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The standard model with one extra Higgs doublet may give rise to an enhancedtree-levelflavor-changing-
scalar coupling of a neutral Higgs boson to a pair of top-charm quarks. This coupling may drive a large

tree-leveleffective W1W2(ZZ)-Higgs boson-t c̄ interaction. As a result we find that the reactionse1e2

→t c̄nen̄ e , t c̄ e1e2, t c̄ Z and the two rare top decayst→cW1W2, t→cZZ become very sensitive probes of

such an effective interaction. The most promising ones,e1e2→t c̄nen̄ e , t c̄ e1e2, may yield several hundreds
and up to thousands of such events at the Next Linear Collider with a center of mass energy ofAs50.5–2 TeV
if the mass of the lightest neutral Higgs boson is a few hundred GeV. The rare decayst→cW1W2 and t
→cZZ may be accessible at the CERN LHC if the mass of the lightest neutral Higgs boson lies in the narrow
window 150 GeV&mh&200 GeV.@S0556-2821~98!02705-2#

PACS number~s!: 12.60.Fr, 11.30.Hv, 13.65.1i, 14.65.Ha
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I. INTRODUCTION

Understanding the nature of the scalar sector, which
remains one of the great mysteries in electroweak theo
and searching for flavor-changing~FC! currents are clearly
important goals of the next generation of high energy col
ers @1#.

Although the standard model~SM! with only one scalar
doublet is in good agreement with existing data, it is s
useful to examine the consequences of simple extension
the SM. Indeed, the simplest possible extension of the sc
potential, which contains two Higgs doublets, exhibits ri
new phenomena. In particular it may give rise to new tr
level FC couplings of a spin 0 particle with fermions@2#.

In the SM there are no tree-level flavor-changing neut
currents~FCNCs!. At the one loop level, FC transitions in
volving external up quarks are much more suppressed
those involving external down quarks. The effects for the
quarks are driven by virtual exchanges of down quarks
which the Glashow-Iliopoulos-Maiani~GIM! mechanism is
much more effective since the mass splitting between
down quarks is a lot less than amongst the charge 2/3 qua
Therefore, the search for large signatures of FCNCs invo
ing the up quarks is extremely important as it may serve a
unique test of the SM. As is well known, though there a
stringent experimental constraints against the existenc
tree level flavor-changing-scalar~FCS! transitions involving
the light quarks@3–5#, analogous constraints involving th
top quark are essentially nonexistent.

As mentioned above, a mild extension of the SM in whi
one extra scalar doublet is added, allows for large, tree-le
FCS interactions@2#. These are often forbidden by the imp
sition of an ad hoc symmetry@3#; if this symmetry is not
imposed, however, one arrives at a version of the two-Hi
doublet model ~2HDM! wherein the up and down-typ
quarks are allowed simultaneously to couple to more t
one scalar doublet@2# leading to tree-level FC vertices. In th
570556-2821/98/57~5!/2957~12!/$15.00
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context of such new interactions, the severe experime
constraints involving FC couplings of the light quarks can
satisfied by requiring that FCS interactions are proportio
to the square root of masses of the fermions participatin
the vertex @4#. A specific realization of these ideas, th
Cheng-Sher ansatz~CSA!, assumes that the FC coupling of
scalar to top and up~charm! quark is proportional to
Amtmu/mW ~or Amtmc/mW). In this scenario the large top
mass makes it much more susceptible to FC transitions. T
possibility has led various authors to stress the importanc
searching for tree-level FCS interactions involving the to
quark, especially the top-charm ones@2,5–9#. Our study in-
dicates that experimental investigations of the reactionse1

1e2→t c̄nen̄ e ; t̄ cnen̄ e ; t c̄ e1e2; t̄ ce1e2; Zt c̄; Z t̄ c
and of the rare top decayst→W1W2c;ZZc will be very
useful in this regard.

The paper is organized as follows. In Sec. II we brie
describe the key features of a 2HDM with tree-level FC co
plings, often called Model III. The possibility of producin
t c̄ pairs viaWW andZZ fusion in the Next Linear Collider
~NLC! is investigated in Sec. III. In Sec. IV we discuss th
reactione1e2→Zt c̄. In Sec. V we examine the two rare to
decayst→W1W2c and t→ZZc and in Sec. VI we summa
rize our results and make some parting comments.

II. 2HDM WITH TREE-LEVEL FC COUPLINGS
„MODEL III …

In a most general version of the 2HDM~which allows
tree-level FCS couplings! one can always choose a basis
scalar fields where only one doublet acquires a vacuum
pectation value~VEV! ~for a brief review see@5#!:

^f1
0&5

v

A2
, ^f2

0&50. ~1!
2957 © 1998 The American Physical Society
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We refer to this type of a 2HDM as Model III.
With this choicef1 corresponds to the usual SM scal

doublet and all the new FC couplings are associated with
f2 doublet. The spectrum of the scalar sector then cons
of a charged scalar and its conjugateH6, and three neutra
Higgs particles which we will denote byh,H ~the scalar
mass eigenstates! andA ~the pseudoscalar mass eigensta!.
In terms of the original doublets one has

H5A2@~Ref1
02v !cosã1Ref2

0sinã #,

h5A2@2~Ref1
02v !sinã1Ref2

0cosã #, ~2!

A5A2~2Imf2
0!.

The masses of the neutral and charged Higgs bosons as
as the mixing angleã are free parameters of the model.1 The
pseudoscalarA which does not couple to gauge bosons a
the charged Higgs particles of the model do not play any r
in our reactions and therefore their masses are not rele
for the present analysis.

