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The standard model with one extra Higgs doublet may give rise to an enhareddvelflavor-changing-
scalar coupling of a neutral Higgs boson to a pair of top-charm quarks. This coupling may drive a large
tree-level effective W W~ (ZZ2)-Higgs bosorkc interaction. As a result we find that the reactiosise™
—tCveve, tcete™, tcZ and the two rare top decays-cW*"W™, t—cZZ become very sensitive probes of
such an effective interaction. The most promising oRé®~—tcv.v., tce*e, may yield several hundreds
and up to thousands of such events at the Next Linear Collider with a center of mass engsgy0ob—2 TeV
if the mass of the lightest neutral Higgs boson is a few hundred GeV. The rare deeays*W~ andt
—cZZmay be accessible at the CERN LHC if the mass of the lightest neutral Higgs boson lies in the narrow
window 150 Ge\sm; <200 GeV.[S0556-282(98)02705-2

PACS numbg(s): 12.60.Fr, 11.30.Hv, 13.6%i, 14.65.Ha

I. INTRODUCTION context of such new interactions, the severe experimental
constraints involving FC couplings of the light quarks can be
Understanding the nature of the scalar sector, which stilsatisfied by requiring that FCS interactions are proportional
remains one of the great mysteries in electroweak theorie$9 the square root of masses of the fermions participating at
and searching for flavor-changin§C) currents are clearly the vertex[4]. A specific realization of these ideas, the
important goals of the next generation of high energy collid-Cheng-Sher ansatZSA), assumes that the FC coupling of a
ers[1]. scalar to top and upicharm) quark is proportional to

Although the standard modéSM) with only one scalar  VMMy/My (or ymime/my,). In this scenario the large top
doublet is in good agreement with existing data, it is still Mass makes it much more susceptible to FC transitions. This

useful to examine the consequences of simple extensions ppssibility has led various authors to stress the importance of

the SM. Indeed, the simplest possible extension of the scalgearching for' tree-level FCS interactions involving th? top-
potential, which contains two Higgs doublets, exhibits richquark, especially the top-charm on@5-9. Our study in-

new phenomena. In particular it may give rise to new tree Jicates that experimental investigations of the reactishs

level FC couplings of a spin 0 particle with fermiofg). T€ —lCreve; tCVeVe; tce+e+; tce'eT; Ztc; Ztc
In the SM there are no tree-level flavor-changing neutral&nd of the rare top decays-W"W~c;ZZc will be very
currents(FCNCS. At the one loop level, FC transitions in- USeful in this regard. ,
volving external up quarks are much more suppressed than 'N€ Paper is organized as follows. In Sec. Il we briefly
those involving external down quarks. The effects for the ugi€scribe the key features of a 2HDM with tree-level FC cou-
quarks are driven by virtual exchanges of down quarks foP!ings. often called Model Iil. The possibility of producing
which the Glashow-lliopoulos-MaiariGIM) mechanism is tc pairs viaWW andZZ fusion in the Next Linear Collider
much more effective since the mass splitting between théNLC) is investigated in Sec. IIl. In Sec. IV we discuss the
down quarks is a lot less than amongst the charge 2/3 quarkssactione™e™ —Ztc. In Sec. V we examine the two rare top
Therefore, the search for large signatures of FCNCs involvdecays—W*™W ™ ¢ andt—ZZc and in Sec. VI we summa-
ing the up quarks is extremely important as it may serve as #éize our results and make some parting comments.
unique test of the SM. As is well known, though there are
stringent experimental constraints against the existence of
tree level flavor-changing-scal@C9 transitions involving Il. 2HDM WITH TREE-LEVEL FC COUPLINGS
the light quarkg3-5], analogous constraints involving the (MODEL Il )
top quark are essentially nonexistent. . .
As mentioned above, a mild extension of the SM in which In a most genera! version of the 2HDNWhich aIIow;
one extra scalar doublet is added, allows for large, tree—Ievéree'leV.el FCS couplingsone can always choose a basis of
FCS interaction$2]. These are often forbidden by the impo- scalar_flelds where only one <_jouble_t acquwes.a vacuum ex-
sition of anad hoc symmetry[3]; if this symmetry is not pectation valugVEV) (for a brief review se¢5)):
imposed, however, one arrives at a version of the two-Higgs
doublet model (2HDM) wherein the up and down-type
quarks are allowed simultaneously to couple to more than ()= i, ($3)=0. (1
one scalar doublg®] leading to tree-level FC vertices. In the \/5
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We refer to this type of a 2HDM as Model 111 The FC part of the Yukawa Lagrangian in Model Il is
With this choice¢; corresponds to the usual SM scalar given by[2,5]

doublet and all the new FC couplings are associated with the o o

¢» doublet. The spectrum of the scalar sector then consists L5C=E1Qi hoU; r+E0Qi $2Dj rTH.C, ()

of a charged scalar and its conjug&té, and three neutral

Higgs particles which we will denote bii,H (the scalar where, denotes the second scalar doublBs=ir,¢,, Q
mass eigenstateand A (the pseudoscalar mass eigenstate stands for the quark doublets, abldand D for charge 2/3

In terms of the original doublets one has and(—1/3) quarks singletsi,j=1,2,3 are the generation in-
dices and¢ are 33 matrices parametrizing the strength of

H=2[(Red®— v)cosy+ RedOsina ], FC neutral scalar vertices. Following Cheng and $hégwe

V2[(Redi-v) &fosinal choose the parametrization:
h=2[ - (Reg}—v)sina+ Reg)cosa], ) uo_ . Ymim,
& = 9w Nij- (4)
W
A=\2(—Im¢)).

