the
typical limits which can be placed on flavor diagonal four-Fermi couplings. Similar results hold form1m2

colliders and fortū associated production. Finally we briefly comment on the necessity of measuringall
flavor-changing effective vertices as they can be produced by different types of heavy physics.
@S0556-2821~99!01221-7#
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I. INTRODUCTION

One of the fundamental unresolved issues in high-ene
physics is the origin of the observed~quark! flavor structure.
Within the standard model~SM! flavor-changing processe
are controlled by the scalar sector, and are such that t
level flavor-changing neutral currents~FCNC! are absent.
This opens the possibility of using the corresponding flav
changing processes to probe new physics whose effects
include appreciable violation of natural flavor conservat
already at energies probed by present high energy collid
For this reason, searching for new flavor-changing dynam
will be one of the major goals of the next generation of hi
energy colliders such as ane1e2 Next Linear Collider
~NLC! @1#.

The top quark, which is the least tested fermion in t
SM, can play an important role in our understanding of fl
vor dynamics since its large mass makes it more sensitiv
certain types of flavor changing interactions. In particulat
→c ~or t→u) transitions which may lead to FCNC signa
in high energy colliders, offer a unique place for testing t
SM flavor structure. Below we note that, in addition to dire
observations in top quark production and decays, the ga
structure of the SM can be used to constrain flavor-chang
processes involving the top quark through existing data oB
meson decays.

Top-charm flavor-changing processes can be studied
ther in t→c decays or int c̄ pair production in collider ex-
periments. In the SM such decays@2,3# and production@4#
processes are unobservably small since they occur at the
loop level and in addition are Glashow-Iliopoulos-Maia

*Email address: shaouly@phyun0.ucr.edu
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~GIM! suppressed. Thus, any signal of sucht2c transitions
will be a clear evidence of new flavor physics beyond t
SM. This fact has led to a lot of theoretical activity involvin
top-charm transitions within some specific popular mod
beyond the SM, for example, studies oft→c decays in multi
Higgs doublets models~MHDM ! @2,5–7#, in supersymmetry
with R-parity conservation@8# and with R-parity violation

@9,10#, and studies oft c̄ production in MHDM @6,7,11#, in
supersymmetry withR-parity violation@10,12# and in models
with extra vector-like quarks@13#. In this paper we will use

instead a model independent approach@14# to investigatet c̄

~and1 t̄ c) pair production ine1e2 colliders such as CERN
LEP2 and a Next Linear Collider~NLC! with c.m. energies
of 500–2000 GeV@1#.

It is important to stress the advantage of studyingt c̄ pro-
duction overt→c decays signals in high energy collider e
periments in such a model independent approach. Whit
→c decays will be suppressed by powers ofmt /L, whereL
indicates the heavy physics energy scale, the correspon

suppression factor fort c̄ production processes is propo
tional to a power ofECM /L, whereECM is the c.m. energy

of the collider. From the experimental point of view, at c̄
signal has some very distinct characteristics, in particula
has the unique signature of producing a singleb-jet in the
final state. In a recent paper@15# we have observed that th
SM cross sections for processes with an odd number ofb-jets
in the final state are extremely small, which allows the de
nition of a new approximately conserved quantum numb

1Throughout this paper we will loosely refer to at c̄1 t̄ c final state

by t c̄. The contributions from the charged conjugatet̄ c state are
included in our numerical results unless explicitly stated otherw
©1999 The American Physical Society16-1
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S. BAR-SHALOM AND J. WUDKA PHYSICAL REVIEW D60 094016
b-parity (bP). Processes with even or odd number ofb jets
havebP51 andbP521 respectively. Thus thebP-odd pro-

cesse1e2→t c̄ can be detected using the simpleb-jet count-
ing method suggested in@15#, and is essentially free of an
SM irreducible background.2

Several model-independent studies oft c̄ pair production
have appeared in the literature, where the signatures and
servability of these flavor violating processes were inve
gated ine1e2 colliders @13,16–18#, hadronic colliders@19#
andgg colliders @20#. The present paper extends the resu
obtained in @16–18# by performing a model-independen
analysis in a wider variety of channels. In particular, w
explore the sensitivity ofe1e2 colliders to all relevant ef-

fective operators that can give rise tot c̄ production ine1e2

colliders with a c.m. energy ranging from3 189 GeV~LEP2!

to 2000 GeV. We consider the 2→2 processese1e2→t c̄,

e1e2→Zh followed by h→t c̄, whereh is the SM Higgs-

boson, and thet-channel fusion processesW1W2, ZZ→t c̄.
These reactions can proceed via newZtc, htc andWtb cou-
plings as well as through newtcee four-Fermi effective op-
erators that have not been previously considered in this c
text.

We argue that since the effective interactions are but
low energy manifestations of an underlying theory, and
suming this heavy theory is a gauge theory containing fer
ons, scalars and gauge-bosons, some of the effective ver
that contribute toe1e2→t c̄ are expected to be suppress
and will produce very small effects~the Ztc and gtc
magnetic-type couplings considered in@17,18# fall into this
category!. We therefore do not include such couplings~see
Sec. II!. We will concentrate on those vertices for whic
general principles do not mandate a small coefficient.

Following the above viewpoint, our study indicates th
the reactione1e2→t c̄ is most sensitive to effective four
Fermi flavor-changing interactions. It is found, for examp
that if the coupling strength of the four-Fermi interactions
of O(1/L2) as expected by naturalness, then tens to hund
t c̄ events should show up already at LEP2 energies w
L&1 TeV. Alternatively, if no e1e2→t c̄ signal is ob-
served, then the limits that can be placed on the energy s
L of such four-Fermi effective operators are quite strong;
data accumulated at the recent 189 GeV LEP2 run can
ready place the limit L*0.721.4 TeV, while L
*1.5–2.5 TeV will be achievable at a 200 GeV LEP2 a
reachesL*17–27 TeV at a NLC with a c.m. energy o
1000 GeV~depending on the type of the four-Fermi oper
tor!. It is remarkable that a 500–1000 GeVe1e2 collider
can place a bound on such four-Fermi dynamics which
almost 20–30 times larger than its c.m. energy. These lim
can be compared, for example, with the boundL*5 TeV

2There is, of course, a reducible background due to redu
b-tagging efficiency; see@15#.

3To be specific we consider reactions ine1e2 colliders, but the
analysis performed is clearly extendable to muon colliders.
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that can be obtained oneeeeand ttee four-Fermi operators
by studying the reactionse1e2→e1e2 @21# and e1e2

→t t̄ @22# at a NLC. Note, however, that the scales respo
sible for thetceeandttee ~or eeee) vertices need not be th
same. Similarly the effectivetcee andZtc vertices may be
produced by different physics, e.g., a heavy neutral vec
boson~for tcee) vs. heavy vector-like quarks~for Ztc) @13#;
there are new physics possibilities which are best pro
throughZtc interactions. In all cases the sensitivity toL will
be significantly degraded if the couplings are!1.