Although with the above basis for Model III, in whic
^f2

0&50 at the tree-level, introducing large splitting betwe
the masses of the two Higgs particlesh andH ~in some cases
we will take mH2mh.500 GeV! can become slightly un
natural for large values ofã , this is not the case in a mor
general flavor-changing 2HDM where both doublets can
quire a nonvanishing VEV. In that more general case, tab
[v2 /v1 appears as an additional free parameter of
model. Adopting tanbÞ0 will not affect our predictions in
this paper, while, due to the presence of this additional f
parameter tanb, large values ofã can be accommodate
without much difficulty in this framework regardless of th
degree of splitting between the two Higgs boson mas
Note also that tanb will not enter the FC couplings of a
neutral Higgs boson to fermions as those are governed by
couplingsl i j to be defined below. We therefore wish to em
phasize that we are not trying to advocate the existenc
the above particularly simple realization of a FC 2HD
where one of the Higgs doublets does not acquire a VE
instead, for its simplicity, we are using it as an illustrati
scenario to estimate the size of a possible FC effect in
reactions. Thus, in what follows, we will always choose t
mass of the lighter Higgs bosonh to be in the range
50 GeV&mh&1TeV while, in most instances, we will se
the heavy Higgs boson (H) mass to bemH51 TeV indepen-
dent of the choice of mixing angleã .2

1We useã instead ofa to avoid confusion with the fine-structur
constant.

2Note that the onset of a strongly interacting Higgs sector co
sponds to the breakdown of tree-level unitarity and also to the c
dition that the radiative corrections to the Higgs boson mass ar
order 100%, i.e.,dmH'mH . Much like in the SM case, this will
occur whenmH;4pv;3 TeV. Therefore, although takingmH

51 TeV is somewhat close to the above limit, still, it is unlikely
enter the strongly interacting Higgs domain.
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The FC part of the Yukawa Lagrangian in Model III
given by @2,5#

LY
FC5j i j

UQ̄i ,Lf̃2U j ,R1j i j
DQ̄i ,Lf2D j ,R1H.c., ~3!

wheref2 denotes the second scalar doublet,f̃2[ i t2f2, Q
stands for the quark doublets, andU and D for charge 2/3
and~21/3! quarks singlets;i , j 51,2,3 are the generation in
dices andj are 333 matrices parametrizing the strength
FC neutral scalar vertices. Following Cheng and Sher@4# we
choose the parametrization:

j i j
U,D5gW

Amimj

mW
l i j . ~4!

In this scenario all our ignorance regarding the FCS verti
is contained in the couplingsl i j which are free parameters t
be deduced from experiments. The experimental constra
on thel i j are rather mild: for example, iflsd ,lbd andluc
are kept below;0.1, then Model III is compatible with the
existing low energy experimental measurements as long
the other FC couplings~i.e., those involving the top quark!
are not much larger than 1@5#. In particular, if the first gen-
eration FC couplings are not related to the FC couplings
the second and third generations~there is no good reason t
believe that such a relation exists! then l tc5lct;O(1), or
even somewhat bigger, is not ruled out3 by existing experi-
ments@5#. This has major consequences on our analysis
this paper as all the reactions investigated here scale likel tc

2 .
For simplicity, we choosel tc5lct5l and we further-

more breakl into its real and imaginary parts,l5lR
1 il I . Then, within the CSA, the relevant terms of th
Model III Lagrangian become

LHtc52
gW

A2

Amtmc

mW
fHH t̄ ~lR1 il Ig5!c, ~5!

LHVV52gWmWCVcHHgmnVmVn, ~6!

where here and throughout the paperH5h or H and V
5W or Z and4

f h;H[cosã ; sinã , ~7!

ch;H[sinã ; 2cosã , ~8!

CW;Z[1; mZ
2/mW

2 . ~9!

The amplitude for the interactionVV2H2t c̄ , t̄ c is pro-
portional to sin2ã for bothH5h andH, and will vanish for
ã50,p/2. Whenã5p/4 ~i.e., equal mixing between Ref1

0

-
n-
of

3l tu is also not well constrained from existing experiments. T
Cheng and Sher ansatz~4! does, of course, imply much smallertu
coupling compared to thetc one due to the up-charm mass diffe
ence.

4V5W1,W2 or Z; in most instances the appropriate choice c
be fixed by inspection. If necessary we will denoteV15W1,V2

5W2 or V15V25Z.
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2Ref2
0) the h and H contributions interfere destructivel

and cancel out in the limitmH→mh . The presence of this
‘‘GIM-like’’ cancellation reflects the fact that all complet
calculations should include both neutral scalars. The m
mum of the cross section is not reached atã5p/4 since the
scalar widths also depend on this parameter.

We will also need theHt t̄ couplings within Model III:

LHtt52
gW

A2

mt

mW
H t̄ ~aH1 ibHg5!t, ~10!

where

ah52
1

A2
sinã1cosãlR , bh5cosãl I , ~11!

aH5
1

A2
cosã1sinãlR , bH5sinãl I , ~12!

and for simplicity we setl tt5l tc5l.

III. t c̄ PRODUCTION THROUGH VECTOR-BOSON
FUSION

In this section we consider the reactions~see Fig. 1!:

e1e2→t c̄nen̄ e ; t̄ cnen̄ e ,e1e2→t c̄ e1e2; t̄ ce1e2,
~13!

occurring viaW1W2 or ZZ fusion, which should be acces
sible to the Next generation ofe1-e2 Linear Colliders
~NLC! currently being envisaged@1#. We will see that these
processes are very sensitive to FC currents@10#.

An extremely interesting feature of the reactions in~13! is
that at c.m. energies of TeV and above, the correspond
cross sections can be much larger than the ones for
simples-channel reactions in Model III:e1e2→t c̄ ~see@6#!

ande1e2→HA→t c̄ f f̄ ; t t̄ c c̄ ~see@9#!. For example, we
find thatsnntc[s(e1e2→t c̄nen̄ e1 t̄ cnen̄ e) is about two
orders of magnitude larger thans(e1e2→t c̄ 1 t̄ c) over a
large region of parameter space, whileseetc[s(e1e2

→t c̄ e1e21 t̄ ce1e2) is about one order of magnitude big
ger thans(e1e2→t c̄ 1 t̄ c). The crucial difference~and
therefore interesting! feature of theVV fusion reactions is

FIG. 1. ~a! The standard model diagram fore1e2→t c̄nen̄ e ;

~b! diagrams fore1e2→t c̄nen̄ e(e
1e2) in Model III.
i-

g
he

that, being a t-channel fusion process, the correspond
cross-sectionsgrow with the c.m. energy of the collider. On
the other hand, the ‘‘simple’’s-channel reactions mentione
abovedrop like 1/s. Thus, even if not c̄ events are detecte
at As5500 GeV via e1e2→t c̄ ; t c̄ f f̄ ; t t̄ c c̄, there is
still a strong motivation to look for a signature of~13! espe-
cially at somewhat higher energies.