In this scenario all our ignorance regarding the FCS vertices
_ is contained in the couplings; which are free parameters to
The masses of the neutral and charged Higgs bosons as wglk deduced from experiments. The experimental constraints
as the mixing angler are free parameters of the moddlhe  on the\;; are rather mild: for example, Ksq,Apg @andi ¢
pseudoscalaf which does not couple to gauge bosons andare kept below~0.1, then Model Il is compatible with the
the charged Higgs particles of the model do not play any rolexisting low energy experimental measurements as long as
in our reactions and therefore their masses are not relevattie other FC coupling§.e., those involving the top quark
for the present analysis. are not much larger than[E]. In particular, if the first gen-
Although with the above basis for Model lll, in which eration FC couplings are not related to the FC couplings of
<¢g>=o at the tree-level, introducing large splitting betweenthe second and third generatioftsere is no good reason to
the masses of the two Higgs partickeandH (in some cases believe that such a relation existhien ;=X\ ~0O(1), or
we will take my—m,>500 Ge\j can become slightly un- even somewhat bigger, is not ruled by existing experi-
natural for large values o, this is not the case in a more MeNts[5]. This has major consequences on our analysis in
general flavor-changing 2HDM where both doublets can acthis paper as all the reactions investigated here scala fike
quire a nonvanishing VEV. In that more general casegtan  For simplicity, we choose\;=Ac=A and we further-
=v,/v; appears as an additional free parameter of thdnore break\ into its real and imaginary parts\=X\g
model. Adopting tap#0 will not affect our predictions in  +i\;. Then, within the CSA, the relevant terms of the
this paper, while, due to the presence of this additional fredlodel Ill Lagrangian become

parameter ta8, large values ofe can be accommodated Jmme

without much difficulty in this framework regardless of the Lope=— Gw VM f,Ht (Ng+iN;ys)C, (5)
degree of splitting between the two Higgs boson masses. J2

Note also that tg8 will not enter the FC couplings of a

neutral Higgs boson to fermions as those are governed by the Lyyv=—9wmwCyCyHg, ,VHV?, (6)

couplings\;; to be defined below. We therefore wish to em-

phasize that we are not trying to advocate the existence o¥here here and throughout the pagerh or H and V
the above particularly simple realization of a FC 2HDM =W or Z and

where one of the Higgs doublets does not acquire a VEV,

instead, for its simplicity, we are using it as an illustrative fhp=cosy; sina, (7)
scenario to estimate the size of a possible FC effect in our _ _

reactions. Thus, in what follows, we will always choose the Ch.q=Sina; —cow, (8)
mass of the lighter Higgs bosoh to be in the range

50 GeV=m,,<1TeV while, in most instances, we will set Cw.z=1, m%/m\z,\,. 9)
the heavy Higgs bosorH) mass to beny=1 TeV indepen- L

dent of the choice of mixing angIE.z The amplitude for the interactionV—"H—tc, t c is pro-

portional to sin2 for both #=h andH, and will vanish for
a=0,7/2. Whena=7/4 (i.e., equal mixing between RS

'We usea instead ofa to avoid confusion with the fine-structure
constant.

“Note that the onset of a strongly interacting Higgs sector corre- 3\, is also not well constrained from existing experiments. The
sponds to the breakdown of tree-level unitarity and also to the concheng and Sher ansai4) does, of course, imply much smaller
dition that the radiative corrections to the Higgs boson mass are ofoupling compared to thee one due to the up-charm mass differ-
order 100%, i.e.dmy~m, . Much like in the SM case, this will ence.
occur whenmy~4mv~3 TeV. Therefore, although takingy “/=W*,W~ or Z; in most instances the appropriate choice can
=1 TeV is somewhat close to the above limit, still, it is unlikely to be fixed by inspection. If necessary we will denaté=W", V2
enter the strongly interacting Higgs domain. =W~ orVvi=Vv?=7
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FIG. 1. (a) The standard model diagram fef e” —tcvev,;
(b) diagrams forete™ —tcv.v(e"e™) in Model III.

—Re¢>2) the h and H contributions interfere destructively
The presence of this
“GIM-like” cancellation reflects the fact that all complete

and cancel out in the limimy—m;.
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that, being a t-channel fusion process, the corresponding
cross-sectiongrow with the c.m. energy of the collider. On
the other hand, the “simple’s-channel reactions mentioned

abovedrop like 1/s. Thus, even if nd c events are detected
at \/s=500 GeV viaete —tc; tcff; ttcc, there is
still a strong motivation to look for a signature df3) espe-
cially at somewhat higher energies.

In exploring the reactions™e” —tcv.v,, tcete™ we
will use the effective vector boson approximati@&VBA)
[11]. Recall that this is the analog of the equivalent photon
approximation in QED which allows the colliding’s or Z’s
to be treated as on-shell particles. The salient features of the
reactions in(13) are then well approximated by the simpler
fusion reactions:

W*rW~, ZZ-tc,tc. (14)

calculations should include both neutral scalars. The maxiThe corresponding cross sections for the reaction&l8)

mum of the cross section is not reachedvat 7r/4 since the
scalar widths also depend on this parameter.

We will also need thG{tt_coupIings within Model IlI:

gw M
Lygr=— E_Ht(aH—HbH')’S)t (10
where
1 - - -
ap=— EsmaJrcosm\R, b, =cosa\,, (11)
1 - -
aHzﬁco&H sina\r, by=sina\,, (12

and for simplicity we sehy =\ =A\.

lll. tc PRODUCTION THROUGH VECTOR-BOSON
FUSION
In this section we consider the reactioisee Fig. 1

‘tcete,
(13

e'e  stCrve, tCrev,,ete —tcete”

occurring viaW*tW~ or ZZ fusion, which should be acces-

sible to the Next generation oé"-e~ Linear Colliders
(NLC) currently being envisagegd]. We will see that these
processes are very sensitive to FC curr¢h6j.