Flavor violatingZ and Higgs~h! interactions, such as pos
sible effective Ztc and htc vertices, are probed via
WW-fusion processese1e2→W1W2nen̄e→t c̄nen̄e , and
the Bjorken processe1e2→Zh followed by h→t c̄ for htc.
For example, if not c̄nen̄e signal is observed at 1500 Ge
~500 GeV! NLC, thenL*2 TeV (*800 GeV), for a SM
Higgs mass of 250 GeV, and assuming that thehtc vertices
have a coupling strength ofO(v2/L2)(v is the vacuum ex-
pectation value of the SM scalar field!. The effects of new
Ztc and htc effective couplings on theZZ-fusion process
e1e2→ZZe1e2→t c̄e1e2 are too small to be detected at
NLC. The same is true of a right-handedWtb coupling in the
reactione1e2→W1W2nen̄e→t c̄nen̄e , even when assum
ing a coupling with a strength ofO(v2/L2), the bound al-
lowed by naturality.

We note that, since charm quark mass effects are ne
gible at high energye1e2 colliders, our results equivalently
apply to tū pair production, in particular, to effective opera
tors generating the correspondingtu flavor-changing interac-
tions.

The paper is organized as follows: in Sec. II we descr
the effective Lagrangian framework and extract the Feynm
rules for the new effective vertices. In Sec. III we discuss
effects of newZtc vector couplings andtcee four-Fermi
interactions ine1e2→t c̄ and W1W2, ZZ→t c̄. In Sec. IV
we consider the contribution of newhtc scalar couplings to
e1e2→Zh→Ztc̄ and toW1W2→t c̄. In Sec. V we investi-
gate the effects of a new right-handedWtb coupling on the
processW1W2→t c̄ and in Sec. VI we summarize our re
sults.

II. THE EFFECTIVE LAGRANGIAN DESCRIPTION
AND Tc̄ PRODUCTION AT e1e2 COLLIDERS

There are two different theoretical paths one can adop
investigate physics beyond the SM. In the first, one use
specific model to calculate such effects. The second is
follow a model-independent approach where the effects
any given high energy model are parametrized by the co
ficients of a series of effective operators without reference
any specific underlying theory. The power of the mod
independent approach lies in its generality, its potential
ficiency is the large number of constants which mighta pri-
ori contribute to any given reaction. In this paper we follo
the second route.

Our basic assumption will be that there is a gauge the
underlying the SM, whose scaleL is well separated from the

d
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FLAVOR-CHANGING SINGLE TOP QUARK PRODUCTION . . . PHYSICAL REVIEW D60 094016
Fermi scale. Under these circumstances the low energy l
of the theory will consist of the SM Lagrangian plus corre
tions represented by a series of effective operatorsOi con-
structed using the SM fields and whose coefficients are s
pressed by powers of 1/L

Le f f5LSM1 (
n55

`
1

Ln24 (
i

a iO i
n , ~1!

where eachO respects the gauge symmetries of the SM
not necessarily its global symmetries.4 The dominating ef-
fects are usually generated by the lowest-dimensional op
tors contributing to the process of interest~there are, how-
ever, some exceptions, see@14#!. For the flavor-violating
processes considered here the only relevant operators
those of dimension 6; if these are absent there will be
observable signal.

In the following discussion we will assume, for definit
ness, that the theory underlying the SM is weakly coupl
but we expect our results to hold in general. The reaso
that both in weakly and strongly coupled~natural! theories,
the dominating flavor-changing effects~at least for the pro-
cesses considered! are produced by the four-Fermi conta
interactions, for which naturality allows the largest coef
cients@23#.

Now, it is important to note that general consideratio
require certain bounds for the coefficientsa i in Eq. ~1!. For
weakly coupled underlying theories the key point is that
effective operators may correspond to either tree-leve
loop exchanges of the heavy fields. Loop-generated inte
tions are suppressed by factors of;1/16p2 ~and by powers
of the coupling constants! compared to the tree-level induce
operators. One therefore expects the effects of the high
ergy theory to manifest themselves predominantly throu
tree-level generated~TLG! operators. In what follows we
consider only TLG operators and neglect those generate
loops involving the heavy particles.

The observables studied in this paper cannot distingu
between models with large values ofL having tree-level
flavor-changing interactions and those models with low
values ofL for which flavor-changing processes occur on
via loops. But this ambiguity is only academic when discu
ing heavy physics virtual effects, as neither of these sit
tions will produce measurable effects. Only models who
scales lie below;10 TeV and which generate flavor viola
tion at tree-level will be observed through the processes c
sidered in this paper.

We stress that this approach is in general different fr
the one adopted in many previous investigations which
the effective Lagrangian description to study new physics
present and future colliders. For example, we do not incl
anomalous dipole-like operators of the form (V5g or Z)

4For example operators of dimension 5, if present, necess
violate lepton number,@14#.
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~kV2 i k̃Vg5!cVm, ~2!

in the reactione1e2→t c̄, since the coefficients from thes
vertices are much smaller than those of thetcee four-Fermi
vertices. In fact, assuming the physics underlying the SM
weakly coupled, the typical sizes of the coefficients arekV ,
k̃V;(v2/L2)31/16p2;431024, for L;1 TeV. Thus the
corresponding contributions are subdominant despite t
rapid growth with energy. If insteadkV or k̃V ;O(1)
@;O(0.1)# is used—as required in order to have an app
ciable t c̄ production rate—what in fact is being done is
assume that the scale of ‘‘new physics’’ isL;v/4p
;20 GeV @L;v/4;60 GeV#, which is of course unac-
ceptable bearing the existing experimental evidence of
validity of the SM at these energy scales. Another loop
duced effective operator that can give rise to at c̄ final state
and that falls into this category is aVVtc (V5W or Z)
contact term. In the following we will neglect these and sim
lar contributions.

In contrast, new vector and pseudo-vector couplings
the Ztc vertex @note that the correspondinggtc couplings
are forbidden byU(1) gauge invariance# as well as new
four-Fermi tcee interactions, can arise from TLG effectiv
operators and their coefficients can, therefore, take va
typically of the order of;(v2/L2). If present, these opera
tors will give the dominant contribution tot c̄ production; if
these interactions are either absent or suppressed at
level, thet c̄ production rate will be unobservably small. I
the following we will investigate the possible effects due
TLG operators assuming no additional suppression fac
are present.

We first list all the TLG effective operators contributin
to t c̄ pair production in high energye1e2 colliders via the
processes

e1e2→t c̄, ~3!

e1e2→Zh→Ztc̄, ~4!

e1e2→W1W2nen̄e→t c̄nen̄e , ~5!

e1e2→ZZe1e2→t c̄e1e2. ~6!

Reaction~3! receives contributions from both an effectiv
Ztc interaction @see Fig. 1~a!# and from four-Fermitcee

ily

FIG. 1. Feynman diagrams that give rise toe1e2→t c̄ in the
presence of~a! a newZtc coupling and~b! a newtcee four-Fermi
coupling. The new effective vertex is denoted by a heavy dot.
6-3
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S. BAR-SHALOM AND J. WUDKA PHYSICAL REVIEW D60 094016
effective operators@see Fig. 1~b!#. In reaction~4! we assume
real Higgs boson~h! production followed by the Higgs boso
decayh→t c̄, which occurs only in the presence of a ne
htc interaction as depicted in Fig. 2. Reaction~5! gets con-
tributions from non-standardZtc, htc andWtd (d stands for
any of the three down quarks in the SM! vertices as depicted
in Figs. 3~a!, 3~b! and 3~c!, respectively. Finally, reaction~6!
may receive contributions from non-standardhtc as well as
Ztc vertices as shown in Fig. 3~b! and Figs. 4~a! and 4~b!.
Below we list the TLG effective operators which give rise
such new couplings.