In exploring the reactionse1e2→t c̄nen̄ e , t c̄ e1e2 we
will use the effective vector boson approximation~EVBA!
@11#. Recall that this is the analog of the equivalent phot
approximation in QED which allows the collidingW’s or Z’s
to be treated as on-shell particles. The salient features o
reactions in~13! are then well approximated by the simpl
fusion reactions:

W1W2, ZZ→t c̄ , t̄ c. ~14!

The corresponding cross sections for the reactions in~13!
can then be calculated by folding in the distribution functio
f hV

V , for a vector bosonV (W or Z) with helicity hV .

The EVBA has been extensively studied in the product
of a t t̄ pair @12#. There is, however, a significant differenc
between fusion reactions leading to at c̄ final state, due pri-
marily to the appreciable difference in the threshold of t
two-reactions~which, in turn, is due tomt@mc). This has
two consequences:

~1! For t c̄ the vector-boson energy fraction,x5Aŝ/s ~as
usualŝ is the c.m. energy squared in theVV c.m. frame and
s the corresponding quantity in thee1e2 c.m. frame! can
drop belowx50.05 near threshold, forAs*800 GeV. In this
small-x range the distribution functions are overestimat
within the leading log approximation@12,13#. We will there-
fore use the distribution functions which retain higher ord
in mV

2/s, as given, for example, by Johnsonet al. @13#.

~2! For largeAŝ, the longitudinal polarization vector ofV

can be approximated bye0
m(k).km/mV1O(mV /Aŝ). In the

production of a pair of heavy fermions~such ast t̄ ) through
VV fusion, the termkm/mV gives rise to a contribution pro
portional to (mt /mV)4 in the cross section; the subleadin

contributions, generated by theO(mV /Aŝ) remainder in
e0

m(k), are suppressed by a factor of;mt
2/ ŝ. Thus ŝ(VV

→t t̄ ) is well approximated by taking only the longitudina
polarizedV’s at the parton level reaction and assuming th
ŝ@mV

2 @12,13#. In contrast, the approximatione0
m(k)

.km/mV does not necessarily hold for the reactionVV

→t c̄ for which mV
2/ ŝ'mV

2/mt
2 near threshold. In particular

we will show below that the cross section for the reacti

VV→H→t c̄ scales likeuehV1

V1
•ehV2

V2
u2. Thus, not only is the

(mt /mV)4 factor absent, but the contribution from the tran
versely polarizedV’s is comparable to that of the longitud
nal V’s near threshold. We will therefore include all pola
izations for the vector bosons in our calculation ofŝ(VV

→H→t c̄ ).
It is interesting to note that while at tree-level,seetc50 in

the SM, the parton level reactionW1W2→t c̄ can proceed
at tree-level, via diagram~a! in Fig. 1. Note that the corre
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sponding cross section is proportional to (mt /mW)4 to lead-
ing order, and the usual replacemente0

m(k)→km/mW is ap-

propriate. For collision of longitudinalW’s, WL
1WL

2→t c̄ ,
within the SM, we obtain

ŝSM5
Ncpa2

4sW
4 ŝ2 S mt

mW
D 4

(
i , j 51

3

VtiVt j* VciVc j*

3H S 1

D t
21D I i j

2 1S 22
1

D t
D I i j

3

mt
2

2
I i j

4

mt
4 J , ~15!

where i , j are family indices,sW[sinuW and Nc53 is the
color factor.D t[mt

2/ ŝ and I i j
k are the two body phase-spac

integrals:

I i j
k [E

mt
2
2 ŝ

0 xkdx

~x2mdi

2 !~x2mdj

2 !
. ~16!

In ~15! we have setmc50 , however the three down quark
masses must be kept nonzero as the unitarity of the Cabi
Kobayashi-Maskawa~CKM! matrix implies that ŝSM50
when md5ms5mb ~in particular, whenmd5ms5mb50).
Numerically, ŝSM is found to be too small to be of exper
mental relevance as it suffers from a severe CKM supp
sion: sSM

nntc[sSM(e1e2→t c̄nen ē1 t̄ cnen ē)'102521024

~fb! for As50.522 TeV. We will hence forward neglect th
SM contribution.

This is, therefore, a remarkable situation which allows
a unique test of the SM and, in particular of the SM’s GI
mechanism. Even a very small number oft c̄nen̄ e and/or
t c̄ e1e2 detected at a NLC running with a yearly integrat
luminosity ofL*102 @fb# 21 @1#, will unmistakably indicate
new FC dynamics beyond the SM. In Model III event num
bers in the range of a few3(1022103) for t c̄nen̄ e , and a
few3(1012102) for t c̄ e1e2 are easily possible within the
existing experimental constraints.

For Model III, VV→t c̄ proceeds at tree-level via th
ŝ-channel neutral Higgs exchange of diagram~b! in Fig. 1.
Neglecting the SM diagram, the corresponding parton-le
cross-sectionŝV[ŝ(VhV1

1 VhV2

2 →t c̄ ) is given by@10#

ŝV5
~sin2ã !2Ncpa2

4ŝ2bVsW
4 S mV

mW
D 4

uehV1

V1
•ehV2

V2
u2uPh2PHu2

3mtmcAa1a2~a1lR
21a2l I

2!, ~17!

where

a65 ŝ2~mt6mc!
2, b l [A124ml

2 / ŝ, ~18!

and

PH5
1

~ ŝ2mH
2 1 imHGH!

. ~19!

Given the couplings of Model III,GH ~the width ofH) can
be readily calculated@14#. The leading decay rates in th
o-

s-

r

-

el

model areH→b b̄, t t̄ , ZZ, W1W2 and t c̄ , c t̄ . When
kinematically allowed, we include all these contributions
calculating the above cross sections. For definiteness,
will present our numerical results forã5p/4.5 We will also
ignoreCP violation and takel I50 andl5lR . In calculat-
ing the cross sections we first vary the mass of the ligh
scalarh in the range 100 GeV,mh,1TeV, while holding
fixed the mass of the heavy scalarH at mH51 TeV. We will
later discuss the casemh;mH .