An extremely interesting feature of the reaction$18) is

can then be calculated by folding in the distribution functions
fi,» for a vector bosorv (W or Z) with helicity hy .

The EVBA has been extensively studied in the production
of att pair[12]. There is, however, a significant difference
between fusion reactions leading td @ final state, due pri-
marily to the appreciable difference in the threshold of the
two-reactions(which, in turn, is due tan;>m.). This has
two consequences:

(1) Fortc the vector-boson energy fraction= Vs/s (as
usuals is the c.m. energy squared in th&/ c.m. frame and
s the corresponding quantity in tre" e~ c.m. fram¢ can
drop belowx=0.05 near threshold, fofs=800 GeV. In this
smallx range the distribution functions are overestimated
within the leading log approximatioi2,13. We will there-
fore use the distribution functions which retain higher orders
in m\z,/s, as given, for example, by Johnsenal. [13].

(2) For Iarge\/g, the longitudinal polarization vector &f
can be approximated bgf (k) =k*/my+ O(my,/ §). In the
production of a pair of heavy fermiorfsuch ag t ) through
VV fusion, the termk*/m,, gives rise to a contribution pro-
portional to (m,/my)* in the cross section; the subleading
contributions, generated by th@(m\,/\/g) remainder in

(k) are suppressed by a factor efmt/s Thus o(VV
—)tt) is well approximated by taking only the longitudinal
poIarlzedV s at the parton level reaction and assuming that
s>m? [12,13. In contrast, the approximatione4 (k)
=k*/my does not necessarily hold for the reactidtV
—tc for which m3/s~m2/m? near threshold. In particular,

that at c.m. energies of TeV and above, the correspondingie will show below that the Cross section for the reaction
cross sections can be much larger than the ones for thgy .4/ .1 scales likel e’ Eh e 2|2 Thus, not only is the

simples-channel reactions in Model lle* e —tc ¢ (see[6)])
andete” —HA—tcff; ttcc (see[9]) For example, we
find thato"""**=c(e"e —>thev +tcvev e) is about two

orders of magnitude larger thane®e” —tc+ tc) over a
large region of parameter space, white*®'=co(e*e”

—tcete + tcete ) is about one order of magnitude big-

ger thano(ete —tc+ tc). The crucial differenceland
therefore interestingfeature of theVV fusion reactions is

(m,/my)* factor absent, but the contribution from the trans-
versely polarized/’s is comparable to that of the longitudi-
nal V's near threshold. We will therefore include all polar-
izations for the vector bosons in our calculation @fVV
—H—tc).

It is interesting to note that while at tree-levef®'*=0 in

the SM, the parton level reactioN*W~—tc can proceed
at tree-level, via diagrana) in Fig. 1. Note that the corre-
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sponding cross section is proportional to,{my)* to lead-
ing order, and the usual replacemefi(k) —k*/myy is ap-
propriate. For collision of longitudinaW's, W,"W_—tc,
within the SM, we obtain

) 4 3
,\ Nema“ [ mg NV
SM 4 452 mw/) i1 iVt VeiVej
TN RESY [FSN PR L L G
A N At m? mi)’

wherei,j are family indices,sy=sinfy and N,=3 is the

color factor.AtEmflg andlh- are the two body phase-space €

integrals:

x*dx

0
ij - 2 2"
m-s (X— mdi)(x_mdj)

(16)
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model areH—bb, tt, ZZ, W"W~ andtc, ct. When
kinematically allowed, we include all these contributions in
calculating the above cross sections. For definiteness, we

will present our numerical results far= /4.5 We will also
ignoreCP violation and take\;=0 and\ =\y. In calculat-

ing the cross sections we first vary the mass of the lighter
scalarh in the range 100 Ge¥m,<1TeV, while holding
fixed the mass of the heavy scakratm,=1 TeV. We will
later discuss the case,~my .

Due to the orthogonality properties of thé and V2 po-
larization vectors, there is no interference between the trans-
verse and the longitudinal polarizations. Note that
Coel2=0, | €X?=1, and |} ey 7= (1+B3)%
(1—[3\2,)2 which grows withs. However, we can see from
(17), that o(m?/s—0)—0 ensuring unitarity of the hard
cross section. In general, the transverse distribution functions
are bigger than the longitudinal ones for=0.1[12,13.
Therefore, the relative smallness of the transverse hard cross

In (15) we have setn,=0 , however the three down quarks section compared to the longitudinal one is partly compen-
masses must be kept nonzero as the unitarity of the Cabibbsated for in the full cross section. In particular, we find that

Kobayashi-MaskawaCKM) matrix implies thatogy=0
when my=mg=m, (in particular, whenmy=m,=m,=0).

Numerically, &SM is found to be too small to be of experi-
mental relevance as it suffers from a severe CKM suppres-

sion: oinf=ogu(eT e —tCreret t Crere)~107°—10"4

the contribution from the transversely polariz&ds(Z'’s)
constitutes up to 25%35%) of the corresponding total cross
sectiong”"¢(a°®'9.

It is evident from(17) that oy — o5 for my—m,. The
main difference between””'® and o®®'°then arises from the
dissimilarity between the distribution functions féf andZ

(fb) for \'s=0.5-2 TeV. We will hence forward neglect the posons. In particular, disregarding the subleading transverse

SM contribution.

parts of theWW and theZZ cross sections, the relative

This is, therefore, a remarkable situation which allows forgyrength between the/ and theZ longitudinal distribution
a unique test of the SM and, in particular of the SM’s GIM fynctions is given by13]

mechanism. Even a very small number tafv, v, and/or

tcete” detected at a NLC running with a yearly integrated
luminosity of £=10? [fb] 1 [1], will unmistakably indicate
new FC dynamics beyond the SM. In Model Il event num-

bers in the range of a few(10P—10%) for tcvev,, and a

2 1 1
zZ_ 42 T EW T W
fo——c\%v(ZsW Swt 4)f0 3f0 . (20

Therefore, since the dominant contributions to the cross sec-

fewx (10— 10%) for tce*e™ are easily possible within the tions "¢ and 0°¢'® are produced by longitudina\’s and

existing experimental constraints.