Our notation is the following@14#: q and l denote left-
handedSU(2) quark and lepton doublets, respectively;d, u
and e for right-handed@SU(2) singlet# down-quark, up-
quark and charged lepton, respectively. The SM scalar d
blet is denoted byf andD is the covariant derivative. The
Pauli matrices are denoted byt I , I 51,2,3. Also, although
we suppress generation indices in the effective operators

FIG. 2. Feynman diagram that gives rise toe1e2→Ztc̄ via the

Bjorken processe1e2→Zh followed by h→t c̄, in the presence of
a newhtc coupling. The new effective vertex is denoted by a hea
dot.

FIG. 3. Feynman diagrams that give rise to theWW-fusion pro-

cesse1e2→t c̄nen̄e , in the presence of~a! a newZtc coupling,~b!
a newhtc coupling and~c! a newWtd coupling whered5d, s or
a b-quark. Also plotted in~b! is the Feynman diagram that give

rise to theZZ-fusion processe1e2→t c̄e1e2 in the presence of a
new htc coupling. The new effective vertex is denoted by a hea
dot.
09401
u-

e-

low, it should be understood that the quark fields can co
spond to different flavors in general, i.e., in our caseq̄ or ū is
the outgoing top quark andq or u is the incoming charm
quark ~or outgoing anti-charm quark!.

A. Effective operators generating aZtc vertex

There are three tree-level dimension 6 effective opera
that can generate a newZtc interaction. These are5 @14#

O fq
(1)5 i ~f†Dmf!~ q̄gmq!,

O fq
(3)5 i ~f†Dmt If!~ q̄gmt Iq!, ~7!

Ofu5 i ~f†Dmf!~ ūgmu!.

Writing the newZtc effective Lagrangian as

LZmtc5g
v2

L2 t̄gm~aL
ZL1aR

ZR!c, ~8!

where L(R)5@12(1)g5#/2, we can express the left an
right couplings,aL

Z and aR
Z , in terms of the corresponding

coefficientsafq
(1) , afq

(3) and afu @following our notation in
Eq. ~1!#,

aL
Z5

1

4cW
~afq

(1)2afq
(3)!, aR

Z5
1

4cW
afu , ~9!

wherecW5cosuW anduW is the weak mixing angle.
The operators in Eq.~7! can be generated at tree-level b

heavy gauge-boson or fermion exchange.

B. Effective operators generating a newhtc vertex

Apart from the operators in Eqs.~7!, which give rise also
to a newhtc interaction, there is an additional operator@14#,

5Although we do not explicitly include the Hermitian conjuga

operators, it should be clear that in our case, i.e.,t c̄ production, the

effective operators fort̄ c are the Hermitian conjugates of those th

are given below for thet c̄ final state.

y

y

FIG. 4. Feynman diagrams that give rise to theZZ-fusion pro-

cesse1e2→t c̄e1e2 in the presence of a newZtc coupling. The
new effective vertex is denoted by a heavy dot.
6-4
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FLAVOR-CHANGING SINGLE TOP QUARK PRODUCTION . . . PHYSICAL REVIEW D60 094016
Ouf5~f†f!~ q̄uf̃ !. ~10!

Writing the newhtc interaction Lagrangian as

Lhtc5g
v2

L2 t̄ ~aL
hL1aR

hR!c, ~11!

we have~neglecting terms proportional to the charm qua
mass!

aL
h5

mt

2gv
~afq

(1)2afq
(3)!, aR

h5
mt

2gv S afu1
3v

A2 mt

aufD .

~12!

The heavy excitations which can generateOuf at tree-level
are either heavy scalars mixing with thef, and/or heavy
fermions mixing with the light fermions andf. In the first
case there is a contribution only if the mixing occurs throu
O(L) cubic couplings and is suppressed in natural theor

C. Effective operators that generate newWtdi and Wcdi

vertices

Here there are two operators. One isO fq
(3) in Eq. ~7!, the

second is

Off5~f†eDmf!~ ūgmd!, ~13!

with e1252e2151.
We will parameterize theWtd̄i and Wc̄di (di5d,s or b

for i 51,2 or 3, respectively! vertices according to

LWmtd̄i
5

v2

L2

g

A2
t̄gm~V3iL1dL,i

t L1dR,i
t R!di , ~14!

LWmc̄di
5

v2

L2

g

A2
d̄igm~V2i* L1dL,i

c L1dR,i
c R!c, ~15!

whereV is the Cabibbo-Kobayashi-Maskawa~CKM! matrix.
Thus, if all the relevant coefficients are real~as assumed in
this paper!, then one has

dL,i
t 5afq

(3)u i
t , dR,i

t 52
1

2
affU

i

t

, ~16!

dL,i
c 5afq

(3)u i
c , dR,i

c 52
1

2
affU

i

c

.

Notice that, since the operatorsOff and O fq
(3) may have

different coefficients for different flavors~families! of the up
and down quarks, in order to be as general as possible
have added the subscripti and the superscriptt or c appro-
priately.

The heavy excitations that can generateOff are either a
heavy gauge boson which couples tof, or a heavy fermion
which couples to the light fermions and tof.
09401
h
s.

e

D. Four-Fermi effective operators producing atceecontact
interaction

There are seven relevant four-Fermi operators that c
tribute toe1e2→t c̄:

O lq
(1)5

1

2
~ l̄ gml !~ q̄gmq!, ~17!

O lq
(3)5

1

2
~ l̄ gmt I l !~ q̄gmt Iq!, ~18!

Oeu5
1

2
~ ēgme!~ ūgmu!, ~19!

Olq5~ l̄ e!e~ q̄u!, ~20!

Oqe5~ q̄e!~ ēq!, ~21!

Olu5~ l̄ u!~ ūl !, ~22!

O lq85~ l̄ u!e~ q̄e!. ~23!

One can also parameterize the most general four-Ferm
fective Lagrangian for thet c̄e1e2 interaction in the form

Ltcee5
1

L2 (
i , j 5L,R

@Vi j ~ ēgmPie!~ t̄gmPjc!1Si j ~ ēPie!

3~ t̄ Pjc!1Ti j ~ ēsmnPie!~ t̄smnPjc!#, ~24!

wherePL,R5(17g5)/2, and express these vector-like (Vi j ),
scalar-like (Si j ) and tensor-like (Ti j ) couplings in terms of
the coefficients of the seven four-Fermi operators in E
~17!–~23!. We get ~Fierz-transforming the last four opera
tors!

VLL5
1

2
~a lq

(1)2a lq
(3)!, VLR52

1

2
a lu , VRR5

1

2
aeu ,

VRL52
1

2
aqe ,

SRR52a lq1
1

2
a lq8 , SLL5SLR5SRL50, ~25!

TRR5
1

8
a lq8 , TLL5TLR5TRL50.

The four-Fermi operators can be generated through the
change of heavy vectors and scalars. Note however tha
list provided does not include tensor operators, which h
been eliminated using Fierz transformations. It is theref
possible for a tensor exchange to be hidden in a serie
operators involving scalars~and vice-versa!. It is noteworthy
that noLL tensor orLL, LR andRL scalar terms are gen
erated by dimension 6 operators@they can be generated b
dimension 8 operators and have coefficients;(v/L)4].
6-5
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III. tceeFOUR-FERMI INTERACTIONS AND e1e2
˜t c̄

As discussed in the previous section, there are seven
sible TLG four-Fermi effective operators@see Eqs.~17!–
~23!# respecting the SM symmetries. The effects of su
four-Fermi operators have not been investigated ine1e2

→t c̄; in this section we calculate the contribution of the
operators to this process.