Due to the orthogonality properties of theV1 andV2 po-
larization vectors, there is no interference between the tra
verse and the longitudinal polarizations. Note th

ue6
V1

•e7
V2

u250, ue6
V1

•e6
V2

u251, and ue0
V1

•e0
V2

u25(11bV
2)2/

(12bV
2)2 which grows withŝ. However, we can see from

~17!, that ŝV(mH
2 / ŝ→0)→0 ensuring unitarity of the hard

cross section. In general, the transverse distribution funct
are bigger than the longitudinal ones forx *0.1 @12,13#.
Therefore, the relative smallness of the transverse hard c
section compared to the longitudinal one is partly comp
sated for in the full cross section. In particular, we find th
the contribution from the transversely polarizedW’s(Z’s!
constitutes up to 25%~35%! of the corresponding total cros
sectionsnntc(seetc).

It is evident from~17! that ŝW→ŝZ for mW→mZ . The
main difference betweensnntc andseetc then arises from the
dissimilarity between the distribution functions forW andZ
bosons. In particular, disregarding the subleading transv
parts of theWW and theZZ cross sections, the relativ
strength between theW and theZ longitudinal distribution
functions is given by@13#

f 0
Z5

2

cW
2 S 2sW

4 2sW
2 1

1

4D f 0
W'

1

3
f 0

W . ~20!

Therefore, since the dominant contributions to the cross s
tions snntc andseetc are produced by longitudinalW’s and
Z’s, seetc is expected to be smaller by about one order
magnitude thansnntc, which is indeed what we find. We wil
thus only present numerical results forsnntc, keeping in
mind that seetc exhibits the same behavior though su
pressed by an order of magnitude.

Figure 2 shows the dependence of the scaled cross se
snntc/l2 on the mass of the light Higgs bosonmh for four
values ofs.6 The cross section peaks atmh.250 GeV and
drops as the mass of the light Higgs boson approaches th
the heavy Higgs boson due to the ‘‘GIM-like’’ cancellatio
present in the scalar sector~which is only partly effective
when ãÞp/4). Nonetheless, as will be shown below
snntc/l2 can stay at the fb level even formh5mH . When
As52 TeV the cross section is about 5 fb forl51 andmh

5As will be shown later, theVV fusion cross sections in~13! reach

their maxima atã.p/6 which is larger by a factor of;1.5 than

their value atã5p/4; as indicated previously the cross sectio

vanish whenã50, p/2.
6The scaled cross section,snntc/l2, has a residual mild depen

dence onl through its dependence onGh .
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'250 GeV.7 It is therefore evident from Fig. 2 that at a
NLC running at energies ofAs*1 TeV and an integrated
luminosity of the order ofL*102 @fb# 21, Model III ~with
l51) predicts hundreds and up to thousands oft c̄nen̄ e

events and several tens to hundreds oft c̄ e1e2 events. For
example, withAs51.5 TeV, L5500 @fb# 21 @1#, and mh
'250 GeV,l51, the cross sectionsnntc(seetc) would yield
about 2000~200! such events. Note also that even withmh
'500 GeV, this projected luminosity will still yield hun
dreds oft c̄nen̄ e events and tens oft c̄ e1e2 events atAs
51.5 TeV. The corresponding SM prediction yields,
shown above, essentially zero events.

The choiceã5p/4 is special in the sense that for th
value the GIM-like cancellation mentioned above is m
effective, however, it does not correspond to the maxim
of the production rates. In Fig. 3 we show the dependenc
snntc/l2 on (sinã)2 for mh5250 GeV,As51 TeV and for
two possible values ofmH , mH5250 GeV andmH51 TeV.
The same behavior is observed for any value ofs in the
range 0.5–2 TeV. We see that formH51 TeV, which rep-
resents the case of large splitting between the two neu
Higgs particles, snntc(p/14&ã&p/4).snntc(ã5p/4).
Moreover, even for (mH2mh)'0, snntc*1 fb is still pos-
sible for 0.02&(sinã)2&0.22 and 0.78&(sinã)2&0.98. In
fact, our analysis shows that, with moderate restrictions

7The cross section is}l2 so that even a moderate change ofl,
say by a factor of three, can increase or decrease the cross se
by one order of magnitude.

FIG. 2. The cross sections(e1e2→t c̄nen̄ e1 t̄ cnen̄ e) in units

of l2 as a function ofmh for As50.5, 1, 1.5 and 2 TeV.ã5p/4
and we have setl51 in the widthGH .
t

of

al

n

ã , snntc remains well above the fb level forAs*1 TeV as
long as one of the neutral Higgs particles is kept with
200 GeV&mH&400 GeV, while the mass of the othe
Higgs boson can take practically any value between 10
1000 GeV. Moreover, note that asã drops belowp/6 the
cross section becomes less sensitive to the heavy Higgs
som mass. For example, we find that withã'p/27 ~which
may represent the case of a smallã) and for As51 TeV,
snntc'1 fb regardless of the heavy Higgs boson mass~i.e.,
mH525021000 GeV! and as one goes toAs.1 TeV, snntc

becomes even bigger. It is therefore clear that the FC ef
being investigated in this section remains very interest
within a large portion of the free parameter space of
Higgs sector in Model III.

Before ending this section we wish to comment further
the comparison between the cross sections(e1e2→t c̄ )
discussed in@6# and theWW annihilation cross sectionsnntc

within Model III. To do so, for convenience, we normaliz
the cross sections to them1m2 cross section:

Rnntc[
s~e1e2→t c̄nen̄ e1 t̄ cnen̄ e!

s~e1e2→g→m1m2!
,

Rtc[
s~e1e2→t c̄ 1 t̄ c!

s~e1e2→g→m1m2!
. ~21!