Z's, 0% is expected to be smaller by about one order of

For Model I, VV—tc proceeds at tree-level via the magnitude tham”"¢, which is indeed what we find. We will

s-channel neutral Higgs exchange of diagrém in Fig. 1.

thus only present numerical results for’”'¢, keeping in

Neglecting the SM diagram, the corresponding parton-levemind that o°*' exhibits the same behavior though sup-

cross-sectionry=o(V}, Vi ,—tc) is given by[10]

. (sinZa )?N ma? my, 12
UV:AZ—Z ——| |en. €nol 2 Tp—TIy|?
4sBysy Mw/ =
Xmmeya,a_(a,A3+a 1), (17
where

aizé—(mtimc)z, B,= \/1—4m§/§, (18
and

1

(s—mZ+imyly)

Hy= (19

Given the couplings of Model IlIT";, (the width of H) can

pressed by an order of magnitude.

Figure 2 shows the dependence of the scaled cross section
a”"'°/\? on the mass of the light Higgs boson, for four
values ofs.® The cross section peaks ia%,~=250 GeV and
drops as the mass of the light Higgs boson approaches that of
the heavy Higgs boson due to the “GIM-like” cancellation
present in the scalar sectéwhich is only partly effective
when a# 7/4). Nonetheless, as will be shown below,
o”"'/\? can stay at the fb level even fon,=m,. When
Js=2 TeV the cross section is about 5 fb for=1 andmy,

5As will be shown later, th&'V fusion cross sections i13) reach
their maxima ata= /6 which is larger by a factor of-1.5 than
their value ata=/4; as indicated previously the cross sections

vanish whena=0, /2.
5The scaled cross section?”*'/\2, has a residual mild depen-

be readily calculated14]. The leading decay rates in this dence ori through its dependence dh,.
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FIG. 3. The cross sectiom(e*e’ﬂtaev_ﬁﬁ:uev_e) in units

of A2 as a function of (sim)? for \'s=1 TeV, m,=250 GeV and
my =250, 1000 GeVA\ as in Fig. 2.

FIG. 2. The cross sectimn(e*e’ﬂtaev_ﬁt_wev_e) in units

of A2 as a function ofm, for \/s=0.5, 1, 1.5 and 2 TeVa= /4
and we have set=1 in the widthI'.

~250 GeV’ It is therefore evident from Fig. 2 that at an a, o*"'° remains well above the fb level fofs=1 TeV as
NLC running at energies of/s=1 TeV and an integrated long as one of the neutral Higgs particles is kept within
luminosity of the order oft=1C? [fb] "%, Model Il (with 200 GeV=m; <400 GeV, while the mass of the other
\=1) predicts hundreds and up to thousandstob, v, Higgs boson can take practicaIIyNany value between 100—
events and several tens to hundred¢ ©é* e~ events. For 000 GeV. Moreover, note that as drops beloww/6 the
example, with Js=1.5 TeV, £=500 [fb]~* [1], and m; cross section becomes less sensitive tojhe heavy Higgs bo-
~250 GeV,\ =1, the cross sectionr’"'°(c¢!9 would yield ~ SOmM mass. For example, we find that with= 7/27 (which
about 200200 such events. Note also that even witl may represent the case of a sma)l and for s=1 TeV,
~500 GeV, this projected luminosity will still yield hun- o”***~1 fb regardless of the heavy Higgs boson mass,
dreds oftc v v, events and tens dice’e” events atys  My=250-1000 GeV and as one goes tgs>1 TeV, ¢
=15 TeV. The corresponding SM prediction yields, asbecomes even bigger. It is therefore clear that the FC effect
shown above, essentially zero events. being investigated in this section remains very interesting
The choicea= /4 is special in the sense that for this within a large portion of the free parameter space of the

value the GIM-like cancellation mentioned above is mostngéjsfsectordl_n Mt?](.jel ”I.t' ish t t furth
effective, however, it does not correspond to the maximum elore ending this section we wish to comment further on

of the production rates. In Fig. 3 we show the dependence dhe comparison between the cross sectigfe’e” —tc)
o""/\2 on (sirm)? for m,=250 GeV, Js=1 TeV and for dl_sc_ussed in6] and theWWannlhllanon_cross SeCtIOOWtC.
two possible values afy;, my=250 GeV andn,=1 TeV. within Model I_II. To do sg, for convenience, we normalize
The same behavior is observed for any valuesah the the cross sections to the™ s~ cross section:
range 0.5-2 TeV. We see that fory=1 TeV, which rep- . = — = —
resents the case of large splitting between the two neutral RVMte— o(e’e —tCvevet tCeve)
Higgs particles, o"'%(w/14<a=<ml4)>oc"""(a=nl4). o(e’e  —y—pu)
Moreover, even for ifi,—my)~0, o”*'°=1 fb is still pos-
sible for 0.02<(sin2)?<0.22 and 0.7&(sina)?><0.98. In
fact, our analysis shows that, with moderate restrictions on

Ric— a(e+e‘ﬂtc_+ R)

. (21

olee —y—-puu)
Note that whileR”"'® scales a3.?, R' is proportional tox*.