Using the effective four-Fermi Lagrangian piece in E
~24!, we obtain the amplitude fore1e2→t c̄
c-

n
in
a

a

b

e
-
a

er
n

s
s
ar

09401
s-

h
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Mtcee5
1

L2 (
i j

$Vi j ~ v̄ ēgmPiue!~ ūtg
mPjvc!1Si j ~ v̄ ēPiue!

3~ ūtPjvc!1Ti j ~ v̄ ēsmnPiue!~ ūtsmnPjvc!%, ~26!

wherei , j 5L or R. Recall that the only non-zero scalar an
vector couplings areSRR andTRR.

The cross sections for polarized incoming electrons a
outgoing top quarks~i.e., left or right-handed electron an
top quark! are then readily calculated~recall that we assume
all the new couplings to be real!
seLtL
5s~eL

2e1→tLc̄!5C @2~11b t!VLL
2 1~12b t!VLR

2 #, ~27!

seLtR
5s~eL

2e1→tRc̄!5C @~12b t!VLL
2 12~11b t!VLR

2 #, ~28!

seRtL
5s~eR

2e1→tLc̄!5C F2~11b t!VRL
2 1~12b t!VRR

2 1
1

2
~11b t!~3SRR

2 116TRR
2 !G , ~29!

seRtR
5s~eR

2e1→tRc̄!5C @~12b t!VRL
2 12~11b t!VRR

2 116~12b t!TRR
2 !], ~30!
n,
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en-
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where

C5
s

L4

b t
2

4p~11b t!
3

, ~31!

andb t5(s2mt
2)/(s1mt

2). The total unpolarized cross se

tion for production oft c̄1 t̄ c pairs is then

s tc5s~e2e1→t c̄1 t̄ c!5 (
i , j 5L,R

sei t j
. ~32!

Notice that, by assumption, such four-Fermi interactio
are induced by exchanges of a heavy field in the underly
high energy theory for which one is replacing the heavy p
ticle propagator by 1/L2. Therefore,s tc is proportional to
s/L4 @see Eq.~31!# and grows with the c.m. energy for
fixed L. Clearly, for this approximation to be valid,L must
be larger thanAs.

A few more useful observations can be made already
looking at the polarized cross sections in Eqs.~27!–~30!
above:

There are no interference effects between the differ
four-Fermi couplingsVi j , SRR andTRR; the total cross sec
tion depends only on the square value of these couplings
is, therefore, maximal when all these couplings are non-z

The vector couplings appear in the total cross section o
in the combination(uVi j u2.

Initial and/or final polarization of the incoming electron
and/or top quarks can distinguish between different set
couplings, e.g., if the incoming electron beam is left pol
ized then onlyVLL andVLR can contribute tot c̄ production.
s
g
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y
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Before continuing we note that the newZtc couplingsaL
Z

andaR
Z in Eq. ~8! also contribute toe1e2→t c̄ by interfering

with the four-Fermi vector couplingsVi j . These effects can
be included by redefining

Vi j →Vi j 14ci
Zaj

Z mWmZ

s2mZ
2

, ~33!

where i , j 5L,R, and cL
Z521/21sW

2 , cR
Z5sW

2 are the cou-
plings of a Z-boson to a left or a right handed electro
respectively. The effects of such newZtc vector couplings
on e1e2→t c̄ were also recently investigated by Han a
Hewett @17#, who have made a detailed analysis of the s
sitivity of 200–1000 GeVe1e2 colliders to such new cou
plings. Here, for the processe1e2→t c̄, we instead focus
mainly on the effects of the four-Fermi couplings which,
will be shown below, give the dominant contribution tos tc .

In Fig. 5 we plot the total cross sections tc ~in fb! as a
function of the c.m. energy of thee1e2 collider, takingL
51 TeV, and for different types of four-Fermi couplings; a
expected, the four-Fermi effective couplings give contrib
tions to s tc which grow with the c.m. energy. Due to thi
effect, the cross section can be rather large, ranging f
about 30 fb to 300 fb and yielding tens to hundredst c̄ events
~depending on the type of four-Fermi coupling! already at
LEP2 energies. At a 1 TeV NLC we find that s tc
;104–105 fb if L51 TeV. Recall thats tc scales as 1/L4,
therefore, even withL;10–20 TeVs tc is of O(fb) at a 1
TeV NLC.

For completeness we also plots tc for non-zeroZtc cou-
plings aL

Z51 or aR
Z51 ~dashed line!. Clearly, the effects of
6-6
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such couplings are much smaller than those generated b
four-Fermi interactions. Even at LEP2 the contribution
about one to two orders of magnitudes smaller than the t
cal contribution from the four-Fermi interactions.

Notice also that, contrary to the four-Fermi case, theZtc
contributions to s tc drop as ;1/s due to the explicit
s-channelZ-boson propagator. Because of this, at a N
with c.m. energies ofAs*1.5 TeV, t-channel vector-boson
fusion processesW1W2→t c̄ @see Fig. 3~a!# and ZZ→t c̄
@see Figs. 4~a! and 4~b!# become important and may be bett
probes of suchZtc couplings. We have calculated the tot
cross sectionssWW5s(e1e2→W1W2nen̄e→t c̄nen̄e) and
sZZ5s(e1e2→ZZe1e2→t c̄e1e2) using the effective
vector boson approximation~EVBA! @24#. In this approxi-
mation, as in the equivalent photon approximation in QE
the collidingW’s or Z’s are treated as on shell particles an
thus, the salient features of the 2→4 reactions e1e2

→t c̄nen̄e , t c̄e1e2 are generated by the simpler 2→2 sub-
processesW1W2, ZZ→t c̄. The full 2→4 cross sections
sV1V2

(V1 ,V25W1,W2 or V1 ,V25Z,Z) are estimated by

folding in the distribution functionsf V1

l1, f V2

l2 of the two col-

liding V1 ,V2 with helicitiesl1 ,l2 @24#, explicitly,

sV1V2
5 (

l1 ,l2

E dx1dx2f V1

l1~x1! f V2

l2~x2!ŝ~V1
l1V2

l2→t c̄!.

~34!

FIG. 5. The cross sections tc5s(e1e2→t c̄1 t̄ c) ~in fb! is
plotted as a function of the c.m. energy (As) of the e1e2 collider.
The following cases are shown: all four-Fermi couplings are n
zero and equal 1, i.e.,VLL5VLR5VRL5VRR5SRR5TRR51 ~solid
line!, only TRR51 ~dot-dashed line!, only one of the vector cou-
plings Vi j equals 1~dashed line!, only SRR51 ~dotted line! and
either aL

Z51 or aR
Z51 with the four-Fermi couplings set to zer

~long-dashed line!. L51 TeV is used for all cases.
09401
the

i-

,
,

We find that sZZ&1023 fb at As5L51.5 TeV, for aL
Z

51 or aR
Z51, and is therefore too small to be observe

However,sWW is typically about two orders of magnitud
larger, partly because in this approximation theW-boson lu-
minosity is larger than the luminosity for theZ-bosons due to
different couplings to electrons~see e.g.,@25#!. In particular,
we find sWW;0.15 (0.09) fb atAs5L51.5 (2) TeV,
for aL

Z51, aR
Z50 or aL

Z50, aR
Z51. Comparing with

s(e1e2→Z→t c̄1 t̄ c);0.14 (0.03) fb for the same val
ues ofAs, L andaL,R

Z , we see that theWW-fusion process is
a slightly more sensitive probe of such newZtc couplings at
these high c.m. energies.6

Let us now return to the four-Fermi case; we wish
explore the limits that can be obtained on the scaleL of such
four-Fermi operators in the case that noe1e2→t c̄ events
are observed. To do so we first consider the possible obs
able final states for this reaction:

~1! If the top decays hadronically viat→bW1→b j1 j 2,
where j 1 , j 2 are light jets coming fromW1→ud̄ or cs̄,
then we have e1e2→t c̄→bc̄j 1 j 2 ~and e1e2→ t̄ c

→b̄c j̄1 j̄ 2 for the charge conjugate channel!. These final
states occur with a branching ratio of 2/3.