Note that whileRnntc scales asl2, Rtc is proportional tol4.
It was shown in@6# that Rtc/l4 can reach 1025 for a light
Higgs boson mass around 200 GeV and c.m. energy ofAs
5500 GeV. As the c.m. energy is increasedRtc/l4 stays

tion

FIG. 3. The cross sections(e1e2→t c̄nen̄ e1 t̄ cnen̄ e) in units

of l2 as a function of (sinã)2 for As51 TeV, mh5250 GeV and
mH5250, 1000 GeV.l as in Fig. 2.



r

g

c

r-

e

li

s

the

n
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fixed at the 1025 level due to the;1/s behavior of
s(e1e2→t c̄ 1 t̄ c) with one loop FC Higgs exchanges.

In Figs. 4 and 5 we have plottedRnntc/l2 as a function of
mh andAs, respectively. We see that formh'250 GeV and
a c.m. energy ofAs5500 GeV Rnntc/l2 peaks at around
1023, two orders of magnitude aboveRtc/l4. We therefore
expect the number oft c̄nen̄ e events in the NLC to be bigge
by about two orders of magnitude than the number oft c̄
events. Moreover, while the cross section for producin
pair of t c̄ sharply drops asAs is increased, theWW fusion
cross section,snntc grows withAs. In particular, Figs. 4 and
5 show that for 200 GeV&mh&400 GeV,Rnntc/l2;1022

for As;1 TeV andRnntc/l2;1021 for As;2 TeV.

IV. e1e2
˜t c̄nen̄e vs e1e2

˜t t̄ nen̄e

AND BACKGROUND CONSIDERATIONS

In order to give the reader a qualitative feel for the effe
tiveness of thet c̄nen ē production rate it is instructive to
compare it, in Model III, to the production rate of the ‘‘no
mal’’ e1e2→t t̄ nen̄ e . We recall that snntt[s(e1e2

→W1W2nen̄ e→t t̄ nen̄ e) is dominated by collisions of two
longitudinal W’s at the parton level@12#. The reaction
W1W2→t t̄ can proceed through thet-channelb quark ex-
change and thes-channelg,Z,h andH exchanges~the dia-
grammatic description can be found in@12,15#!.

The helicity amplitudesAh5 h̄ , Ah52 h̄ (h and h̄ denote
the helicities of the t and t̄ quarks, respectively! for

FIG. 4. The ratio Rnntc@[s(e1e2→tcn̄en̄ e1tcn̄en̄ e)/
s(e1e2→g→m1m2)] for mH51 TeV, as a function ofmh for
As50.5, 1, 1.5 and 2 TeV.l and ã as in Fig. 2.
a

-

WL
1WL

2→t t̄ , including all the contributing diagrams, ar
given by

Ah5 h̄5
pa

sW
2

mtAŝ

mW
2 S F ~11b t

2!cosu22b t

11b t
222b tcosu G

2 (
H5h,H

A2cH~aHb t2 ihbH!PHD , ~22!

Ah52 h̄5
2pa

sW
2

mt
2

mW
2 S h1b t

11b t
222b tcosu D sinu, ~23!

whereu is the c.m. scattering angle andaH , bH andcH are
given in ~11!, ~12! and ~8!. In the SM limit ã52p/4 and
lR ,l I50, the hard cross section forWL

1WL
2→t t̄ , obtained

from ~22! and ~23! agrees with the one obtained by Ebo
et al. in @12#.

We give below only the ‘‘nonstandard’’ part
ŝhh ,ŝHH ,ŝhH ,ŝbh and ŝbH :8

ŝhh5Gt~sinã !2uPhu2~b t
2ah

21bh
2!, ~24!

ŝHH5Gt~cosã !2uPHu2~b t
2aH

2 1bH
2 !, ~25!

8The SM-like parts can be extracted from the paper by Eboliet.
al. in @12# by changing the appropriate quantum numbers of
final state fermions.

FIG. 5. The ratioRnntc for mH51 TeV, as a function ofAs for

mh5250, 350 and 450 GeV.l andã as in Fig. 2. See also captio
to Fig. 4.
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ŝhH52Gtsin2ãRe~PhPH* !~b t
2ahaH1bhbH!, ~26!

ŝbh5Gtsinãah~12Dh!uPhu2F ~12b t
2!2

2b t
L2~11b t

2!G ,
~27!

ŝbH52GtcosãaH~12DH!uPHu2F ~12b t
2!2

2b t
L2~11b t

2!G ,
~28!

whereŝ i j ,i 5 j denotes the interference cross section of thi
and j intermediate states, and

Gt[
Ncpa2

4sW
4

mt
2

mW
4

b t , L[ lnS b t11

b t21D . ~29!

In Fig. 6 we plot the ratioRtc/tt[snntc/snntt within
Model III for l51,9 ã5p/4 andmH51 TeV as a function
of the light Higgs boson massmh and forAs50.5, 1, 1.5, 2
TeV. snntt depends very weakly onmh , with a small peak at
mh.400 GeV which fades asAs grows. Therefore,Rtc/tt

peaks withsnntc at mh.250 GeV. We can see from Fig.
that for As50.5 TeV and in the range 200 GeV&mh
&400 GeV,Rtc/tt.1. In particular, formh'250 GeV,snntc

can become almost two orders of magnitude larger t
snntt. As As grows, Rtc/tt drops. In the range 200 GeV

9Recall that we have assumed for simplicity thatl tt5l tc5l.

FIG. 6. The ratio Rtc/tt@[s(e1e2→nen̄ et c̄ 1nen̄ etc̄)

/s(e1e2→nen̄ et t̄ )] for mH51 TeV, as a function ofmh for
As50.5, 1, 1.5 and 2 TeV.l and ã as in Fig. 2.
n

&mh&400 GeV, we find that forAs51 TeV, Rtc/tt.0.1,
while for As51.522 TeV, 0.01&Rtc/tt&0.1.

The dependence ofsnntt on l is significant only near its
peak ~at mh;400 GeV!; for 200 GeV&mh&400 GeV,
whereRtc/tt acquires its largest values,Rtc/tt roughly scales
asl2. Thus, again a mild change inl, can alterRtc/tt appre-
ciably. Hence, within Model III, withmh in the few-hundred
GeV range, it is possible to observe comparable produc
rates for thet c̄nen̄ e andt t̄ nen̄ e even at a NLC running at a
TeV range c.m. energies.