"The cross section is\? so that even a moderate changexof It was shown in[6] that R®/\* can reach 10° for a light

say by a factor of three, can increase or decrease the cross sectibtiggs boson mass around 200 GeV and c.m. energy'sof
by one order of magnitude. =500 GeV. As the c.m. energy is increasBtf/\* stays
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FIG. 4. The ratio R™=o0(e*e —tCrovettCrev,)/ FIG. 5. The ratioR”"® for my=1 TeV, as a function of/s for
oe'e —y—puu)] for my= 1 TeV, as a function ofn, for  m, =250, 350 and 450 Ge\ and« as in Fig. 2. See also caption
Js=0.5, 1, 1.5 and 2 TeWA and« as in Fig. 2. to Fig. 4.

fixed at the 105 level due to the~1/s behavior of W{W_ —tt, including all the contributing diagrams, are

o(ete —tc+ tc) with one loop FC Higgs exchanges.  91ven by

In Figs. 4 and 5 we have plottdel”'°/\? as a function of - 5
m;, and /s, respectively. We see that fam,~250 GeV and ATy \/;/ (1+By)coss—2p,
a c.m. energy of/s=500 GeV R""'¢/\? peaks at around T2, Mg || 1+ B —2pBcos)

103, two orders of magnitude abo\R¥¢/\*. We therefore

expect the number dfc v, v, events in the NLC to be bigger B V26, (@ Bi—i by T ) (22)
by about two orders of magnitude than the numbet of H:Eh,H @1 mDr) e |
events. Moreover, while the cross section for producing a

pair of tc_sharply drops as/s is increased, th&VW fusion 27« mt2 n+ Bi )
cross sectiong”"'® grows with y/s. In particular, Figs. 4 and Ay=—7= 2 ﬁ 1+ B2—2pB,co sing,  (23)
5 show that for 200 Ge¥m,<400 GeV,R""¢/\?~10"?

. vt 2 101 — . .
for ys~1 TeV andR""*/\?~10"* for \5~2 TeV. where§ is the c.m. scattering angle aag,, b, andc,, are

given in (11), (12) and (8). In the SM limit @= — /4 and
Ar,\, =0, the hard cross section fov," W_ —tt, obtained
from (22) and (23) agrees with the one obtained by Eboli
etal.in [12].

In order to give the reader a qualitative feel for the effec- We give below only the *“nonstandard” parts
tiveness of thetcv.v, production rate it is instructive to oph,0HH ,OhH,0pn @nd Oy 8
compare it, in Model Ill, to the production rate of the “nor-

IV. ete"stcwer, Vsete Sttt
AND BACKGROUND CONSIDERATIONS

mal” ete —ttwer,. We recall that o”'=c(e*e” ohn=Gi(sina)?|T1,|%( Bfai+byp), (24)
—W W™y v —ttv.v,) is dominated by collisions of two
longitudinal W's at the parton level[12]. The reaction onn = Gr(cosw)?|TT 4| 2( Bag +bj), (25

W W~ —tt can proceed through thtechannelb quark ex-
change and the-channely,Z,h andH exchangegthe dia-

grammatic description can be found(i2,15). 8The SM-like parts can be extracted from the paper by Eébli

The helicity amplitudesA, -, A,- 5 (7 and 5 denote 4 i, [12] by changing the appropriate quantum numbers of the
the helicities of thet and t quarks, respectivelyfor final state fermions.
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FIG. 6. The ratio R =g(e"e —vevetC+vevetc)

/O’(eJreiHVeV_ett_)] for my=1 TeV, as a function ofm, for
Js=0.5, 1, 1.5 and 2 TeW\ and« as in Fig. 2.

Thn=— GiSiN2aRe( I, I1%) (Bfanan +brby),  (26)
5 ~ (1-B)?
o'bh:gtsma’ah(l_Ah)|Hh|2[T¥A_(1+,8t2) :
(27)
. ~ (1-B7)?
UbH:_gtCOSaaH(l_AH)mHF[Z—IB:A_(1+Bt2) ,
(28)
Wherez}ij ,i=] denotes the interference cross section ofithe
andj intermediate states, and
Nema? mi (,Bt-i- 1)
= — B¢, A=In . 29
=t my” g1 @

In Fig. 6 we plot the ratioR!!'=g""t¢/ "' within

Model Ill for A\=1° a= /4 andm,=1 TeV as a function
of the light Higgs boson mass,, and for\s=0.5, 1, 1.5, 2
TeV. "' depends very weakly om;,, with a small peak at
m,=400 GeV which fades as's grows. Therefore R/

peaks witha”"' at m,=250 GeV. We can see from Fig. 6

that for s=0.5 TeV and in the range 200 Gein,
<400 GeV,R">1. In particular, forn,~250 GeV,o""t®
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FIG. 7. The Feynman diagram férf '—tcV in Model IIl. For
ete"—tcz, V=2, f=e andf’'=e".

<=m,=400 GeV, we find that for/s=1 TeV, R¢>0.1,
while for \s=1.5-2 TeV, 0.0R"“"'<0.1.

The dependence af**'' on \ is significant only near its
peak (at m,~400 GeV; for 200 Ge\=smy<400 GeV,
whereR!* acquires its largest valueR!®" roughly scales
as\?. Thus, again a mild change i can alterR'“'' appre-
ciably. Hence, within Model Ill, withm,, in the few-hundred
GeV range, it is possible to observe comparable production
rates for thd c v, v, andtt vov, even at a NLC running at a
TeV range c.m. energies.