~2! If the top decays semi-leptonically viat→bW1

→bl1n l , where l 5e,m or t, then we have e1e2

→bc̄l 1n l ~and e1e2→b̄cl2n̄ l for the charge conjugate
channel!. These final states occur with a branching ratio
1/3.

An immediate useful observation is that each of the t
top decay scenarios above contains a singleb-jet in the final
state, which can be used as a signal for non-SM physics@15#.
Indeed, SM reactions in lepton colliders produce almost
clusively final states with anevennumber ofb-jets. Defining
a quantum number we calledbP5(21)n, where n is the
number ofb-jets in the final state, the SM is almost excl
sively bP-even. The SM irreducible background tobP-odd
processes generated by new physics is severely suppre
by off-diagonal CKM elements and can be neglected. T
only remaining~reducible! background to processes whic
yield an odd number ofb-jets in the final state arises from
mis-identifying an odd number ofb-jets in abP-even event
@15#.

For the processe1e2→t c̄, the SM irreducible back-
ground is generated, for example, bye1e2→W1W2 fol-
lowed by W1→ j 1 j 2 and W2→bc̄ for hadronic top decays
~case 1 above! or by W1→ l 1n l and W2→bc̄ for semi-
leptonic top decays~case 2 above!, see also@17#. These
backgrounds are clearly CKM suppressed, being}uVcbu2,
and can therefore be neglected.

6We recall that, at these high c.m. energies (As51.5–2 TeV),
the projected integrated luminosity is expected to be several h
dreds inverse fb, see Ref.@1#. Thus, a cross section of the order
0.1 fb may yield an observable effect, especially for the rat

uniquet c̄ final state which has a negligible background as we d
cuss below.

-
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TABLE I. The limits on the scale of the new physicsL using the reactione1e2→t c̄1 t̄ c. The limits are
given for one non-vanishing coupling at a time and setting this coupling to 1. In each case four acce
scenarios are considered;As5189, 200, 500 and 1000 GeV with luminositiesL50.6, 2.5, 50 and 200 fb21,
respectively. The signals considered are based on the total cross section as defined in~35!, assuming a
b-tagging efficiency of 60% and a top reconstruction efficiency of 80%~see text!. Also, the limits are based
on the criterion of 10 events for the given luminosity.

Limits from s̄ tc5ebe ts(e1e2→t c̄)

ai
Z51 Vi j 51 SRR51 TRR51

As L i 5L or R i j5LL,LR,RR or RL

189 GeV 0.6 fb21 0.5 TeV 0.8 TeV 0.7 TeV 1.4 TeV

200 GeV 2.5 fb21 0.9 TeV 1.5 TeV 1.3 TeV 2.5 TeV

500 GeV 50 fb21 1.9 TeV 9.3 TeV 8.5 TeV 13.6 TeV

1000 GeV 200 fb21 2.0 TeV 19.3 TeV 17.9 TeV 27.5 TeV
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In order to further eliminate the reducible background
bP-odd events produced by ab-tagging efficiency below 1,
one can employ a few more specific experimental hand

allowed by the very distinct characteristics of at c̄ signature:
~i! The possibility of efficiently reconstructing thet from the
decay t→bW→b j1 j 2 at the NLC @26#; the top quark can
also be reconstructed in the case of semi-leptonic top de

since there is only one missing neutrino in such at c̄ event.
~ii ! Since this is a 2→2 process, the two-body kinematic
fixes the charm-jet energy to beEc.As(12mt

2/s)/2. The
charm-jet gives then a unique signal since it recoils aga
the massive top quark and should stand out as a very e
getic light jet at high c.m. energies. The event will then lo
like a single top quark event.~iii ! The energy of theb-jet
produced in top decay is also known due to two-body ki
matics@17#.

Let us therefore define our background-free observa

cross section, which we denote bys̄ tc , as the effective cross
section includingb-tagging efficiency (eb) and top quark
reconstruction efficiency (e t)

s̄ tc5ebe ts tc . ~35!

We define the largestL to which a collider is sensitive a
the one for which 10 fully reconstructedt c̄1 t̄ c events are
generating per year, after eliminating any potential ba
ground, i.e., the value ofL for which s̄ tc3L510, whereL
is the yearly integrated luminosity of the given collider.

In Table I we list the limits that can be placed on the sc
L of the new effective four-Fermi andZtc operators, based
on this 10 event criterion, using the background-free cr
section as defined in Eq.~35!; we take eb560% ande t
580% and we impose a 10° angular cut on the c.m. sca
09401
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ys

st
er-
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le
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ing angle.7 The limits are calculated, assuming that only o
coupling is non-vanishing at a time, i.e., with eitherVi j 51,
for i , j 5LL or LR or RR or RL, or SRR51 or TRR51 or
aL

Z51. We give the limits that may already be obtainab
from the recent 189 GeV run of LEP2 which accumulat
;150 inverse pb in each of the four LEP2 detectors@27#. We
also consider three future collider scenarios: LEP2 with
c.m. energy ofAs5200 GeV and an integrated luminosit
of L52.5 fb21, a NLC with As5500 GeV and L
550 fb21 and a NLC with As51000 GeV and L
5200 fb21. As expected, the strongest limits are obtain
using the four-Fermi couplings. In particular, assuming t

no t c̄ event was seen during the recent LEP2 run, this ru
out new flavor physics~that can generate such four-Ferm
operators! up to energy scales ofL*0.7–1.4 TeV. For the
future e1e2 machines, the limits on the scale of the fou
Fermi operators are typicallyL*7 –123As for LEP2 ener-
gies andL*17–273As for a 500 or 1000 GeV NLC. The
best limits are obtained on the tensor four-Fermi coupl
TRR due to numerical factors in the cross section.

The above results were obtained assuming that all c
plings were equal to 1, for other values the the limits
Table I are in fact onL/Af , where f 5V, S, T or aZ. To
illustrate this possibility consider, for example, the tens
four-Fermi coupling which can~of course! be generated by
the exchange of a heavy neutral tensor excitation, of masL.