We have not done any serious study on the issue of ba
grounds. For example,nen̄ eW

1W2 is expected to be abou
an order of magnitude bigger thannen̄ et t̄ and therefore
could be of concern. However, we remark that the NLC
erature suggests that detection oft ~or t̄ ) via the main mode
t→bqq8 ~i.e., 3-jet events! with the constraintmjet11mjet2
5mW can be achieved with a relatively high efficiency@16#.
The nnWW cross section also has distinctive constraints
it that, along with the rather cleant detection, are expected t
be very effective in separating it fromnntt or nntc final
states. In the case of thenen ēt c̄ final state, in addition to the
top-quark detection via, for example, the 3-jet mode,
other ~charm! jet is rather unique and should stand out
essentially a light quark jet with a lot of energy, i.e., th
event should look like asingletop quark event. Therefore, i
will be difficult to fake at c̄ event with at t̄ or WWevent.10

V. THE REACTION f f̄ 8˜Vt c̄

In this section we explore the possibility of observing
signature of aZt c̄ final state~and its conjugate one! at the
NLC. Within Model III, the reaction f f̄ 8→Vt c̄ (V
5Z, W1 or W2 depending on the quantum numbers of t
f f̄ 8 initial state! proceeds at tree-level via the Feynman d
gram depicted in Fig. 7. Of course, disregarding the inco
ing f f̄ 8 fermions, this reaction is directly related to the su
processVV→H→t c̄ . We can therefore express the cro

10In passing, we want to briefly mention that we recently beca
aware of the work by Slominski and Szwed@17#, in which the QCD
structure of the electroweak bosons is considered. Although
may make an additional contribution to the background it sho
not make a qualitative difference in so far as the distinctive featu
of the nntc final state is concerned. Whether or not the sign
stands out over the backgrounds will, of course, ultimately requ
careful simulations which is beyond the scope of this paper.

FIG. 7. The Feynman diagram forf f̄ 8→t c̄V in Model III. For

e1e2→t c̄ Z, V5Z, f 5e2 and f̄ 85e1.
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sections( f f̄ 8→Vt c̄) in terms of the hard cross sectionŝV
given in ~17!:

s~ f f 8̄→Vt c̄ !5
a

6p~sin2uW!2
DVPV

2$@aL
f ~V!#21@aR

f ~V!#2%

3E
1

~D t
21/2

2zV!2

dzv1v2

v1
2112DV

v2
2112zV

4

3 (
hV1,hV2

ŝVu ŝ5m
t
2z . ~30!

Here D l [ml
2 /s (s being the c.m. energy of the collidin

f f̄ 8 fermions! and PV5(12DV)21. Also z l [ml /mt and
v1, v2 are functions ofz given by:

v15A
„12~ADV1AD tz!…„12~ADV2AD tz!…, ~31!

v25zA124z21zV
2, ~32!

and we have defined theV f f̄ 8 interaction Lagrangian as

LVm f f 8[
gW

cW
Vmgm f̄ 8~aL

f ~V!L1aR
f ~V!R! f , ~33!

whereL(R)5(17g5)/2.
The formula given in~30! is general and can be applie

for example, for calculating the sub-process cross sect
u ū,d d̄→Zt c̄ andu d̄; ūd→W1t c̄ ;W2t c̄ relevant for had-
ron colliders. Here we wish to concentrate only on the cr

FIG. 8. The cross sections(e1e2→t c̄ Z1 t̄ cZ) in units of l2

as a function ofmh for As50.5, 1, 1.5 and 2 TeV.l and ã as in
Fig. 2.
ns

s

sectionsZtc[s(e1e2→Zt c̄1Z t̄ c) relevant for the NLC
and for whichV5Z, f 5e2, f̄ 85e1 and aL

e(Z)51/22sW
2 ,

aR
e(Z)5sW

2 . The production of a real Higgs boson and aZ
boson via e1e2→Z→ZH followed by theH decayH
→t c̄ was investigated in@9#. This is of relevance wheneve
there is sufficient energy to produce a realZH pair andmH
.mt1mc , then:

s~e1e2→ZH→Zt c̄1Z t̄ c!

's~e1e2→Z→ZH!3Br~H→t c̄ 1 t̄ c!.

~34!

Here we will extend the analysis performed in@9# by includ-
ing both neutral Higgs particles, produced either as rea
virtual particles.

In Fig. 8 we plotsZtc/l2 as a function of the light Higgs
boson mass,mh , for various values ofAs, and in Fig. 9,
sZtc/l2 as a function ofAs for various values ofmh (mH

51 andã5p/4 are kept fixed!. We see that there is a sig
nificant difference betweensZtc andsnntc,seetc; the former
drops withs ~as expected for an s-channel process! while the
latter increase withs. Therefore, a search for aZtc signature
will be most effective at lower energies. In particular, w
find thatsZtc/l2 peaks when the c.m. energy is a few tens
GeV above the threshold for producing a realhZ pair. At
As5500 GeV and for 200 GeV&mh&350 GeV, sZtc/l2

*0.2 fb and peaks formh'250 GeV at;0.6 fb. In this
rangeh is produced on-shell and then decays tot c̄ .

FIG. 9. The cross sections(e1e2→t c̄ Z1 t̄ cZ) in units of l2

as a function ofAs for mh5200, 250, 300, 350 and 400 GeV.l and

ã as in Fig. 2.
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Apart from the overall factor of (sin2ã )2 in the cross

section~from theVV→H→t c̄ matrix element!, there is an

additional strong dependence onã coming from Br(h→t c̄

1 t̄ c). This quantity also generates a strong suppression@for

ã5p/4, Br(h→t c̄ 1 t̄ c)'1022] since h decays mainly
into W pairs: Br(h→W1W2);1 for ã5p/4 and 2mt

.mh.2mW and Br(h→W1W2);0.7@Br(h→t t̄ ) when
mh.2mt . In contrast, within the SM Br(h→W1W2)
;Br(h→t t̄ );0.5 for mh.2mt .

