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Flavor-changing single top quark production channels ate*e™ colliders
in the effective Lagrangian description
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We perform a global analysis of the sensitivity of CERN LEP2 afid™ 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 verticeZsochas and
four-Fermitceecontact term as well as a right-handétb coupling. We show thag* e~ colliders are most
sensitive to the physics responsible for the contaete vertices. 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 8#£0.7-1.4 TeV, depending on the type of the four-Fermi interaction. We
also show that a corresponding limit 4f=1.3—-2.5 and\=17-27 TeV can be reached at the future 200 GeV
LEP2 run and a 1000 Ge¥'e™ 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 *fpr-
colliders and fortu associated production. Finally we briefly comment on the necessity of measlting
flavor-changing effective vertices as they can be produced by different types of heavy physics.
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PACS numbds): 13.85.Rm, 12.20.Fv, 13.90i, 14.65.Ha

[. INTRODUCTION (GIM) suppressed. Thus, any signal of siehc transitions
will be a clear evidence of new flavor physics beyond the
One of the fundamental unresolved issues in high-energgM. This fact has led to a lot of theoretical activity involving
physics is the origin of the observéguark flavor structure. top-charm transitions within some specific popular models
Within the standard mod€iSM) flavor-changing processes beyond the SM, for example, studiestef c decays in multi
are controlled by the scalar sector, and are such that tre¢diggs doublets modeldMHDM) [2,5—7], in supersymmetry
level flavor-changing neutral currentfECNC) are absent. with R-parity conservatiori8] and with R-parity violation

This opens the possibility of using the c_orresponding flavor{g,lo]' and studies ofc production in MHDM[6,7,11], in
changing processes to probe new physics whose effects maypersymmetry withR-parity violation[10,12 and in models
include appreciable violation of natural flavor conservationyith extra vector-like quarkgl3]. In this paper we will use

aIread_y at energies pro_bed by present high energy Comd?rfhstead a model independent approéath] to investigatet?
For this reason, searching for new flavor-changing dynamlc?and1L t_c) pair production ine*e~ colliders such as CERN

will be one of the major goals of the next generation of highLEPZ d 2 Next Li lideiNL ith )
energy colliders such as a@"e” Next Linear Collider and a Next Linear CollideiNLC) with c.m. energies

(NLC) [1]. of 500—-2000 Ge\{1]. B

The top quark, which is the least tested fermion in the Itis important to stress the advantage of studyiogro-
SM, can play an important role in our understanding of fla-duction overt— c decays signals in high energy collider ex-
vor dynamics since its large mass makes it more sensitive tperiments in such a model independent approach. While
certain types of flavor changing interactions. In particular, —c decays will be suppressed by powerswf A, whereA
—c¢ (or t—u) transitions which may lead to FCNC signals indicates the heavy physics energy scale, the corresponding
in high energy colliders, offer a unique place for testing thegpnression factor fotc production processes is propor-
SM flavo_r structure. Below we note that, in addition to direct ;-1 0 a power oEcy /A, whereEy, is the c.m. energy
observations in top quark production and decays, the gauge . . . L=
structure of the SM can be used to constrain flavor-changing! the collider. From the experimental point of view,ta

processes involving the top quark through existing dat@on >/9nal has some very distinct characteristics, in particular, it
meson decays has the unique signature of producing a siniglet in the

Top-charm flavor-changing processes can be studied efi_nal state. In a recent papgts] we .have observed thgt the
. L= o . SM cross sections for processes with an odd numbb#jefs
ther int—c decays or intc pair production in collider ex-

. : in the final state are extremely small, which allows the defi-
periments. In the SM such deca&&_?»] and productior(4] nition of a new approximately conserved quantum number:
processes are unobservably small since they occur at the one-

loop level and in addition are Glashow-Iliopoulos-Maiani
Throughout this paper we will loosely refer td@+ tc final state
*Email address: shaouly@phyunO.ucr.edu by tc. The contributions from the charged conjugate state are

TEmail address: jose.wudka@ucr.edu included in our numerical results unless explicitly stated otherwise.
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b-parity (bp). Processes with even or odd numberbgkts
havebp=1 andbp= —1 respectively. Thus thiep-odd pro-
cessee” —tc can be detected using the simplget count-
ing method suggested {i15], and is essentially free of any
SM irreducible backgroundl.

Several model-independent studiesta‘pair production

have appeared in the literature, where the signatures and o

servability of these flavor violating processes were investi
gated ine*e” colliders[13,16—18, hadronic colliderg19]

and yvy colliders[20]. The present paper extends the results

obtained in[16—-18 by performing a model-independent
analysis in a wider variety of channels. In particular, we
explore the sensitivity oé™e™ colliders to all relevant ef-
fective operators that can give risetproduction ine* e~
colliders with a c.m. energy ranging fréri89 GeV(LEP2)

to 2000 GeV. We consider the-22 processeg’ e —tc,
e"e —Zh followed by h—tc, whereh is the SM Higgs-
boson, and thé-channel fusion process&"W~, ZZ—tc.
These reactions can proceed via néte, htc andWtb cou-
plings as well as through neteeefour-Fermi effective op-
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that can be obtained omeeeandttee four-Fermi operators
by studying the reactiong*e” —e*e” [21] and e*e”
—tt [22] at a NLC. Note, however, that the scales respon-
sible for thetceeandttee (or eee@ vertices need not be the
same. Similarly the effectivecee andZtc vertices may be
produced by different physics, e.g., a heavy neutral vector
oson(for tceg vs. heavy vector-like quark$or Ztc) [13];
there are new physics possibilities which are best probed

throughZtc interactions. In all cases the sensitivityAowill
be significantly degraded if the couplings agel .

Flavor violatingZ and Higgs(h) interactions, such as pos-
sible effective Ztc and htc vertices, are probed via
WW-fusion processee™e” —W"W ™ vev—tCreve, and
the Bjorken process*e™— Zh followed by h—tc for htc.

For example, if natcvv, signal is observed at 1500 GeV
(500 GeV NLC, thenA=2 TeV (=800 GeV), for a SM
Higgs mass of 250 GeV, and assuming thathie vertices
have a coupling strength @(v?/A?)(v is the vacuum ex-
pectation value of the SM scalar figldThe effects of new
Ztc and htc effective couplings on th&Z-fusion process

ete"—»ZZe"e —tcete™ are too small to be detected at a

erators that have not been previously considered in this COrNLC. The same is true of a right-handé¢tb coupling in the

text.

reactione™e™ —W*W ™ pore—tCrere, €ven when assum-

We argue that since the effective interactions are but th?‘ng a coupling with a strength ab(v2/A2), the bound al-
low energy manifestations of an underlying theory, and asigyeq by naturality. ’

suming this heavy theory is a gauge theory containing fermi

We note that, since charm quark mass effects are negli-

ons, scalars and gauge-bosons, some of the effective vertic8§)|e at high energg* e~ colliders, our results equivalently

that contribute tee™e” —tc are expected to be suppressed
and will produce very small effectsthe Ztc and ytc
magnetic-type couplings considered|[iti7,18 fall into this
category. We therefore do not include such couplingee
Sec. ). We will concentrate on those vertices for which
general principles do not mandate a small coefficient.
Following the above viewpoint, our study indicates that
the reactione™e™ —tc is most sensitive to effective four-
Fermi flavor-changing interactions. It is found, for example,
that if the coupling strength of the four-Fermi interactions is

ci O(1/A?) as expected by naturalness, then tens to hundreds
tc events should show up already at LEP2 energies whe

A=<1 TeV. Alternatively, if no efe"—tc signal is ob-

apply totu pair production, in particular, to effective opera-
tors generating the correspondingflavor-changing interac-
tions.