7We note that our limits on the scale of theZtc operator are more
stringent than those obtained in@17#. This difference arises from
our assumption that once the top quark is reconstructed~with an
efficiency of eb3e t) and the charm jet is identified~as described
above!, there is no additional background to be considered for
tc final state; the results of@17# obtained using a more carefu
background estimate correspond to a reduced reconstruction
ciency ofebe t542% instead of 48% which we used.
6-8
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But this effective vertex is also generated through Fie
transforming the operatorOlq8 in Eq. ~23!, which can be
produced by the exchange of a heavy scalar leptoquark in
underlying high energy theory. In the latter case the coe
cientTRR has an additional factor of 1/8, so that the mass
the leptoquark corresponds toA8L. These two possibilities
cannot be easily differentiated using an effective theory
provide an example of the limitations of this parametrizatio

It is also instructive to note that, in case at c̄ signal is
observed, there are enough independent observables i
on

u
th
o

-

ed
he

s
,
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the

reactione1e2→t c̄ to allow the extraction of all 6 indepen
dent four-Fermi couplings discussed above. These obs
ables are, for example, the cross sections for polarized e
trons and for definite top polarization~viable in the semi-
leptonic @28# and in the hadronic top decays if the dow
quark jet can be distinguished from the up quark jet inW
→du @29#!, and the following forward-backward~FB! asym-
metries for polarized incoming electrons~i.e., for the reac-
tions eL

2e1→t c̄ andeR
2e1→t c̄)
AFBL
5

E
0

p/2

$dseLtL
~u!1dseLtR

~u!2dseLtL
~p2u!2dseLtR

~p2u!%

seLtL
1seLtR

5
3~11b t!

2~31b t!

VLR
2 2VLL

2

VLR
2 1VLL

2
, ~36!

AFBR
5

E
0

p/2

$dseRtL
~u!1dseRtR

~u!2dseRtL
~p2u!2dseRtR

~p2u!%

seRtL
1seRtR

5
3~11b t!@VRL

2 2VRR
2 14SRRTRR#

2~31b t!@VRL
2 1VRR

2 13~11b t!SRR
2 116~32b t!TRR

2 #
. ~37!
ird
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Clearly, the FB asymmetries involve ratios of cross secti
and, therefore, are not suppressed by inverse powers ofL. A
detailed discussion of how to extract the six four-Fermi co
plings from such observables lies outside the scope of
paper; we limit ourselves to the summary of the sensitivity
each observable as presented in Table II.

We conclude this section with a few remarks.
Some of the four-Fermi effective operators in Eqs.~17!–

~23!, that generate the newtceecoupling also induce inter

TABLE II. The sensitivity of the different observables discuss
in the text to the various new four-Fermi effective couplings. T
observables considered are the polarized cross sectionssei t j

, i , j
5LL, LR, RR, RL in Eqs. ~27!–~30! and the FB asymmetrie
AFBL

and AFBR
for left and right-handed incoming electron beam

respectively, as defined in Eqs.~36! and~37!. A check-mark shows
that the given observable is sensitive to the given coupling.

Observables vs. Couplings

seLtL
seLtR

seRtL
seRtR

AFBL
AFBR

VLL A A A

VLR A A A

VRR A A A

VRL A A A

SRR A A

TRR A A A
s

-
is
f

actions involving the down quarks of the second and th
generations. For example, the operatorsO lq

(1) andO lq
(3) , be-

ing constructed out of the left-handed quark doublets, w

generate at c̄e1e2 interaction @with coupling a lq
(1)2a lq

(3) ,

see Eq.~25!# as well as abs̄e1e2 one with couplinga lq
(1)

1a lq
(3) . This fact, a consequence of gauge invariance, can

used to derive constraints on the scaleL. For example, using
the measuredB1 semi-leptonic branching ratio, such fou
Fermi operators contributions toB1→K1e1e2 will be be-
low the existing bound Br(B1→K1e1e2),1025 @30#, pro-
vided that L/Aua lq

(1)1a lq
(3)u*2 TeV. Due to the different

combination of couplings appearing in this expression t
bound is complementary to the ones obtained above.

We wish to emphasize the importance of adding such p
sible four-Fermi interactions to a model independent analy
of e1e2→t c̄. We argued previously that the only mode
that can produce observable flavor violations are those wh
generate flavor-changing operators at tree-level. In this c
the effectiveZtc vertex is generated by the exchange of
heavy gauge bosonV which mixes with theZ and which has
a Vtc vertex ~this vertex is also produced by heavy fermio
exchanges!. Similarly, some of the four-Fermi operators a
generated by the exchange of a heavy vectorV8 coupling to
t c̄ and toe1e2. In general we haveV85” V so that an analy-
sis that covers all the possibilities allowed by an effect
Lagrangian parametrization should include both types of v
tices. If, on the other handV5V8, then the bounds obtaine
form the four-Fermi contact interactions are far superior
the ones derived fromZ-mediated reactions. In this caseV
6-9
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would also generate aeeeecontact interaction for which
existing limits @30# give L*1.5 TeV, i.e., better than the
limits given in Table I for a 189 GeV LEP2. We note, how
ever, that at a 500 GeV NLC the limits that can be obtain
on the eeeecontact terms by studying the reactione1e2

→e1e2 are aboutL.5 TeV @21#, while from Table I we
see thatL.8.5–13.6 TeV is attainable at this energy
studying the processe1e2→t c̄.

We would like to stress again that the limits obtained
Table I presuppose the heavy physics does generate the
Fermi operators at an accessible scale. Other types of
physics can be responsible for generating theZtc vertex,
raising the possibility that the latter occurs even when
former is negligible. In that sense, the above results
complementary to those obtained e.g., in@13#.

IV. EFFECTIVE FLAVOR-CHANGING SCALAR
INTERACTIONS AND Tc̄ PRODUCTION AT A NLC

In this section we consider neutral Higgs exchanges in
NLC which lead tot c̄ production via a newhtc interaction
as defined in Sec. II@see Eqs.~11! and ~12!#. We neglect 2
→3 ~i.e., three-body final state! processes since these a
suppressed by phase space compared to 2→2 processes.

There are only two such reactions that can probe an
fectivehtc vertex ine1e2 colliders. The first is the Bjorken
processe1e2→Zh when a real Higgs boson is produced a
then decay to at c̄ pair ~see Fig. 2!, and the second is th
t-channelW1W2-fusion to a neutral Higgs boson in Fig
3~b!, leading toe1e2→W1W2nen̄e→t c̄nen̄e . We note that
the corresponding t-channel ZZ-fusion process e1e2

→ZZe1e2→t c̄e1e2, also depicted in Fig. 3~b!, is about an
order of magnitude smaller than theWW-fusion process, ba
sically, due to the different couplings of aZ-boson to elec-
trons ~see also the discussion in the previous section!.

We focus on Higgs masses in the rangemt&mh
&500 GeV. Since at this mass range the neutral Hi
width is still quite small compared to its mass, e.g., formh
5250(500) GeV the width is about 1.5%(13%) of its ma
and since we only consider real Higgs production, we m
estimate the cross section fore1e2→Ztc̄ by

sZtc5s~e1e2→Ztc̄!'s~e1e2→Zh!3Br~h→t c̄!,

~38!

where@25#

s~e1e2→Zh!5
pa2

192cW
4 sW

4 @11~124sW
2 !2#

8k

As

~k213mZ
2!

~s2mZ!2 ,

~39!

and

k5A~s1mZ
22mh

2!224smZ
2

4s
. ~40!

Using now
09401
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Br~h→t c̄!5
G~h→t c̄!

Gh
, ~41!

where Gh5G(h→bb̄)1G(h→ZZ)1G(h→W1W2)1G(h
→t t̄ ) is the total SM Higgs width,8 see e.g.,@31#, andG(h
→tc̄) is calculated in terms of the newhtc couplingsaL

h and
aR

h defined in Eq.~11!, we find

G~h→t c̄!5
v4

L4

3a

4sW
2 @~aL

h!21~aR
h !2#mhS 12

mt
2

mh
2D 2

.