We have not done any serious study on the issue of back-
grounds. For example;.v W"W™ is expected to be about

an order of magnitude bigger than.v .tt and therefore
could be of concern. However, we remark that the NLC lit-
erature suggests that detectiort ¢br t) via the main mode
t—bqq' (i.e., 3-jet eventswith the constraintmey+ Mier,
=myy can be achieved with a relatively high efficieri@g].
The vwWW cross section also has distinctive constraints on
it that, along with the rather cleardetection, are expected to
be very effective in separating it fromwvtt or vwtc final
states. In the case of thgvt c final state, in addition to the
top-quark detection via, for example, the 3-jet mode, the
other (charn) jet is rather unique and should stand out as
essentially a light quark jet with a lot of energy, i.e., the
event should look like aingletop quark event. Therefore, it

will be difficult to fake atc event with att or WW event!®

V. THE REACTION ff’'—Vtc

In this section we explore the possibility of observing a
signature of atc final state(and its conjugate oneat the

NLC. Within Model Ill, the reaction ff’' —Vtc (V
=Z, W' or W~ depending on the quantum numbers of the

f ' initial state proceeds at tree-level via the Feynman dia-
gram depicted in Fig. 7. Of course, disregarding the incom-

ing ff' fermions, this reaction is directly related to the sub-
processVV—H—tc. We can therefore express the cross

19n passing, we want to briefly mention that we recently became
aware of the work by Slominski and Szwgl¥], in which the QCD

can become almost two orders of magnitude larger thastructure of the electroweak bosons is considered. Although this

o’ As \s grows, R" drops. In the range 200 GeV

%Recall that we have assumed for simplicity that=\;;=\.

may make an additional contribution to the background it should
not make a qualitative difference in so far as the distinctive features
of the vwtc final state is concerned. Whether or not the signal

stands out over the backgrounds will, of course, ultimately require
careful simulations which is beyond the scope of this paper.
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Fig. 2.

sectiona(f?—Ntc_) in terms of the hard cross sectiory

given in (17):
o(ff'>Vte)= —————AI12{[al V]2 +[al(V)]?
( ) Sm(sin2on? lag 1%+ [ag 1%}

(A;l/27 )2

2
[ g0, 2L 12
1 ws+

X 2 &V|§:m22-
hy1,hy2 t

(30

Here A,=m?2/s (s being the c.m. energy of the colliding
ff’ fermiong andIl,=(1—A,) 1. Also ,=m,/m, and
w1, w, are functions ok given by:

01= (A~ (VAy+ VA2)(A- (VAy—VAgZ), (3D
wy=2\1—-4z"%%5,

and we have defined théf f’ interaction Lagrangian as

(32

Gw e
Ly 1= avﬂ v, f'(@vL+alVR)f, (33

whereL(R) = (1 ys)/2.
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FIG. 9. The cross sectiom(e+e‘—>tc_Z+RZ) in units of A2
as a function of/s for m;,= 200, 250, 300, 350 and 400 GeN and

@ as in Fig. 2.

section o= a(e*e*—>Ztc_+ ZR) relevant for the NLC
and for whichv=2, f=e~, f'=e* anda®®@=1/2-53,,
ad?=s2,. The production of a real Higgs boson andZa
boson viae*e”—Z—ZH followed by the H decay H
—tc was investigated if9]. This is of relevance whenever
there is sufficient energy to produce a r&af pair andmy,
>m,+m;, then:

o(ete"—=ZH—Ztc+Ztc)

~g(ete”—Z—ZH)XBr(H—tc+ tc).
(349

Here we will extend the analysis performed 8 by includ-
ing both neutral Higgs particles, produced either as real or
virtual particles.

In Fig. 8 we plota?'®/\? as a function of the light Higgs
boson massmy,, for various values of/s, and in Fig. 9,
o?*/\? as a function ofys for various values ofn, (my
=1 anda=7/4 are kept fixell We see that there is a sig-
nificant difference betweea?'® and ¢”"'¢,a®®'¢ the former
drops withs (as expected for an s-channel progegkile the
latter increase witls. Therefore, a search fortc signature
will be most effective at lower energies. In particular, we
find thato'/ A2 peaks when the c.m. energy is a few tens of

The formula given in(30) is general and can be applied, GeV above the threshold for producing a réal pair. At
for example, for calculating the sub-process cross sectiongs=500 GeV and for 200 Ge¥m,<350 GeV, ¢%!%/\?

uu,dd—Ztc andud; ud—W7'tc;W tc relevant for had-

=0.2 fb and peaks fom,~250 GeV at~0.6 fb. In this

ron colliders. Here we wish to concentrate only on the crossangeh is produced on-shell and then decaysE
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FIG. 10. The cross sectian(e*e”—tcZ+ t cZ) in units ofA2

as a function of (sin)? for ys=1 TeV, m,=250 GeV andm
=250, 1000 GeV.\ as in Fig. 2.

Apart from the overall factor of (sin2)? in the cross
section(from the VV—H—tc matrix elemenyt there is an
additional strong dependence ancoming from Br(n—>tc_
+H:). This quantity also generates a strong suppreg$un
a=l4, Br(h—>tc_+ﬁ:)~10‘2] since h decays mainly
into W pairs: Brh—W"W™)~1 for a==/4 and 2n,
>m,>2m,, and Brh—W* W~ )~0.7>Br(h—tt) when
m,>2m,. In contrast, within the SM BH—W"W")
~Br(h—tt)~0.5 form,>2m,.

Similar to theVV fusion case, when there is large split-
ting between the masses of the two neutral scalags my,

=1 TeV), o%*%\? is maximized fora~ x/6. In Fig. 10 we
plot ¢Z'%/\? as a function of (sia)? for \Js=500 GeV,

my,= 250 GeV andmy = 250,1000 Ge\}! As can be seen by
comparing Fig. 3 with Fig. 10g%' and "' exhibit the
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on'a but is insensitive tan,,). However, unlike thesvtc and

the eetcsignals which form a relatively clean signatu{ess-
pecially at higher energies, i.e/s=1 TeV, where there is
practically no competing process that can produce a pair of

tc), theZtc final state may suffer from severe background
problems if scalar FC interactions are indeed present. For

example, assuming thatta pair can be detected with some
efficiency factor, still, the production rate of a pair&f via

e'e”—Z—HA followed by the decaysA—tc and H
—ff (recall thatH=h or H and f stands for a fermion
may well overwhelm that oé*e”—Z—Ztc.