The paper is organized as follows: in Sec. Il we describe
the effective Lagrangian framework and extract the Feynman
rules for the new effective vertices. In Sec. lll we discuss the
effects of newZtc vector couplings andcee four-Fermi

interactions ine* e~ —tc andW*W~, ZZ—tc. In Sec. IV
we consider the contribution of nelatc scalar couplings to

fe~—Zh—Ztc and toW* W~ —tc. In Sec. V we investi-
ate the effects of a new right-handéétb coupling on the

processW'W~ —tc and in Sec. VI we summarize our re-

served, then the limits that can be placed on the energy scale
A of such four-Fermi effective operators are quite strong; the
data accumulated at the recent 189 GeV LEP2 run can al-
ready place the limit A=0.7-1.4 TeV, while A

=1.5-2.5 TeV will be achievable at a 200 GeV LEP2 and  There are two different theoretical paths one can adopt to
reachesA=17-27 TeV at a NLC with a c.m. energy of j,yestigate physics beyond the SM. In the first, one uses a
1000 GeV(depending on the type of the four-Fermi opera-gpecific model to calculate such effects. The second is to
ton). It is remarkable that a 500-1000 Ge¥ e~ collider  follow a model-independent approach where the effects of
can place a bound on such four-Fermi dynamics which isny given high energy model are parametrized by the coef-
almost 20—30 times larger than its c.m. energy. These limit§cients of a series of effective operators without reference to
can be compared, for example, with the bouket5 TeV  any specific underlying theory. The power of the model-

independent approach lies in its generality, its potential de-

ficiency is the large number of constants which miglhyri-

2There is, of course, a reducible background due to reduce@!i contribute to any given reaction. In this paper we follow

b-tagging efficiency; sefl5]. the second route.

Il. THE EFFECTIVE LAGRANGIAN DESCRIPTION
AND Tc PRODUCTION AT e*e” COLLIDERS

3To be specific we consider reactionsdiie” colliders, but the
analysis performed is clearly extendable to muon colliders.

Our basic assumption will be that there is a gauge theory
underlying the SM, whose scale is well separated from the
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Fermi scale. Under these circumstances the low energy limit e t e t
of the theory will consist of the SM Lagrangian plus correc- z

tions represented by a series of effective operat@rgon-
structed using the SM fields and whose coefficients are sup-
pressed by powers of A/ @ (b)

FIG. 1. Feynman diagrams that give risedbe” —tc in the

® presence ofa) a newZtc coupling and(b) a newtceefour-Fermi
Leti= Loyt 2 2 ;07 (1) coupling. The new effective vertex is denoted by a heavy dot.
=5 An—4 !
. . _(T,uqu .~ m
where each respects the gauge symmetries of the SM but et (ky—iKyys)CV¥, 2

not necessarily its global symmetritghe dominating ef-

fects are l_JSU:'_:l”y generated by the Iqwest-dimensional OPEI3; the reactione™ e~ —tc, since the coefficients from these
tors contributing to the process of interegere are, how- vertices are much smaller than those of the e four-Fermi

ever, some exceptions, s¢4)). For the flavor-violating qtices In fact, assuming the physics underlying the SM is

processes considered here the only relevant operators a\Rfeakly coupled, the typical sizes of the coefficients aye

those of dimension 6; if these are absent there will be ne.
observable signal. ry~(VAIIA?) X 1/16m%~4x 10 4, for A~1 TeV. Thus the

In the following discussion we will assume, for definite- corresponding contributions are subdominant despite their

ness, that the theory underlying the SM is weakly coupledrapid growth with energy. If insteady, or «y ~O(1)
but we expect our results to hold in general. The reason it~ ©(0.1)] is used—as required in order to have an appre-
that both in weakly and strongly couplédatura) theories, ciabletc production rate—what in fact is being done is to
the dominating flavor-changing effectat least for the pro- assume that the scale of “new physics” &~v/4m
cesses considered@re produced by the four-Fermi contact ~20 GeV[A~v/4~60 GeV], which is of course unac-
interactions, for which naturality allows the largest coeffi- ceptable bearing the existing experimental evidence of the
cients[23]. validity of the SM at these energy scales. Another loop in-
Now, it is important to note that general considerationsyyced effective operator that can give rise tcdinal state
require certain bounds for the coefficienisin Eq. (1). For  gng that falls into this category is ¥Vtc (V=W or Z)
weakly coupled underlying theories the key point is that thecontact term. In the following we will neglect these and simi-
effective operators may correspond to either tree-level o[y contributions.
Ipop exchanges of the heavy fields. Loop-generated interac- |, contrast, new vector and pseudo-vector couplings in
tions are suppressed by factors-efl/ 1672 (and by POWEIS the Ztc vertex [note that the correspondingtc couplings
of the coupling constantgompared to the tree-level induced 416 forbidden byU(1) gauge invariandeas well as new
operators. One therefore expects the effects of the high efgr.Fermitcee interactions, can arise from TLG effective
ergy theory to manifest themselves predominantly throughyperators and their coefficients can, therefore, take values

tree-level generatedTLG) operators. In what follows we typically of the order of~(v2/A?). If present, these opera-

consider only TLG operators and neglect those generated S . S — L
loops involving the heavy particles. t%rs will give the dominant contribution tac production; if

The observables studied in this paper cannot distinguisﬁhese interactions are either absent or suppressed at tree-
between models with large values af having tree-level level, thetc production rate will be unobservably small. In

flavor-changing interactions and those models with lowefth€ following we will investigate the possible effects due to
values ofA for which flavor-changing processes occur onIyTLG operators assuming no additional suppression factors
via loops. But this ambiguity is only academic when discuss&'€ pPresent. _ o

ing heavy physics virtual effects, as neither of these situa- Vle first list all the TLG effective operators contributing
tions will produce measurable effects. Only models whosdo tc pair production in high energg’ e colliders via the
scales lie below~10 TeV and which generate flavor viola- processes

tion at tree-level will be observed through the processes con-

sidered in this paper. ete —tc, 3
We stress that this approach is in general different from -

the one adopted in many previous investigations which use ete”"—Zh—Ztc, (4)

the effective Lagrangian description to study new physics in

present and future colliders. For example, we do not include et e W W verg—tCrore, (5)

anomalous dipole-like operators of the forM=t vy or 2Z)
ete” —ZzZete —tcete . (6)

“For example operators of dimension 5, if present, necessariljReaction(3) receives contributions from both an effective
violate lepton number,14]. Ztc interaction[see Fig. 1a)] and from four-Fermitcee
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FIG. 2. Feynman diagram that gives riseetbe” — Ztc via the
Bjorken proces&”e”— Zh followed by h—tc, in the presence of
a newhtc coupling. The new effective vertex is denoted by a heavy  FIG. 4. Feynman diagrams that give rise to #he-fusion pro-

dot. cessete —tcete in the presence of a nei&tc coupling. The
new effective vertex is denoted by a heavy dot.