Similar to theVV fusion case, when there is large spl
ting between the masses of the two neutral scalars~i.e., mH

51 TeV!, sZtc/l2 is maximized forã'p/6. In Fig. 10 we
plot sZtc/l2 as a function of (sinã )2 for As5500 GeV,
mh5250 GeV andmH5250,1000 GeV.11 As can be seen by
comparing Fig. 3 with Fig. 10,sZtc and snntc exhibit the
same dependence onã since both reactions are governed
the VV2H2tc amplitude; we again find that formH51
TeV, sZtc(p/14&ã&p/4).sZtc(ã5p/4). WhenmH'mh

'250 GeV,sZtc*0.2 fb is still possible for 0.02&(sinã)2

&0.28 and 0.75&(sinã)2&0.98.
We thus conclude that at an NLC running atAs5500

GeV and a yearly integrated luminosity ofL*102 @fb# 21 we
can expect several tens and up to hundred suchZtc raw
events for 200 GeV&mh&350 GeV ~the number depend

11Here also, the same behavior as a function of (sinã )2 occurs for
higher energies.

FIG. 10. The cross sections(e1e2→t c̄ Z1 t̄ cZ) in units ofl2

as a function of (sinã )2 for As51 TeV, mh5250 GeV andmH

5250, 1000 GeV.l as in Fig. 2.
on ã but is insensitive tomH). However, unlike thenntc and
the eetcsignals which form a relatively clean signature~es-
pecially at higher energies, i.e.As*1 TeV, where there is
practically no competing process that can produce a pai
t c̄ ), theZt c̄ final state may suffer from severe backgrou
problems if scalar FC interactions are indeed present.
example, assuming that at c̄ pair can be detected with som
efficiency factor, still, the production rate of a pair ofHA via
e1e2→Z→HA followed by the decaysA→t c̄ and H
→ f f̄ ~recall thatH5h or H and f stands for a fermion!
may well overwhelm that ofe1e2→Z→Zt c̄.

VI. THE RARE TOP DECAYS t˜W1W2c, t˜ZZc

Finally we wish to discuss the two rare decayst
→W1W2c and t→ZZc. The latter being possible only i
mt.2mZ1mc ~which is still allowed by the data!. Within
the SM these decay channels are vanishingly small. For
first one,t→W1W2c, even though a tree-level decay in th
SM ~i.e., the tree-level diagram is the same as the one
picted in Fig. 1a without the electron and neutrino fermion
lines!, suffers from the same severe CKM suppression wh
appears in the subprocessW1W2→t c̄ considered before
Typically, one finds Br(t→W1W2c)'10213210212 for
160 GeV&mt&200 GeV @18,19#. For the second decayt
→ZZc, the branching ratio is even smaller since it occu
only at one loop and in addition it is also GIM suppresse

The situation is completely different in Model III wher
both decay modes can occur at the tree-level through the
Higgs exchange of Fig. 1b~without the leptonic lines! and
the CKM factors are absent. These decays are thus relate
the fusion reactions,WW, ZZ→ t̄ c, by crossing symmetry
Therefore, in terms of the hard cross-section given in~17!:

GVV[G~ t→VVc!

5
mt

3

32Ncp
2E

4zV
2

~12zc!2

dzz~z24zV
2 ! (

hV1,hV2

ŝVu ŝ5m
t
2z .

~35!

The scaled branching-ratio Br(t→W1W2c)/l2 is given in
Fig. 11 as a function of the light Higgs boson mass and
mt5170, 180 and 190 GeV. Also, in Table I we present t
branching ratios for botht→W1W2c andt→ZZc where we
focus on the rangemt225 GeV,mh,mt125 GeV ~keep-
ing mh.2mW). We see that Br(t→W1W2c)/l2 is largest
for 2mW&mh&mt and drops rapidly whenmh,2mW or
mh.200 GeV. The reason is that whenmh,2mW or mh
.mt , the decayt→W1W2c is a genuine 3-body decay
Thus, it suffers a suppression factor;Br(t
→W1W2c)/Br(t→hc) compared to the essentially 2-bod
case,t→hc, which is relevant for the window, 2mW&mh
&mt . Br(t→W1W2c)/l2 is typically a few times 1028 for
mh*mt and can reach;1026 in themh&2mW region. For a
wide range ofmh , i.e. from about 50 GeV to about 300 GeV
Br(t→W1W2c)/l2 is 3–4 orders of magnitude larger tha
the SM prediction.

For optimal values ofmh , lying in the very narrow win-
dow, 2mW&mh&mt , we find that Br(t→W1W2c)/l2 can
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reach the 1025–1024 level. In this region thet-quark decays
to an on-shell Higgs boson followed by the decayh
→W1W2. Note that the processt→ch studied in @7# is
related to the reactiont→W1W2c under discussion here. I
the region 2mW&mh&mt the decay width satisfiesGWW
'G(t→ch)3Br(h→W1W2). Note, however, that the ana
lytical results of@7# correspond to the choiceã→0 and in
this special case Higgs decays toWW, ZZ are suppressed a
tree level even whenmh.2mW . In the present paper we us
the more generic valueã5p/4 in which caseh→WW be-
comes the dominanth decay.

Concerning t→ZZc, the branching ratio is typically
;1025 for 2mZ1mc,mt,200 GeV if againmh lies in the
very narrow window 2mZ&mh&mt . Also, both decays are
very sensitive tomt . In Fig. 12 we have plotted Br(t
→W1W2c)/l2 and Br(t→ZZc)/l2 as a function ofmt
holding fixed the mass of the heavy Higgs boson atmH51

FIG. 11. The scaled branching ratio, Br(t→W1W2c)/l2 as a

function of mh for various values ofmt . l and ã as in Fig. 2.
TeV and takingmh5170 and 185 GeV. We see that a;10
GeV shift in mt can easily generate an order of magnitu
change in the branching ratios. For some possible value
mh in the range 150 GeV&mh&200 GeV it can even gen
erate a change of several orders of magnitude.