~42!

For this type of effective vertices we also calculate t
t-channel fusion cross sections tcnn5s(e1e2→t c̄nen̄e) us-
ing the EVBA @24# ~see also the previous section!. The am-
plitude for the hard 2→2 sub-processWl1

1 Wl2
2 →h→t c̄

with c.m. energyAŝ is given by

M l1,l25
v2

L2

pa

sW
2

ŝA12bW
2 A 2b t

11b t
Phdl t ,lc

Tl1,l2

3@aL
h~11l t!2aR

h~12l t!#, ~43!

wherel1,l250, 61 are the helicities of theW1,W2, re-
spectively, andl t,c561/2 denote the quark helicities. Also

8h→t t̄ andh→ZZ are included when kinematically allowed.

FIG. 6. The cross sectionssZtc5s(e1e2→Ztc̄1Z t̄c) and

s tcnn5s(e1e2→t c̄nen̄e1 t̄ cnen̄e) ~in fb! are plotted as a function
of the SM Higgs massmh , for ane1e2 collider with a c.m. energy
of As5500 GeV ~dotted and dot-dashed lines! and of As
51000 GeV~solid and dashed lines!. L51 TeV is used for all
cases.
6-10
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Ph5( ŝ2mh
21 imhGh)21 is the Higgs propagator,b t5( ŝ

2mt
2)/( ŝ1mt

2), bW5A124mW
2 / ŝ and

T0,05
11bW

2

12bW
2

,

T6,651, ~44!

T6,75T6,05T0,650.

The polarized~with respect to theW1 andW2) hard cross
sectionŝ(Wl1

1 Wl2
2 →h→t c̄) can then be readily calculated

From this expression the cross sections tcnn is again esti-

mated by folding in the distribution functionsf W1
l1

, f W2
l2

of
the two collidingW1,W2 in a given helicity statel1,l2 as
in Eq. ~34!

s tcnn5 (
l1l2

E dx1dx2 f W1
l1

~x1! f W2
l2

~x2!

3ŝ~Wl1
1 Wl2

2 →h→t c̄!. ~45!

The bulk contribution to the full 2→4 process arises whe

the Higgs resonates, i.e., whenAŝ;mh (Aŝ denotes the c.m
energy of the hard 2→2 process!. Because of this, Br(h
→t c̄) also controls the dependence of thisWW-fusion reac-
tion on the Higgs mass. This behavior is illustrated in Fig
in which we plotsZtc ands tcnn as a function ofmh for c.m.
energies of 500 and 1000 GeV. In this figure we takeaL

h

5aR
h51 andL51 TeV. We see that these cross sectio

reach their maximum formh;230 GeV, close to the value
at which Br(h→t c̄) is largest.

We now discuss these signals and their observability
future high energye1e2 colliders. From Fig. 6 we see tha
at c.m. energy of 500 GeV, the Bjorken process domina
giving sZtc;0.2 fb for mh;250 GeV,aL

h5aR
h51 and9 L

51 TeV. In Fig. 7 we plotsZtc ands tcnn as a function of
the e1e2 c.m. energyAs, for mh5250 GeV, aL

h5aR
h51

and L51 or 2 TeV. Sinces tcnn is a t-channel fusion pro-
cess, it grows logarithmically as; log2(s/mW

2 ) and, there-
fore, dominates at higher energies over thes-channel
Bjorken process which drops as;1/s. For example, atAs
51 TeV andmh;250 GeV we finds tcnn /sZtc;10.

In order to identify the background to these reactions,
follow the same approach described in the previous sect
We consider the possible observable final states ine1e2

→Ztc̄ ~assuming that theZ is identified with 100% effi-
ciency! and e1e2→t c̄nen̄e , which are determined by th
top decays. For hadronic top decays we havee1e2→Ztc̄

→Zc̄b j1 j 2 ande1e2→t c̄nen̄e→ c̄b j1 j 2nen̄e , wherej 1 and

9Notice that some of the lines end rather abruptly wheneverAs
5L, since forL,As the effective Lagrangian description is n
valid by definition.
09401
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j 2 are light jets fromW1→ud̄ or W1→cs̄. For the semi-
leptonic top decays we havee1e2→Ztc̄→Zc̄bl1n l and
e1e2→t c̄nen̄e→ c̄bl1n lnen̄e , where l 5e, m or t from
W1→ l 1n l .

Since only one top quark is produced, these final sta
have oneb-jet so that they have a negligible irreducib
background, as mentioned previously. There is, as befor
potentially dangerous reducible SM background due to a
ducedb-tagging efficiencyeb . For example, such a back
ground is generated by the reactione1e2→Zh whenh de-
cays into at t̄ pair ~assumingmh.2mt) and oneb quark in
the top decay products is not detected. Similarly, fore1e2

→t c̄nen̄e the SM reducible background is generated by p
cesses such ase1e2→W1W2nen̄e , t t̄nen̄e ~see also@7# and
Hou et al. in @11#!. Recall, however, that as in the case
e1e2→t c̄, a t c̄ signal has more experimental handles su
as top reconstruction, a very energetic charm-jet, etc.
these can be used to eliminate most of the backgro
events.

To obtain limits on the scale of the new physics,L, we
again define the background-free cross sections,s̄Ztc and
s̄ tcnn , by folding theb-tagging and top reconstruction effi
ciency factors, which essentially eliminate the type of red
ible backgrounds mentioned above. Thus, our backgrou
free observable cross sections are

s̄ tcnn5
2

3
ebe ts tcnn , s̄Ztc5ebe tsZtc , ~46!

where the factor of 2/3 in the cross section for thet c̄nen̄e
reaction takes into account the fact that only the hadronic
decay,t→b j1 j 2 are useful~we assume that the semi-lepton

FIG. 7. The cross sectionssZtc5s(e1e2→Ztc̄1Z t̄c) and

s tcnn5s(e1e2→t c̄nen̄e1 t̄ cnen̄e) ~in fb! are plotted as a function
of the c.m. energy of thee1e2 collider, formh5250 GeV and for:
L51 TeV ~solid and dashed lines! and L52 TeV ~dotted and
dot-dashed lines!. See also text.
6-11
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TABLE III. Limits on the scale,L, of the new physics that generates newhtc effective operators, using

the reactionse1e2→t c̄nen̄e1 t̄ cnen̄e ande1e2→Ztc̄1Z t̄c ~in parentheses!. The limits are given formh

5200, 250, and 400 GeV where in each case three accelerator scenarios are considered;As5500, 1000 and
1500 GeV with luminositiesL550, 200 and 500 fb21, respectively. The signals considered are based
the total cross sections, as defined in~46!, assuming ab-tagging efficiency of 60% and a top reconstructio
efficiency of 80%. The limits are based on our criterion of 10 events for the given luminosity and the
reaction~see also text!.

Limits from $s̄ tcnn ,s̄Ztc%

mh5200 GeV mh5250 GeV mh5400 GeV
As L

500 GeV 50 fb21 $650, 750% GeV $650, 830% GeV $X, X% GeV

1000 GeV 200 fb21 $1340, X% GeV $1460, X% GeV $1010, X% GeV

1500 GeV 500 fb21 $1930, X% GeV $2140, X% GeV $1600, X% GeV
tw
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top decays cannot be reconstructed due to the additional
missing neutrinos in the final state!. As before, we assum
that the largest value ofL which can be probed using thes
processes corresponds to the value yielding a signal o
fully reconstructed events.