(a) (b)

effective operatorfsee Fig. 1b)]. In reaction(4) we assume
real Higgs bosorih) production followed by the Higgs boson jow, it should be understood that the quark fields can corre-

decayh—tc, which occurs only in the presence of a new spond to different flavors in general, i.e., in our cgser u is

htc interaction as depicted in Fig. 2. Reacti®) gets con-  the outgoing top quark and or u is the incoming charm
tributions from non-standardtc, htc andwWtd (d stands for  quark (or outgoing anti-charm quayk

any of the three down quarks in the $Mertices as depicted
in Figs. 3a), 3(b) and 3c), respectively. Finally, reactiof6)
may receive contributions from non-standért as well as
Ztc vertices as shown in Fig.(8) and Figs. 4a) and 4b). There are three tree-level dimension 6 effective operators
Below we list the TLG effective operators which give rise to that can generate a nefitc interaction. These at¢14]
such new couplings.

Our notation is the followind14]: g and | denote left- W) —i(pt qvH
handedSU(2) quark and lepton doublets, respectivedyu O4a=1(¢Dud)lar ),
and e for right-handed[SU(2) singlef down-quark, up- .
quark and charged lepton, respectively. The SM scalar dou- (’)Efq)=i(¢TD#T' $)(qy*7'q), (7)
blet is denoted byp andD is the covariant derivative. The
Pauli matrices are denoted by, 1=1,2,3. Also, although

A. Effective operators generating aZtc vertex

we suppress generation indices in the effective operators be- Ogpu=i(¢'D, ) (uy*u).
Ve Writing the newZtc effective Lagrangian as
t v2
€ w Z /32 =932 t?’ﬂ(aLL"‘aéR)C: (8
e W
c where L(R)=[1—(+)vys5]/2, we can express the left and
v right couplings, af and aé, in terms of the corresponding
¢ coefficientsaly), ) and ay, [following our notation in
@ Eq. (1],
1 1
zZ__~— (,)_ (3) Z__—

wherec,,=cosé,, and 6y, is the weak mixing angle.
The operators in Eq.7) can be generated at tree-level by
heavy gauge-boson or fermion exchange.

B. Effective operators generating a newhtc vertex

© Apart from the operators in Eqé7), which give rise also

. o ) to a newhtc interaction, there is an additional operaftb4],
FIG. 3. Feynman diagrams that give rise to YW&\-fusion pro-

cessete” —tcweve, in the presence db) a newZtc coupling,(b)

a newhtc coupling and(c) a newWtd coupling whered=d, s or 5 L . )

a b-quark. Also plotted in(b) is the Feynman diagram that gives Although we do not explicitly include the H_ermman conjugate
rise to theZZ-fusion proces” e~ —tce*e~ in the presence of a operators, it should be clear that in our case, ieproduction, the
new htc coupling. The new effective vertex is denoted by a heavyEﬁectlve operators fOfC are the Hermitian conjugates of those that
dot. are given below for théc final state.
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o= (¢T¢)(EUE5)- (10) D. Four-Fermi effective i(;]rt)::rr;l(t:(t)irosnproducing atceecontact
Writing the newhtc interaction Lagrangian as There are seven relevant four-Fermi operators that con-
¥ tribute toee” —tc:
Lne=97 t(alL+agR)e, (11) L1
Ofy=5(lyhH@ry*a), 17
we have(neglecting terms proportional to the charm quark
mass$ .
”——(Iy,nl)(qy 7'q), (18)
m 3v
o) h_ 't b
al= ng( da) AR 2gv ( %ou \/Emta”d’)' 1
(12) Oeu= E(E’)/ME)(U’)/’“U), (19)
The heavy excitations which can generélg, at tree-level O =(Te)e(at 20
are either heavy scalars mixing with thi and/or heavy lg=(e)e(qu), 20
fermions mixing with the light fermions ang. In the first ==
case there is a contribution only if the mixing occurs through Oge= (qe)(eq), (D)
O(A) cubic couplings and is suppressed in natural theories. I —
O =(lu)(ul), (22
C. Effective operators that generate newVtd, and Wcd, — . —
vertices ' ' O,q=(lu)e(ge). (23

Here there are two operators. One(i?éfg in Eq. (7), the  One can also parameterize the most general four-Fermi ef-
second is fective Lagrangian for théce*e™ interaction in the form

Ops=(¢"eD ,d)(uyHd), 13 1 — — —
#e(FERR D 9 Loemqz 2 [Vi(ey,Pie)(ty"Pic)+S;(ePe)
with €;,= —e,,=1. W
We will parameterize th&Vtd, andWcd; (di=d,s or b X(tPjc)+Tj(eo,,Pie)(ta*"P;c)], (24
for i=1,2 or 3, respectivelyvertices according to
whereP_ g= (1% ys5)/2, and express these vector-likg{),
scalar-like ;) and tensor-like Tj;) couplings in terms of

v2
L PT ¥,(VaiL+ 8, ;L+365;R)di, (14  the coefficients of the seven four-Fermi operators in Egs.
(17)—(23). We get(Fierz-transforming the last four opera-
tors)
V2
L og = diy, (VEL+ 68 L+6% R, (15 1 1 1
Wi A2 \/_ H7ulVa R VLL=§(a|(&)—a|(§)), ViR= =5, VRRT3 @eus
whereV is the Cabibbo-Kobayashi-Maskaw@KM) matrix. 1
Thus, if all the relevant coefficients are rdak assumed in Vg = — S age,
this papey, then one has 2
1 t 1
s i=allt, o == 5 (16) Srr=~aigt s g, SLL=SR=SRL=0, (25)
i
1 ¢ Trr= ! T =T.r=Tr.=0
(3)|I, %,i:_zaw _ RR_San'y LL= 'Lr™ IRLTV.
:

The four-Fermi operators can be generated through the ex-

Notice that, since the operatod8,, and (’)Efq) may have change of heavy vectors and scalars. Note however that the
different coefficients for different flavorgamilies) of the up  list provided does not include tensor operators, which have
and down quarks, in order to be as general as possible weeen eliminated using Fierz transformations. It is therefore
have added the subscripaind the superscrigtor ¢ appro-  possible for a tensor exchange to be hidden in a series of
priately. operators involving scalafgnd vice-versp It is noteworthy

The heavy excitations that can generég,, are either a that noLL tensor orLL, LR andRL scalar terms are gen-
heavy gauge boson which couplesdo or a heavy fermion erated by dimension 6 operatdthey can be generated by
which couples to the light fermions and ¢ dimension 8 operators and have coefficientss/A)%].
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Ill. tcee FOUR-FERMI INTERACTIONS AND e+e‘—>t€ 1 o o .
Micee™5 EJ {Vij (Vay,,PiUe) (U y“Pivo) + S (VaPiUe)