VII. SUMMARY AND OUTLOOK

In this paper, we have emphasized the importance
searching for the FC reactionse1e2→t c̄nen̄ e , e1e2

→t c̄ e1e2 ande1e2→Zt c̄ in a high energye1e2 collider.
These reactions are very sensitive indicators of physics
yond the SM with new FC couplings of the top quark. As
illustrative example we have considered the consequence
extending the scalar sector of the SM with a second sc
doublet such that new FC couplings occur at the tree-le
At As5500 GeV the production rates for theZt c̄ and

FIG. 12. The scaled branching ratios, Br(t→W1W2c)/l2 and
Br(t→ZZc)/l2 as a function ofmt for mH51 TeV andmh5170

and 185 GeV.l and ã as in Fig. 2.
TABLE I. The scaled branching ratios Br(t→W1W2c)/l2 and Br(t→ZZc)/l2 in units of 1026 for

mH51 TeV, ã5p/4 and for various values ofmt andmh . The values ofmt andmh are given in GeV.

Br(t→W1W2c)/l23106 Br(t→ZZc)/l23106

⇓mt mh5175 mh5185 mh5195 mh5175 mh5185 mh5195

170 4.7431022 1.1531022 4.9331022 / / /
175 0.411 5.7131022 2.2231022 / / /
180 34.9 0.202 6.6831022 / / /
185 112 0.792 0.167 6.9731024 9.8831023 2.6431024

190 216 26.0 0.398 3.0331022 8.69 2.6131022

195 336 82.4 1.15 0.121 28.8 0.313
200 466 158 20.7 0.282 55.9 12.8
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t c̄nen̄ e final states are comparable~several tens of raw
events are expected!. However, for c.m. energies at the Te
level and above, we found that within a large portion of t
parameter space of the FC 2HDM, i.e. Model III, in a o
year of running with a yearly integrated luminosity ofL
*100–500@fb# 21, these new FC couplings may give rise
several hundreds and up to a few thousandst c̄nen̄ e events
and tens to hundreds oft c̄ e1e2 events in the NLC. This
will unambiguously indicate the existence of new physics

We have shown that the comparison betweensnntc and
the ‘‘normal’’ snntt comes out favorable in these mode
The t c̄ final state involved, is rather distinctive and, ther
fore, serious background problems for either thet c̄nen̄ e or
the t c̄ e1e2 signatures are not anticipated. Moreover, fro
the experimental point of view, it should be emphasized t
althoughseetc is found to be one order of magnitude smal
thansnntc, the t c̄ e1e2 signature may be easier to detect
it does not have the missing energy associated with the
neutrinos in thet c̄nen̄ e final state. Also, atAs*1 TeV, the
t c̄nen̄ e and t c̄ e1e2 signatures are to some extent uniqu
as other simple FCs-channel processes likee1e2→Z→t c̄ ,
e1e2→ZH→Zt c̄ ande1e2→AH→t t̄ c c̄, t c̄ f f̄ tend to
drop as 1/s and are therefore expected to yield much sma
production rates at ane1e2 collider with As*1 TeV.

We have also examined the two rare top decayt
→W1W2c and t→ZZc. We found that, within Model III,
the branching ratios are many orders of magnitudes big
than the SM ones. However, detection of such exotic sig
tures may not be possible at the NLC as it is expected
produce;few3104 t t̄ pairs. However, if nature provide
us with a scalar particle,h, with mass in the range
150 GeV&mh&200 GeV and with FC couplings totc,
then the LHC, which will be capable of producing 107

2108 t t̄ pairs, will be able to detect those rare signatures
top decays.

We wish to end with the following remarks and outloo
Note that in our previous work,@10#, we have usedmH

5750 GeV while here we have set the heavy Higgs bo
mass to bemH51 TeV. No significant difference betwee
the two choices is observed.

It is most likely that the Higgs particles, if at all presen
will have been discovered by the time the NLC starts its fi
run. If indeed such a particle is detected with a mass of a
hundreds GeV, it will be extremely important to investiga
the reactionse1e2→t c̄nen̄ e and e1e2→t c̄ e1e2 in the
NLC as they may serve as strong evidence for the existe
of a nonminimal scalar sector with FC scalar couplings
fermions. In addition, since supersymmetry strongly dis
vors anh heavier than;150 GeV, the detection of a Higg
w
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particle above this limit would drive the study of gener
extended scalar sector, not of a supersymmetric origin, a
in turn, this should encourage the study of FC effects suc
the ones studied in this paper.

The large FC effects ine1e2→t c̄nen̄ e and e1e2

→t c̄ e1e2 described above may serve as a ‘‘yardstick’’ f
other, possibly large, FC effects in those same reactions
this sense, a model independent analysis of the react
e1e2→t c̄nen̄ e and e1e2→t c̄ e1e2 can be very useful.
This can proceed by either incorporating explicit pheno
enological FC vertices ofZtc,WWtc,ZZtc etc., or by con-
sidering new effective couplings~possibly right-handed! of
the W boson to the top and a down-type quark which w
affect Fig. 1a@20#. Note that the effects of an effectiveZtc
coupling, if at all measurable, will be directly probed in th
reactione1e2→Z→t c̄ whose cross section is larger by
factor of;(a/p)2 (a being the fine structure constant! than
the one fort c̄nen̄ e throughWW fusion. Therefore, if a van-
ishing production rate fore1e2→Z→t c̄ is measured in a
NLC with a c.m. energy aroundAs5500 GeV, then the pos
sibility of a significantZtc coupling will be basically elimi-
nated.

The cross-sections fore1e2→t c̄nen̄ e and e1e2

→t c̄ e1e2 grow with the c.m. energy of the colliding fer
mions. Therefore, an analogous study, for the LHC, of p
duction of tc pairs viaVV fusion may be even more inter
esting. However, note that in the LHC, these types
reactions are likely to suffer from much worse backgrou
problems.

We will refer to some of these points in a later work.
Note added.After completion of this manuscript, which i

an extension of our previous work@10#, we became aware o
a very recent work@21# where~among other things! an exact
calculation for the reactione1e2→t c̄nen̄ e is reported. The
difference with the effective vector boson approximati
used here appears to be at the order of 10% in the ra
200 GeV,mh,400 GeV and 1 TeV,As,2 TeV. For
mH*400 GeV and 1 TeV,As,2 TeV the difference can
be at the order of 30% or so. In general the difference
minishes asAs decreases.
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