VI. THE RARE TOP DECAYS t—W*W~¢, t—ZZc

Finally we wish to discuss the two rare decays
—W*"W~ ¢ andt—ZZc. The latter being possible only if
m>2m;+m, (which is still allowed by the daja Within
the SM these decay channels are vanishingly small. For the
first one,t—W"W™c, even though a tree-level decay in the
SM (i.e., the tree-level diagram is the same as the one de-
picted in Fig. 1a without the electron and neutrino fermionic
lines), suffers from the same severe CKM suppression which

appears in the subproce¥$" W~ —tc considered before.

Typically, one finds Bi{—W*'W ¢)~10 13-10"*2 for

160 GeV=m;=200 GeV[18,19. For the second decay

—ZZc, the branching ratio is even smaller since it occurs

only at one loop and in addition it is also GIM suppressed.
The situation is completely different in Model Ill where

both decay modes can occur at the tree-level through the FC

Higgs exchange of Fig. 1bwithout the leptonic linesand

the CKM factors are absent. These decays are thus related to

the fusion reactionsVW, ZZ— tc, by crossing symmetry.
Therefore, in terms of the hard cross-section giveflin:

FVVEF(t—>VVC)

3
my J(l—gc)z 2 ~
=5 dz2z—-4 Ov|s=m2z-
32NC7T 44\2/ 1 gV)hV%VZ V|S le

(39

The scaled branching-ratio BF W™ W™ c)/A? is given in
Fig. 11 as a function of the light Higgs boson mass and for
m,=170, 180 and 190 GeV. Also, in Table | we present the
branching ratios for both—W*" W™ ¢ andt— ZZc where we
focus on the rangen,—25 GeV<m,<m;+25 GeV (keep-

same dependence ansince both reactions are governed bying my,>2my,). We see that Bt(~W"Wc)/\? is largest

the VV—"H—tc amplitude; we again find that famy=1
TeV, o2 mw/14<a =< w/4)> c%'(a= w/4). Whenmy~m;,
~250 GeV,?'°=0.2 fb is still possible for 0.02 (sina)?
<0.28 and 0.75 (sina)?<0.98.

We thus conclude that at an NLC running @$= 500
GeV and a yearly integrated luminosity 6& 107 [fb] ~* we
can expect several tens and up to hundred <ihraw
events for 200 Ge¥m,=350 GeV (the number depends

"Here also, the same behavior as a function of¢$foccurs for
higher energies.

for 2my=my=<m, and drops rapidly whem,<2m,, or
m,>200 GeV. The reason is that when,<2m,, or m,
>m;, the decayt—W"W ¢ is a genuine 3-body decay.
Thus, it suffers a suppression factor~Br(t
—W*W~¢)/Br(t—hc) compared to the essentially 2-body
case,t—hc, which is relevant for the window, rBy,=m;
=m,. Br(t—W"Wc)/\? is typically a few times 108 for
m,=m, and can reach-10"° in them,<2m,, region. For a
wide range ofm,,, i.e. from about 50 GeV to about 300 GeV,
Br(t—W"W~c)/\? is 3—4 orders of magnitude larger than
the SM prediction.

For optimal values ofn,,, lying in the very narrow win-
dow, 2my=mp=m,, we find that Br(—W*Wc)/\? can
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function of m,, for various values ofn;. A anda as in Fig. 2.

and 185 GeV\ and« as in Fig. 2.
reach the 10°-10 * level. In this region theé-quark decays Tev and takingm,, =170 and 185 GeV. We see that-&l0
to an on-shell Higgs boson followed by the declly Gev shift inm, can easily generate an order of magnitude
—W"W". Note that the procest—ch studied in[7] is  change in the branching ratios. For some possible values of
related to the reactiot—W"W™c under discussion here. In my, in the range 150 Ge¥m, <200 GeV it can even gen-
the region Iny<=m,=m; the decay width satisfief\w  erate a change of several orders of magnitude.
~T'(t—ch) X Br(h—W"W~). Note, however, that the ana-

lytical results of[7] correspond to the choice—0 and in VII. SUMMARY AND OUTLOOK
this special case Higgs decaysWwHW, ZZ are suppressed at

tree level even whem,,>2m,, . In the present paper we use [N this paper, we have emphasized the importance of
the more generic valug= /4 in which caseh—WW be- ~ Searching for the FC reactions”e” —tcvev,, e'e”
comes the dominarit decay. —tcete” andee”—Ztc in a high energe*e™ collider.
Concerningt—ZZc, the branching ratio is typically These reactions are very sensitive indicators of physics be-
~10"° for 2m,+m,<m,<200 GeV if againm, lies in the ~ yond the SM with new FC couplings of the top quark. As an
very narrow window 2,<m,<m,. Also, both decays are illustrative example we have considered the consequences of
very sensitive tom,. In Fig. 12 we have plotted Bi( extending the scalar sector of the SM with a second scalar
—W'W~c)/\? and Brt—ZZc)/\? as a function ofm, doublet such that new FC couplings occur at the_tree-level.
holding fixed the mass of the heavy Higgs bosomat=1 At \s=500 GeV the production rates for th&tc and

TABLE |. The scaled branching ratios BrfeW™W™c)/A? and Br¢—ZZc)/\? in units of 10 for
my=1 TeV, a= /4 and for various values ofy andm,,. The values ofn, andm,, are given in GeV.