As discussed in the previous section, there are seven pos- o o .
sible TLG four-Fermi effective operatofsee Eqs.(17)— X(UiPjve) + Tij(Veo ,,Piug) (Ui, ,Pve) ), (26)
(23)] resp_ectmg the SM symmetries, _The gffects Of_SUChwherei,j =L or R Recall that the only non-zero scalar and
four-Fermi operators have not been investigateceire

. . . Lo vector couplings ar&gzr and Try.
—tc; in this section we calculate the contribution of these The cross sections for polarized incoming electrons and

operators to this process. _ o outgoing top quarksi.e., left or right-handed electron and
Using the effective four-Fermi Lagrangian piece in Eq.top quark are then readily calculate@ecall that we assume
(24), we obtain the amplitude fee*e™ —tc all the new couplings to be real
|
e =0o(e e" —1C)=C[2(1+B)VE + (1~ BYVir], 27)
Te 1= (e € > tre) =C [(1= BYVE +2(1+ B)ViR], (28)
. — 2 2 1 2 2
Oeqt, = 0(ege" =1 C)=C| 2(1+ By VR +(1— B VRt §(1+,Bt)(3SRR+ 16TRR) |, (29)
Tenty=0(€r€" —1rC)=C [(1= B) VA +2(1+ B) Vgt 161~ B) TaR)], (30)
|
where Before continuing we note that the n&tc couplingsaf
) andag in Eq. (8) also contribute t@" e~ —tc by interfering
o= S By 31 with the four-Fermi vector couplingg;; . These effects can
A4 4m(1+ )% B pe included by redefining
e m?2 2 : 3 myMmz
a.md Bi=(s mt)./(S‘F m;). The .'[Otf?ll unpolarized cross sec Vij—V;j+4cfal > (33
tion for production oftc+tc pairs is then sS—mz

I wherei,j=L,R, andc{=—1/2+s},, ci=s?, are the cou-
oc=o(e e Ht‘3+t‘3):i ZEL - ity (32 plings of a Z-boson to a left or a right handed electron,
e respectively. The effects of such n&c vector couplings

Notice that, by assumption, such four-Fermi interactionso" €€ —tc were also recently investigated by Han and
are induced by exchanges of a heavy field in the underlyindfewett[17], who have made a detailed analysis of the sen-
high energy theory for which one is replacing the heavy parSitivity of 2001000 GeVe"e™ colliders to such new cou-
ticle propagator by 2. Therefore,o. is proportional to  plings. Here, for the process"e™—tc, we instead focus
s/A* [see Eq.(31)] and grows with the c.m. energy for a mainly on the effects of the four-Fermi couplings which, as
fixed A. Clearly, for this approximation to be valid, must  will be shown below, give the dominant contributiondg, .

be larger than/s. In Fig. 5 we plot the total cross sectian. (in fb) as a

A few more useful observations can be made already bjunction of the c.m. energy of the"e™ collider, takingA
looking at the polarized cross sections in E¢&7)—(30) =1 TeV, and for different types of four-Fermi couplings; as
above: expected, the four-Fermi effective couplings give contribu-

There are no interference effects between the differentions to o, which grow with the c.m. energy. Due to this
four-Fermi couplingsV;; , Sgr andTrg; the total cross sec- effect, the cross section can be rather large, @nging from
tion depends only on the square value of these couplings anghout 30 fb to 300 fb and yielding tens to hundrédvents
is, therefore, maximal when all these couplings are non-zerqdepending on the type of four-Fermi couplinglready at

The vector couplings appear in the total cross section only EP2 energies. Aa 1 TeV NLC we find thato
in the combinatior®|V;;|. ~10*-10 fbif A=1 TeV. Recall thaw,. scales as NV*,

Initial and/or final polarization of the incoming electrons therefore, even withh ~10-20 TeVo,. is of O(fb) at a 1
and/or top quarks can distinguish between different sets ofev NLC.
couplings, e.g., if the incoming electron beim is left polar-  For completeness we also plet, for non-zeroZtc cou-
ized then onlyV,, andV, i can contribute tdac production.  plings ale or aﬁzl (dashed ling Clearly, the effects of
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10° ; : - - We find thato,,<10° fb at s=A=1.5 TeV, for af
=1 or ag=1, and is therefore too small to be observed.
However, oy is typically about two orders of magnitude
""""""""""" larger, partly because in this approximation teboson lu-
L e minosity is larger than the luminosity for tiebosons due to
S different couplings to electronsee e.g.[25]). In particular,
IV, +Seet T we find oyww~0.15 (0.09) fb at\s=A=1.5 (2) TeV,
T for af=1, ag=0 or af=0, a4=1. Comparing with
R : o(ete —Z—tc+tc)~0.14 (0.03) fb for the same val-
—— Sin ues ofys, A anda{ , we see that thé/\\-fusion process is
——- a%,or a% a slightly more sensitive probe of such n&uc couplings at
these high c.m. energiés.

Let us now return to the four-Fermi case; we wish to
10" ¢ H E explore the limits that can be obtained on the scalef such
four-Fermi operators in the case that abe” —tc events

. . . . are observed. To do so we first consider the possible observ-
1} 200 400 600 800 1000 . . .
s12(GeV) able final states for this reaction:
(1) If the top decays hadronically vie—bW" —bj,j,,

FIG. 5. The cross section=o(e'e” —tc+tc) (in fo)is  wherej,,j, are light jets coming fromW"—ud or cs,

plotted as a function of the c.m. energys) of thee*e™ collider. then we have e+e_—>t?—>b€j 1, (and ete” tc

The following cases are shown: all four-Fermi couplings are non- ——— . .
zero and equal 1, .6\, =V g=Vg, = Var= Ser=Trr=1 (solid —bcj,j, for the charge conjugate chanpelThese final

line), only Trr=1 (dot-dashed ling only one of the vector cou- states occur with a branching ratio of 2/3.