In Table III we give the 3s limits that can be placed on
the scale of the new physicsL using the processese1e2

→Ztc̄1Z t̄c ande1e2→t c̄nen̄e1 t̄ cnen̄e , assuming no sig-
nal is observed~based on our 10 event criterion!; we take
eb560%, e t580% andaL

h5aR
h51. We consider three col

lider scenarios: a NLC withAs5500 GeV and a yearly in-
tegrated luminosity ofL550 fb21, As51000 GeV withL
5200 fb21 andAs51500 GeV withL5500 fb21. Entries
marked by anX in Table III indicate the cases for which n
interesting limit can be obtained, i.e., where the limit cor
sponds toL,As. Because of its decreasing nature, the cr
section e1e2→Ztc̄1Z t̄c is only useful at 500 GeV, for
which a limit of e.g., L*830 GeV is obtainable ifmh

;250 GeV. Using thet c̄nen̄e1 t̄ cnen̄e final state, one can
place the limitsL*1460 GeV andL*2140 GeV in a
1000 GeV and 1500 GeV NLC, respectively~with mh
;250 GeV). Note that these limits are weakened ifmh
5200 or 400 GeV, since these cross sections are smalle
such Higgs boson mass values~see Fig. 6!.

V. RIGHT-HANDED Wtb EFFECTS IN W1W2
˜Tc̄

The WW-fusion processW1W2→t c̄ can proceed at the
tree-graph level in the SM via diagram~c! in Fig. 3. The
cross section, however, is unobservably small due to G
suppression:s tcnn;few31024 fb at a NLC with c.m. ener-
gies in the range 1–2 TeV~see also@7#!.

This suppression opens the possibility of observing
t c̄nen̄e signal in the presence of an effective right-hand
Wtb coupling,dR,b

t , defined in Eq.~16!. We consider these

effects on the reaction e1e2→W1W2nen̄e→t c̄nen̄e

1 t̄ cnen̄e , which we evaluate using the EVBA.
We find, however, that the effective interactions do n
09401
o

0

-
s

for

a
d

t

produce a significant enhancement in these cross sec
sincedR,b

t &1 ~resulting fromaff). The reason follows from
the structure of the amplitude,MWtdi

, for W1W2→t c̄ cal-
culated using Eq.~16!

MWtdi
}mt@CLL~Vti1dL,i

t !~Vci* 1dL,i
c !1CRRdR,i

t dR,i
c #

1mdi
@CLR~Vti1dL,i

t !dR,i
c 1CRLdR,i

t ~Vci* 1dL,i
c !#,

~47!

whereCLL , CRR, CLR andCRL are some kinematic function
with a mass dimension21. If the only non-vanishing effec-
tive coupling isdR,b

t , then the amplitude is proportional t
the very small SM off-diagonal CKM elementVcb and, in
addition, it contains a mass insertion factormb from the
t-channelb-quark propagator@see Fig. 3~c!#. If in addition
dR,b

c 5” 0, then the amplitude receives also a contribution p
portional todR,b

t 3dR,b
c ~with no mass insertion!. However,

such a term will give a cross section which is proportional
v8/L8 instead ofv4/L4 and is, therefore, also very smal
We conclude that such right-handed current effects canno
probed via theWW-fusion process.

Before summarizing we wish to note that the hard cro
sectionW1W2→t c̄ needed in the EVBA exhibits aphysical
t-channel singularity@32#. Due to the specific kinematics o
this 2→2 process, the square of thet-channel momentum
can be positive and the down quark propagator can, th
fore, resonate oncet;md

2 . The reason for that is rather clea
the incoming W-boson can decay to an on-shell pair
di c̄ (di5d, s or b). The singularity, therefore, signals th
production of an on-shell down quark in thet-channel.

The t-channel singularity of the 2→2 sub-process doe
not occur in the full 2→4 process. In the exact calculatio
i.e., without using the EVBA, the exchangedW1 and W2

cannot be on-shell since theW1, W2 momenta are always
space-like; as a consequence theQ2 of the t-channel down
6-12
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quark is always negative.10 Therefore, the EVBA, which as
sumes on-shell incoming vector-bosons, breaks down in s
situations and cannot be used to approximate these typ
processes. To bypass this problem, we have used the E
with massless incomingW-bosons when calculating th
above cross sections. We have checked that such an
tional approximation gives rise to an error of the order
;mW /As which is less than 10% for a c.m. energy ofAs
51000 GeV.

VI. SUMMARY

We have considered production of at c̄ pair in e1e2 col-
liders in the effective Lagrangian description. We inves
gated a variety of processes, leading to at c̄ signal, which
may be driven by some underlying flavor physics beyond
SM that gives rise to new vertices such asZtc, htc, right-
handedWtb and four-Fermitcee interactions.

We have shown that, if present, the contributions of fo
Fermi operators strongly dominate the cross section for
reactione1e2→t c̄, while the effects of flavor-changingZ
vertices are subdominant, assuming both types of effec
operators appear with coefficients of order one~which is the
case in all natural theories! and of similar scales though, a
was mentioned previously, these two types of vertices m
probe different kinds of physics and, therefore, should
measured separately.

Thus, theZtc vertex may alternatively be probed via th
t-channelWW-fusion processW1W2→t c̄ which may yield
an observablet c̄nen̄e signal at 1.5–2 TeVe1e2 linear col-
liders. At hadron colliders theZtc vertex can also be effi
ciently probed in flavor changing top decays@33#, and in
single top production in association with aZ-boson@34#.

The t-channelWW-fusion process was also found to b

10We thank David Atwood for his helpful remarks regarding th
point.
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sensitive to newhtc scalar interactions which may also lea
to a t c̄nen̄e signal at 1–2 TeV NLC. We showed, howeve
that, at c.m. energies below 1 TeV, effectivehtc couplings
are better probed via the Bjorken processe1e2→Zh fol-
lowed byh→t c̄.

The effects of a new right-handedWtb coupling were
found to be negligible fort c̄ production ine1e2 colliders in
WW-fusion processes.

We have argued that, due to its unique characteristics,
t c̄ final state is essentially free of SM irreducible backgrou
and may be, therefore, easily identified in ane1e2 collider
environment. In addition, by tagging the singleb-jet coming
from t→bW and by reconstructing the top quark from i
decay products one is able, in principle, to eliminate all p
sible SM reducible background to thet c̄ signal.

Using reasonableb-jet tagging and top reconstruction e
ficiencies ate1e2 colliders, we have derived sensitivity lim
its for these machines to the scale of new flavor-chang
physics, L. For example, we find that an absence of
e1e2→t c̄ signal at the recent 189 GeV LEP2 run alrea
places the limit of L*0.7 (1.4) TeV on vector-like
~tensor-like! four-Fermi effective operators. Similarly, th
future 200 GeV LEP2 run can place a limit ofL
*1.5 (2.5) TeV and, at a 1000 GeV NLC, the correspon
ing limits are remarkably strong:L*17 (27) TeV; better
~due to a negligible SM background! than those obtainable
for flavor diagonal four-Fermi operators, such asttee.

Finally, concerning the limits on the scale of the effecti
operators that give rise to newhtc scalar interaction, we
found, for example, thatL*830 GeV at a 500 GeV NLC
via the Bjorken process, andL*2150 GeV at a 1.5 TeV
NLC via the WW-fusion process, if the mass of the SM
Higgs boson is;250 GeV.
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