Br(t—W*tW c)/\2x 10°

Br(t—ZZc)/\2x 10°

Jm, m,=175 m,, =185 m,=195 m,=175 m, =185 m, =195

170 4.74 1072 1.15x 1072 4.93x107? / / /

175 0.411 571072 2.22x1072 / / /

180 34.9 0.202 6.6810°2 / / /

185 112 0.792 0.167 6.9710°* 9.88x 1078 2.64x10°4
190 216 26.0 0.398 3.0810°2 8.69 2.61x10°?
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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tCwev, final states are comparabiseveral tens of raw Particle above this limit would drive the study of general
events are expectedHowever, for c.m. energies at the TeV extended scalar sector, not of a supersymmetric origin, and,
level and above, we found that within a large portion of thein turn, this should encourage the study of FC effects such as
parameter space of the FC 2HDM, i.e. Model IIl, in a onethe ones studied in this paper. L
year of running with a yearly integrated luminosity @f The large FC effects ine"e” —tcrv.v, and e'e”
=100-500fb] ~*, these new FC couplings may give rise to —.tce*e~ described above may serve as a “yardstick” for
several hundreds and up to a few thousatis. v, events other, possibly large, FC effects in those same reactions. In
and tens to hundreds dtete~ events in the NLC. This this sense, a model independent analysis of the reactions
will unambiguously indicate the existence of new physics. e"e”—tcv.v, and e e —tce*e” can be very useful.
We have shown that the comparison betweeti'® and  This can proceed by either incorporating explicit phenom-
the “normal” "' comes out favorable in these models. enological FC vertices oZtc, WWtgZZtc etc., or by con-
Thetc final state involved, is rather distinctive and, there-Sidering new effective couplinggpossibly right-handedof
fore, serious background problems for either teeso v oOr the W bason to the top and a down-type quark which wil

— . . . affect Fig. 1a[20]. Note that the effects of an effectiv&c
thetce™e™ signatures are not anticipated. Moreover, from

. ) _ ; ; coupling, if at all measurable, will be directly probed in the
the experimental point of view, it should be emphasized that tionete-—7—te wh tion is | b
althougho®®'¢is found to be one order of magnitude smaller f€actione e —Z-=1C WhoSe cross section IS farger by a

— . . factor of ~ (a/7)? (« being the fine structure constatitan
thano”"'¢, thetce*e™ signature may be easier to detect as (afm)” ( 9 2

it does not have the missing energy associated with the twi'€ ON€ fortc veve throughWWiusion. Therefore, if a van-

neutrinos in the c v, v, final state. Also, at/s=1 TeV, the

ishing production rate foe*e”—Z—tc is measured in a
— — —, - . NLC with a c.m. energy aroungs=500 GeV, then the pos-
tcvev, andtcee” signatures are to some extent unique 9y ds b
as other simple FG-channel processes lils"e” —Z—tc,  pated.

'sibility of a significantZtc coupling will be basically elimi-
e'e”—~ZH—Ztc ande’e"—AH—ttcc, tcff tend to The cross-sections forete —tcr.r, and e'e”
drop as 1% and are therefore expected to yield much smaller_)tC—eJre_ grow with the c.m. energy of the colliding fer-
production rates at ae" e~ collider with \/s=1 TeV. .

i mions. Therefore, an analogous study, for the LHC, of pro-
We have also examined the two rare top decays gction oftc pairs viaVV fusion may be even more inter-

D e
—W"W"c andt—ZZc. We found that, within Model Ill,  ogting - However, note that in the LHC, these types of

the branching ratios are many orders of magnitudes bigg&gactions are likely to suffer from much worse background
than the SM ones. However, detection of such exotic SigNa5ohlems.

tures may not be possible at the NLC as it is expected 10 \ye will refer to some of these points in a later work.

produce~fewx 10" tt pairs. However, if nature provides  Note addedAfter completion of this manuscript, which is

us with a scalar particleh, with mass in the range an extension of our previous wofk0], we became aware of

150 GeV=m,=200 GeV and with FC couplings toc,  a very recent work21] where(among other thingsan exact

then the LHC, which will be capable of producing 10 cajculation for the reactio* e —tc vy is reported. The

— 10 tt pairs, will be able to detect those rare signatures oflifference with the effective vector boson approximation

top decays. used here appears to be at the order of 10% in the range
We wish to end with the following remarks and outlook: 200 Ge\k m,<400 GeV and 1 TeVW \/§<2 TeV. For
Note that in our previous worK,10], we have usedny  m,=400 GeV and 1 TeW \s<2 TeV the difference can

=750 GeV while here we have set the heavy Higgs bosolhe at the order of 30% or so. In general the difference di-
mass to bemy=1 TeV. No significant difference between minishes as/s decreases.

the two choices is observed.

It is most likely that the Higgs particles, if at all present,
will have been discovered by the time the NLC starts its first
run. If indeed such a particle is detected with a mass of afew we thank David Atwood, Keisuke Fujii, George Hou,
hundreds GeV, it will be extremely important to investigate Mark Sher, and Daniel Wyler for discussions. We acknowl-
the reactionse*e” —tcv,v, ande"e —tce'e” in the edge partial support from U.S. Israel B.S(E.E. and A.S.
NLC as they may serve as strong evidence for the existencand from the U.S. DOE contract numbers DE-AC02-
of a nonminimal scalar sector with FC scalar couplings to76CHO0016BNL), DE-FG03-94ER4083UCR). G.E.
fermions. In addition, since supersymmetry strongly disfa-thanks the Israel Science Foundation and the Fund for the
vors anh heavier than~150 GeV, the detection of a Higgs Promotion of Research at the Technion for partial support.
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