Oy (fb)

——
e
-~
-
—
~——
——
—
e ——

plings V;; equals 1(dashed ling only Sgr=1 (dotted ling and (2) If the top decays semi-leptonically V'a—’bwt

eithera’=1 or a3=1 with the four-Fermi couplings set to zero —’b|_+ v, where |=e,u or 7, then we have e’e

(long-dashed line A=1 TeV is used for all cases. —bclTy, (and e"e”—bcl v, for the charge conjugate
channel. These final states occur with a branching ratio of
1/3.

such couplings are much smaller than those generated by the AN immediate useful observation is that each of the two
four-Fermi interactions. Even at LEP2 the contribution is!OP decay scenarios above contains a silgjeet in the final

about one to two orders of magnitudes smaller than the typiState, which can be used as a signal for non-SM phyfsis

cal contribution from the four-Fermi interactions. Indeed, SM reactions in lepton colliders produce almost ex-
Notice also that, contrary to the four-Fermi case, Zie clusively final states with aavennumber ofb-jets. Defining

contributions to oy, drop as ~1/s due to the explicit @& duantum number we calléth=(—1)", wheren is the

s-channelZ-boson propagator. Because of this, at a NLchumber ofb-jets in the final state, the SM is almost exclu-

with c.m. energies of/s=1.5 TeV, t-channel vector-boson SIVely bp-even. The SM irreducible background i-odd

fusion processesVW-— {c [see Fig. 8)] and ZZ— c processes generated by new physics is severely suppressed

. ) by off-diagonal CKM elements and can be neglected. The
[see Figs. a) and 4b)] become important and may be better - - :
probes of suctzZtc couplings. We have calculated the total only remaining(reduciblg background to processes which

) il yield an odd number ob-jets in the final state arises from
cross sectiongryy=o(e"e” —W W vere—1Crere) and  mis-identifying an odd number df-jets in abp-even event
o,,=0(e"e”—=ZZe"e” —tcete”) using the effective [15].

vector boson approximatio(EVBA) [24]. In this approxi- For the procese’e —tc, the SM irreducible back-
mation, as in the equivalent photon approximation in QEDground is generated, for example, bye™—W*W~ fol-
the collidingW'’s or Z's are treated as on shell particles and,Ioweol byW* —j,j, and W~ —bec for hadronic top decays

thus, the salient features of the—2 reactionsete” — .
(case 1 aboveor by W' —1*y and W~ —bc for semi-

- 2 _
—tCreve, tc+e € are generated by the simpler22 sub- |o5hic top decaydcase 2 above see also[17]. These
processesV" W™, ZZ—tc. The full 2—4 cross sections packgrounds are clearly CKM suppressed, beirly.p|2,

ov,v, (V1,V2=W" W™ or V;,V,=7,7) are estimated by and can therefore be neglected.

folding in the distribution functionéCi,fCi of the two col-

liding V1,V, with helicities\ 1 ,\, [24], explicitly,
We recall that, at these high c.m. energiegs€1.5-2 TeV),
the projected integrated luminosity is expected to be several hun-
dreds inverse fb, see Réfl]. Thus, a cross section of the order of
oV, = E f dxldxzfi\,l(xl)fi\,z(xz)&(Vilvgzﬂta- O.J.. fb niay yield an o.bservable effejc.t, especially for the rather
Ao 1 2 uniquetc final state which has a negligible background as we dis-
(34) cuss below.

094016-7



S. BAR-SHALOM AND J. WUDKA PHYSICAL REVIEW D60 094016

TABLE I. The limits on the scale of the new physiasusing the reactioe” e —tc+tc. The limits are
given for one non-vanishing coupling at a time and setting this coupling to 1. In each case four accelerator
scenarios are considere(zg: 189, 200, 500 and 1000 GeV with luminosities: 0.6, 2.5, 50 and 200 fi,
respectively. The signals considered are based on the total cross section as defi3®d assuming a
b-tagging efficiency of 60% and a top reconstruction efficiency of §6ée text Also, the limits are based
on the criterion of 10 events for the given luminosity.

Limits from o= eye,o(e*e” —tc)

af=1 V=1 Spr=1 Trr=1
Js L i=L orR ij=LL,LR,RRor RL
189 GeV 0.6 fot 0.5 TeV 0.8 TeV 0.7 TeV 1.4 Tev
200 GeV 25 fot 0.9 Tev 1.5 TeV 1.3 TeV 2.5 TeV
500 GeV 50 fb?! 1.9 Tev 9.3 Tev 8.5 TeV 13.6 TeV
1000 GeV 200 fb! 2.0 Tev 19.3 TeV 17.9 TeV 27.5 TeV

In order to further eliminate the reducible background toing angle’ The limits are calculated, assuming that only one
bp-odd events produced by latagging efficiency below 1, coupling is non-vanishing at a time, i.e., with eithér=1,
one can employ a few more specific experimental handlefor i,j=LL or LR or RRor RL, or Sgg=1 or Tgg=1 or
allowed by the very distinct characteristics of@signature:  a;=1. We give the limits that may already be obtainable
(i) The possibility of efficiently reconstructing thdrom the ~ from the recent 189 GeV run of LEP2 which accumulated
decayt—bW—bj,j, at the NLC[26]; the top quark can ~ 150 inverse pb in each of the four LEP2 detec{@3. We
also be reconstructed in the case of semi-leptonic top decaydso consider three future collider scenarios: LEP2 with a

since there is only one missing neutrino in suctcavent.  C-M. energy ofys=200 GeV and an integrated luminosity
(i) Since this is a 2-2 process, the two-body kinematics Of L=2.5 fo-*, a NLC with s=500 GeV and L
fixes the charm-jet energy to H&,~s(1—mZ/s)/2. The =50 fo'* and a NLC with ys=1000 GeV and L
charm-jet gives then a unique signal since it recoils against 200 fb*. As expected, the strongest limits are obtained
the massive top quark and should stand out as a very ene#sing the four-Fermi couplings. In particular, assuming that
getic light jet at high c.m. energies. The event will then lookno tc event was seen during the recent LEP2 run, this rules
like a single top quark eventiii) The energy of thé>-jet  out new flavor physicgthat can generate such four-Fermi
produced in top decay is also known due to two-body kine-operators up to energy scales of=0.7-1.4 TeV. For the
matics[17]. future e"e” machines, the limits on the scale of the four-
Let us therefore define our background-free observabl&ermi operators are typicall=7-12x /s for LEP2 ener-

cross section, which we denote by, as the effective cross gies a_nd_A217—27><_\/§ for a 500 or 1000 GeV NLC. The
section includingb-tagging efficiency é,) and top quark best limits are obtained on the tensor four-Fermi coupling
reconstruction efficiencye) Trg due to numerical factors in the cross section.
The above results were obtained assuming that all cou-
plings were equal to 1, for other values the the limits in
— Table | are in fact onA/\/f, wheref=V, S T or a%. To
Tte™ €b€tTtc- (39 illustrate this possibility consider, for example, the tensor
four-Fermi coupling which carfof course be generated by

. . . . . the exchange of a heavy neutral tensor excitation, of Mass
We define the largest to which a collider is sensitive as g y

the one for which 10 fully reconstructdd + tc events are
generating per year, after eliminating any potential back-

ground, i.e., the value ok for which o XL =10, whereL  guinqent than those obtained a7]. This difference arises from
is the yearly integrated luminosity of the given collider. our assumption that once the top quark is reconstrutéth an

In Table | we list the limits that can be placed on the scalesficiency of ¢,x €) and the charm jet is identifieths described
A of the new effective four-Fermi andtc operators, based apove, there is no additional background to be considered for the
on this 10 event criterion, using the background-free crossc final state; the results of17] obtained using a more careful
section as defined in Eq35); we take e,=60% ande;  background estimate correspond to a reduced reconstruction effi-
=80% and we impose a 10° angular cut on the c.m. scattekiency of e,e,=42% instead of 48% which we used.

"We note that our limits on the scale of tA¢c operator are more
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But this effective vertex is also generated through Fierzteactione™e™ —tc to allow the extraction of all 6 indepen-
transforming the operata®,,, in Eg. (23), which can be dent four-Fermi couplings discussed above. These observ-
produced by the exchange of a heavy scalar leptoquark in thebles are, for example, the cross sections for polarized elec-
underlying high energy theory. In the latter case the coeffitrons and for definite top polarizatiofviable in the semi-
cientTgg has an additional factor of 1/8, so that the mass ofieptonic [28] and in the hadronic top decays if the down
the leptoquark corresponds t@A. These two possibilities quark jet can be distinguished from the up quark jeMin
cannot be easily differentiated using an effective theory and., gy [29]), and the following forward-backwar@B) asym-

provide an example of the limitations of this parametrization.metries for polarized incoming electrofise., for the reac-
It is also instructive to note that, in caseta signal IS tions e e -tcandese’ —{c)
observed, there are enough independent observables in the

/2
fo {dUeLtL(e)+d0eLtR(0)_dUeLtL(7T_ 0)_d0'eLtR(7T_ 0)} 3(1+B,) VER_VEL

Arg = Te 1+ OeLty ~2(3+8y) V2 +VE (30
/2
f , 1d0ey (6)+ o (8)—doey (7= 6)—doey (7= 6)}
Arse= Tent, T Tepntyy
3(1+ B[ VL~ VarT 4SreTrel (37

T 2(3+ BO[VA + Vi 3(1+ By Sent 16(3— By Tael

Clearly, the FB asymmetries involve ratios of cross sectiongctions involving the down quarks of the second and third
and, therefore, are not suppressed by inverse poweks &f  generations. For example, the operat6g’ andO (Y, be-
detailed discussion of how to extract the six four-Fermi cou-ing constructed out of the left-handed quark doublets, will
plings from_ s_uch observables lies outside the scope qf thi enerate @ce*e” interaction [with coupling Off&)—afg):
paper; we limit ourselves to the summary of the sensitivity of — i . 1)
each observable as presented in Table II. see Eq.(29)] as well as abse”e” one with couplingajg

We conclude this section with a few remarks. + a|(q3). This fact, a consequence of gauge invariance, can be

Some of the four-Fermi effective operators in E(is/)—  used to derive constraints on the scaleFor example, using
(23), that generate the netzee coupling also induce inter- the measure®* semi-leptonic branching ratio, such four-

Fermi operators contributions ®* —K*e*e™ will be be-
TABLE Il. The sensitivity of the different observables discussed|ow the existing bound BB " —K"e*e™)<10 °[30], pro-

in the text to the various new four Fer_rm effective cou'pllng_s._ TheVIded that A/ /_(T)_(3T|alq +afl =2 TeV. Due to the different
observables considered are the polarized cross seatigns i, ] combination of couplings appearing in this expression this
LL, LR, RR RL in Eqs._(27) (30 an.d the.FB asymmetries . nd is complementary to the ones obtained above.
Arg andAgg_ for left and right-handed incoming electron beam, . . . .
Lo R i . We wish to emphasize the importance of adding such pos-
respectively, as defined in Eq86) and(37). A check-mark shows . L. . . .
sible four-Fermi interactions to a model independent analysis

that the given observable is sensitive to the given coupling. - )
of ete”—tc. We argued previously that the only models

Observables vs. Couplings that can produce observable flavor violations are those which
generate flavor-changing operators at tree-level. In this case
Tet,  Tety  Tet,  Tety  Ars Arsg the effectiveZtc vertex is generated by the exchange of a
Vi, heavy gauge bosovi which mixes with theZ and which has
a Vtc vertex(this vertex is also produced by heavy fermion
Vir exchanges Similarly, some of the four-Fermi operators are
Vv generated by the exchange of a heavy vegtocoupling to
RR - - - tc and toe*e™. In general we hav¥’ #V so that an analy-
Ve sis that covers all the possibilities allowed by an effective
S “ J Lagrangian parametrization should include both types of ver-
RR ' ' tices. If, on the other hand=V’, then the bounds obtained
Trr . . . form the four-Fermi contact interactions are far superior to

the ones derived fronZ-mediated reactions. In this case
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would also generate aeeecontact interaction for which
existing limits [30] give A=1.5 TeV, i.e., better than the
limits given in Table | for a 189 GeV LEP2. We note, how-

ever, that at a 500 GeV NLC the limits that can be obtained

on the eeeecontact terms by studying the reactiefie”
—e'e  are aboutA>5 TeV [21], while from Table | we

see thatA>8.5—-13.6 TeV is attainable at this energy by

studying the process™e™ —tc.

We would like to stress again that the limits obtained in
Table | presuppose the heavy physics does generate the fou
Fermi operators at an accessible scale. Other types of ne\

physics can be responsible for generating #te vertex,

raising the possibility that the latter occurs even when the
former is negligible. In that sense, the above results are

complementary to those obtained e.g.[13].

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

PHYSICAL REVIEW D60 094016

1.0 T
—— O (87=1 TeV)
-~ Oz (s"=1TeV)
— O, (s"=0.5 TeV)
0.8 | 1

—-— Og,(s"'=0.5 TeV)

_—

=

~—

300
m,, (GeV)

400

In this section we consider neutral Higgs exchanges inthe FiG. 6. The cross sections,,.=o(e" e —Ztc+Ztc) and

NLC which lead totc production via a nevhtc interaction
as defined in Sec. [lsee Eqgs(11) and(12)]. We neglect 2
—3 (i.e., three-body final stateprocesses since these are
suppressed by phase space compared-t@® Zorocesses.

Otery=0(878 = tCreret tCrere) (in fh) are plotted as a function
of the SM Higgs masm,,, for ane®e™ collider with a c.m. energy
of s=500 GeV (dotted and dot-dashed lijesand of /s
=1000 GeV(solid and dashed linesA=1 TeV is used for all

There are only two such reactions that can probe an efcases.

fectivehtc vertex ine*e™ colliders. The first is the Bjorken

procese*e” —Zh when a real Higgs boson is produced and

then decay to dc pair (see Fig. 2, and the second is the
t-channelW™ W~ -fusion to a neutral _Higgs boson in Fig.
3(b), leading toe* €™ =W W~ vore—tCreve. We note that
the correspondingt-channel ZZ-fusion processe’e”
—ZZe"e” —tce*e, also depicted in Fig.(®), is about an
order of magnitude smaller than théW-fusion process, ba-
sically, due to the different couplings of &boson to elec-
trons (see also the discussion in the previous segtion
We focus on Higgs masses in the rangg=m;

<500 GeV. Since at this mass range the neutral Higgs

width is still quite small compared to its mass, e.g., figr

=250(500) GeV the width is about 1.5%(13%) of its mass,

Br(h—tc)= M

T (41
where I'y=I(h—bb)+I'(h—ZZ)+T'(h—W*W)+TI'(h
—tt) is the total SM Higgs widtf,see e.g.[31], andT'(h
—tc) is calculated in terms of the nefatc couplingsaf and
ag defined in Eq(11), we find

m2\?

m2)

43
—4?02[<a*c>2+<a2>2]mh( 1-

W

I'(h—tc)=
(42)

and since we only consider real Higgs production, we may

estimate the cross section fefe*—>Zt?by

opc=o(ete” —Ztc)~o(e*e”—Zh)xBr(h—tc),
(39
where[25]

8k (k?+3m3)

T
o(e’e”—»Zh)=———[1+(1-4s 2
( ) Toxh [1+( 21—

WSw Js (5= (s=mp)? "
(39
and
_\/(s+m§—mﬁ)2—4sm§ 20
- 4s ' (40
Using now

For this type of effective vertices we also calculate the

t-channel fusion cross sectien,,= o(e*e” —tCreve) Us-
ing the EVBA[24] (see also the previous sectjoiThe am-

plitude for the hard 2-2 sub-processV, W, —h—tc
with c.m. energy\/g is given by

V TAA
M= SV _ﬁw\/:H_ Tl 5>\th>\+>\—

X[aL(1+)\t)_aR(1_)\t)]! (43

wherex™,A"=0, =1 are the helicities of th&/" , W, re-
spectively, and\; .= +1/2 denote the quark helicities. Also,

8h—tt andh—ZZ are included when kinematically allowed.
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Hh=(§— mﬁ+imhl“h)*1 is the Higgs propagator,Bt=(§ jo are light jets fromW* —ud or W*—cs. For the semi-

—m2)/(s+m?), Bw=V1—4ms/s and leptonic top decays we have'e —Ztc—Zcbl* v and
ete —tcvere—cblt vveve, Wherel=e, u or r from
1+ﬁ\2/\/ W+—>| + V.
TO,O:m’ Since only one top quark is produced, these final states

have oneb-jet so that they have a negligible irreducible
background, as mentioned previously. There is, as before, a
potentially dangerous reducible SM background due to a re-
ducedb-tagging efficiencye,. For example, such a back-
ground is generated by the reactiefie” —Zh whenh de-

The polarizedwith respect to tha* andW~) hard cross Cays into att pair (assumingm,>2m;) and oneb quark in

sectiona(W. . W —h—tc) can then be readily calculated. the top decay products is not detected. Similarly, doe

From this expression the cross sectiop,, is again esti- — {Cveve the SM reducible background is generated by pro-
. I

mated by folding in the distribution functionﬁ\,\;,fc\,, of cessessuchas e  —W"W v, ttver, (see alsg7] and

the two collidingW* , W~ in a given helicity stata *,\ ~ as Hou et al. in [il]). Recall, however, that as in the case of

in Eq. (34) ete —tc, atc signal has more experimental handles such
as top reconstruction, a very energetic charm-jet, etc. and

Te =1, (44)

Te==T:0=To:+=0.

H - these can be used to eliminate most of the background
Ttevry= Zi fdx+dx_fw+(x+)fw,(x_) events.
AR To obtain limits on the scale of the new physias, we
X(;(W;W;_%h_)ta_ (45) igain define the background-free cross sectieng, and

o1y, DY folding theb-tagging and top reconstruction effi-
The bulk contribution to the full 2:4 process arises when ciency factors, which essentially eliminate the type of reduc-
the Higgs resonates, i.e., whefs~m;, (1 denotes the c.m. ible backgrounds mentioned above. Thus, our background-
energy of the hard 22 process Because of this, B ~ free observable cross sections are

—tc) also controls the dependence of thi8N-fusion reac- o 2 o
tion on the Higgs mass. This behavior is illustrated in Fig. 6 Tiewr =73 €€tTtcrs  Tzic= €p€10z1c (46)
in which we plotoz;. andoy,, as a function oy, for c.m.
energies of 500 and 1000 GeV. In this figure we tai{e
=al=1 andA=1 TeV. We see that these cross section
reach their maximum fom;,~230 GeV, close to the value
at which Br(h—tc) is largest.

We now discuss these signals and their observability in 10°
future high energye* e colliders. From Fig. 6 we see that,
at c.m. energy of 500 GeV, the Bjorken process dominates Z
giving o7,c~0.2 fb form,~250 GeV,al'=alt=1 and A ' S T 3
=1 TeV. In Fig. 7 we ploto,. and oy, as a function of
the e"e™ c.m. energyy/s, for m,=250 GeV, al'=all=1
andA=1 or 2 TeV. Sinceoy,, is at-channel fusion pro-
cess, it grows logarithmically as-log?(s/m3,) and, there- R
fore, dominates at higher energies over teehannel £10™ |
Bjorken process which drops asl/s. For example, at/s
=1 TeV andm,~250 GeV we findoyc,, /o7~ 10.

where the factor of 2/3 in the cross section for tic@.v,
Sreaction takes into account the fact that only the hadronic top
decayt—bj,j, are usefulwe assume that the semi-leptonic

S
-~
e
Se—een
il T

. B . s L. -
In order to identify the background to these reactions, we 1© — O, , A=1TeV
follow the same approach described in the previous section “ees Oges A=1TeV
We consider the possible observable final state®ie” 10° L — Oow s A=2 TeV

— . . ip . . —<— Oy s A=2TeV 3
—Ztc (assuming that the is identified with 100% effi-

ciency and ete” —tcuer,, Which are determined by the
top decays. For hadronic top decays we have —Ztc o 500 1000 1500 2000
—Zcbj,j, ande*e” —tcrere—Cbjij,vere, Wherej; and sT(GeV)

FIG. 7. The cross sectionsz,.=o(e*e”—Ztc+Ztc) and
Oiery=0(€7 8" —tCr vt tCuey,) (in fh) are plotted as a function
®Notice that some of the lines end rather abruptly whenei@r of the c.m. energy of the* e~ collider, form,=250 GeV and for:
=A, since forA<\/s the effective Lagrangian description is not A=1 TeV (solid and dashed lingsand A=2 TeV (dotted and
valid by definition. dot-dashed lings See also text.
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TABLE llIl. Limits on the scale A, of the new physics that generates nlete effective operators, using
the reactione™e™ —tCr v+ tCcr.v, ande"e” —Ztc+Ztc (in parenthesgs The limits are given fom,,
=200, 250, and 400 GeV where in each case three accelerator scenarios are con\&#eﬁém, 1000 and
1500 GeV with luminositied. =50, 200 and 500 fb?, respectively. The signals considered are based on
the total cross sections, as defined46), assuming d-tagging efficiency of 60% and a top reconstruction
efficiency of 80%. The limits are based on our criterion of 10 events for the given luminosity and the given
reaction(see also text

Limits from {o e, , 0 21c}

m,=200 GeV m,=250 GeV m,=400 GeV
\Js L
500 GeV 50 fbt {650, 750 GeV {650, 830 GeV {X, X} GeVv
1000 GeV 200 fo! {1340, X} GeV {1460, X} GeV {1010, X} GeV
1500 GeV 500 fol {1930, X} GeV {2140, X} GeV {1600, X} GeV

top decays cannot be reconstructed due to the additional twygroduce a significant enhancement in these cross sections
missing neutrinos in the final stateAs before, we assume sincesy , =<1 (resulting froma4,). The reason follows from
that the largest value of which can be probed using these the structure of the amplitude\lyyq, for WTW~—tc cal-
processes corresponds to the value yielding a signal of 10u1ated using Eq(16) '
fully reconstructed events.

In Table Il we give the & limits that can be placed on
the scale of the new physics using the processes’ e

>bale Mg =M CL L (Vi + 88 ) (VE+ S )+ Crror i 0% :]
—Ztc+Ztc andete” —tCveret tCr ve, assuming no sig- weg T T AL Tel L RRORITRI

nal is observedbased on our 10 event criteriprwe take +md~[CLR(Vti+5|t_ i)5§<i+CRL5tRi(V:i+ 501,
€,=60%, ¢,=80% anda'=ajt=1. We consider three col- ' o ' ’
lider scenarios: a NLC with/s=500 GeV and a yearly in- (47)

tegrated luminosity of. =50 fb™!, \'s=1000 GeV withL
=200 fb ' and\s=1500 GeV withL=500 fb !. Entries
marked by anX in Table Il indicate the cases for which no
interesting limit can be obtained, i.e., where the limit corre
sponds to\ < +/s. Because of its decreasing nature, the cros

sectione™e”—Ztc+Ztc is only useful at 500 GeV, for L . . . :

: - , . . addition, it contains a mass insertion factof, from the
which a limit O_f e.g.,ézg:%O_Ge\L 'S_ obtainable ifmy t-channelb-quark propagatofsee Fig. &)]. If in addition
~250 GeV. Using thecreve+ tCreve final state, one can  s¢ L0, then the amplitude receives also a contribution pro-
place the limitsA=1460 GeV andA=2140 GeV in a pqiional to Sk pX 0% (With no mass insertion However,

1000 GeV and 1500 GeV NL_C’_ respectivelyvith My such a term will give a cross section which is proportional to
~250 GeV). Note that these limits are weakenedmif  /8/A8 jnstead ofv¥/A* and is, therefore, also very small.

=200 or 400 GeV, since these cross sections are smaller Qe conclude that such right-handed current effects cannot be
such Higgs boson mass valuese Fig. 6. probed via theVW-fusion process.
o Before summarizing we wish to note that the hard cross
V. RIGHT-HANDED Wtb EFFECTS IN W*W™—Tc sectionW™ W~ —tc needed in the EVBA exhibits physical

t-channel singularity32]. Due to the specific kinematics of
this 2—2 process, the square of titehannel momentum

an be positive and the down quark propagator can, there-

ore, resonate onde-mj3. The reason for that is rather clear:
the incomingW-boson can decay to an on-shell pair of
adif (dy=d, s or b). The singularity, therefore, signals the
dproduction of an on-shell down quark in tihehannel.

whereC, | , Crr, C r @ndCg, are some kinematic functions
_with a mass dimensior- 1. If the only non-vanishing effec-
éive coupling is&tR‘b, then the amplitude is proportional to

the very small SM off-diagonal CKM elemei,, and, in

The WW-fusion processV"W~—tc can proceed at the
tree-graph level in the SM via diagrafo) in Fig. 3. The
cross section, however, is unobservably small due to Gl
suppressiond,,,~fewx 10~* fb at a NLC with c.m. ener-
gies in the range 1-2 Te\see alsd7]).

This suppression opens the possibility of observing

fCveve signal int the presence of an effective right-handed” o ¢ channel singularity of the 22 sub-process does
Wb coupling, g, , defined in Eq(16). We consider UESE not occur in the full 2-4 process. In the exact calculation,

effects on the reactione’e” —=W"W vere—1tCrere ie., without using the EVBA, the exchangdd® and W~
+tcveve, Which we evaluate using the EVBA. cannot be on-shell since th&*, W~ momenta are always
We find, however, that the effective interactions do notspace-like; as a consequence @€ of the t-channel down
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quark is always negativ¥. Therefore, the EVBA, which as- sensitive to newntc scalar interactions which may also lead
sumes on-shell incoming vector-bosons, breaks down in sugly atcy,v, signal at 1-2 TeV NLC. We showed, however,

situations and cannot be used to approximate these type @{at, at c.m. energies below 1 TeV, effectivec couplings

processes. To bypass this problem, we have used the EVB4ye petter probed via the Bjorken processe™ —Zh fol-
with massless incominghV-bosons when calculating the |owed byh—tc.

above cross sections. We have checked that such an addi- The effects of a new right-handed/tb coupling were
tional approximation gives rise to an error of the order oftynd to be negligible fotc production ine*e™ colliders in

~my/+/s which is less than 10% for a c.m. energy
=1000 GeV.

VI. SUMMARY

We have considered production of@pair ine*e™ col-

liders in the effective Lagrangian description. We investi-

gated a variety of processes, leading tocasignal, which
may be driven by some underlying flavor physics beyond th
SM that gives rise to new vertices such s, htc, right-
handedWtb and four-Fermitcee interactions.

We have shown that, if present, the contributions of fou

Fermi operators strongly dominate the cross section for th

reactione* e~ —tc, while the effects of flavor-changing

vertices are subdominant, assuming both types of effectiv

operators appear with coefficients of order dwhich is the
case in all natural theoriggind of similar scales though, as

was mentioned previously, these two types of vertices may/’

Sici

r_

WWAfusion processes.

We have argued that, due to its unique characteristics, the
tc final state is essentially free of SM irreducible background
and may be, therefore, easily identified in @he™ collider
environment. In addition, by tagging the sindiget coming
from t—bW and by reconstructing the top quark from its
decay products one is able, in principle, to eliminate all pos-
sible SM reducible background to ttie signal.

Using reasonablé-jet tagging and top reconstruction ef-
encies ae*e™ colliders, we have derived sensitivity lim-
its for these machines to the scale of new flavor-changing
physics, A. For example, we find that an absence of a
g*e*—>t? signal at the recent 189 GeV LEP2 run already
places the limit of A=0.7 (1.4) TeV on vector-like
%tensor-like four-Fermi effective operators. Similarly, the
uture 200 GeV LEP2 run can place a limit oA
=15 (2.5) TeV and, at a 1000 GeV NLC, the correspond-
g limits are remarkably strong\=17 (27) TeV; better

probe different kinds of physics and, therefore, should bddué to & negligible SM backgrounthan those obtainable

measured separately.
Thus, theZtc vertex may alternatively be probed via the
t-channelWWfusion procesV* W~ —tc which may yield

an observablécv,v, signal at 1.5-2 Te\e"e ™ linear col-
liders. At hadron colliders th&tc vertex can also be effi-
ciently probed in flavor changing top deca)33], and in
single top production in association withZaboson[34].

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

Owe thank David Atwood for his helpful remarks regarding this
point.

for flavor diagonal four-Fermi operators, suchttese.

Finally, concerning the limits on the scale of the effective
operators that give rise to netvtc scalar interaction, we
found, for example, thal =830 GeV at a 500 GeV NLC
via the Bjorken process, and=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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