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Effects of lepton number violating interactions ontt production at the Next Linear Collider
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We discuss the effects of lepton number violating interactions, naRedgrity violation and leptoquarks,
on top-quark pair production at the upcomiege ™ linear colliders. The effects of SP) singlet, doublet, and
triplet leptoquark interactions are investigated. Raparity violating minimal supersymmetric standard model
also allows certain kinds of lepton number violating interactions which are the same as singlet leptoquarks with
left-handed interactions. We have calculated the cross ssectiefi ef—tt in the presence of the above
interactions. With conservative values of lepton number violating coupling strengths we get an enhancement of
the top-quark pair production cross section in all of the above cases.
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[. INTRODUCTION the production cross section of a heavy quark pair is huge at
a hadron collider, the presence of competing QCD back-
It is well known that lepton nhumber conservation in the grounds may interfere in such precise measurements.

standard modelSM) is an accidental symmetry. It is a mere  Baryon(B) and lepton(L) number violating processes in-
outcome of particle content and the gauge structure of theolving the top-quark have been investigated by several au-
SM. In many extensions of the SM, lepton number violatingthors. For example, the effects BfandL violation in top-
interactions occur in a natural way. The minimal supersym-quark production at hadronic colliders have been analyzed in
metric standard modelMSSM) without R parity [1] and  Ref. [4] in the context ofR-parity violating SUSY. People
nonsupersymmetric theories with leptoquaf2d are well  have extensively studied the single top-quark produdtign
cited examples of it. The key feature of these theories, reland decay of the top-quaflé] mediated byR-parity violat-
evant for the following analysis, is the presence, in theiring interactions. The effects d&-parity violation on the top
spectrum, of a scaldteptoquark which couples to a quark mass have been discussed M. So much attention has al-
and a lepton at the same time. Leptoquarks arise in manfeady been given to the top-quark phenomenol@yn the
models of extended gauge symmetry including grand unifiegontext of R-parity violation. Although leptoquark interac-
theories. In many of these models, vector leptoquarks caHons have similarities with those & parity violating SUSY,
also arise. The gauged vector |eptoquarks are Superhea j . SOme cases the chiral structure of the relevant COUpIingS
Their mass is related to the scale of spontaneous breaking 8fffers. Much attention has also been paid to leptoquark phe-
the lepton number. On the other hand, interactions involvindiomenology. Apart from direct leptoquark searches at future
the nongauged vector leptoquarks are nonrenormalizablé€Pton and hadron collidei®], the effects of these interac-
Several interesting phenomenological analyses have be%qns have been studied in the context of negtnnoless double
carried out considering both of these interactions. In this ar= eta decay10], the muon anomalous_ magnetic momEﬂrit],
ticle, we will focus on how these scalar leptoquskclass and, needless to ment|oq, t9 explain the DEQ‘YCO"'der.
that also includes the squarksRAparity violating supersym- HERA_‘ anomaly[12]. The |nd|_rect effects OT leptoguark in-
metry (SUSY)] interactions can modify the top-quark pair teractions have also been investigated in the context of

Yo : : . .
production cross section significantly at the next generatior‘? €. e and 'hadronlc coIh_derElS]. In this paper we will .
try to discuss, in some detail, how these lepton number vio-

g : . . .
e"e” colliders. The choice of this particular process has ting couplings can affect the pair production and decay of

several advantages. The foremost is the copious productid ; . : .
of top-quark pairs at these machines. Also, the cleaner envf—ﬁe heaviest quark. This has been studied previousli4i

ronment of leptonic colliders helps one to make precisiori:e:msi“ngeﬁtg_ (i'g"ei;eig:l n(:gIrTsnt?;inlthS:r% geﬁ\?é%r'ziﬁ(:hglgggsg
studies such as measuring more accurately deviations fro ' '

the SM expectation, if they exist. One of the major goals Of_reference, on the leptoquark mass and couplings by compar-

. 2 . . . .
thesee*e™ machines is to measure the top-quark interac!NY (and then doing &* analysis the angular distribution of

tions to a high level of precisiof8]. The measurement of the leptoquark r_nedigted processes with that 9f the_ pure .SM' It
lepton number violating couplings involving light quarks was shown in this reference that a 1 TeVe™ collider will

(mainly of the first generatiorand leptons can also be done be more efficient than a 500 Gev maching in exploring/
at hadron colliders by studying processes such as DreII-YaﬁXCIUd'ng the parameter space of leptoquark interactions. We

pair production of leptons. But at a hadronic machine, gheVill focus on this point more later. People have also consid-
couplings in which we will be interested in our analysis canered the effects of vector leptoquarks tinproduction from

be probed only in the decays of the heavy quarks. Althouglg’ € collision [15]. The authors of Ref.15] also used po-
larizede™ beams to differentiate the vector leptoquark inter-

actions from the SM. They presented the variation of the
*Email address: anindya@mri.ernet.in total number oftt events with vector leptoquark mass as-
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TABLE |I. Different kinds of leptoquark interaction relevant for our analy8tgarity violating MSSM
interaction in Eq(2) corresponds to the left-handégroportional to)\(ll3)) interaction of® .

Leptoquark type Coupling SU(3XSU(2) X U(1)y
by [)\i(jl)gijl-u+Xi(jl)EC?jeRi](bl (3,1,2/3)
& [)\i(jZ)QLjeRi_ NPURiLL1D, (3'2'7/3)
@, MNYQE LD, (3,3,213)

suming the leptoquark couplings andt of order unity.  many othersthe relevant interactions involving a lepton and
Although the structures of the vector leptoquark interactions quark along with a squark. One can easily write the inter-
are different from those of the scalar leptoquarks, qualitaaction of our interest:
tively the variation of the production cross section with lep-
toquark mass agrees with our results. In this article, we will Ly = —?\igk(alg)*(a)ctﬁ H.c. 2)
concentrate on how the total cross section would change in
the presence of such particles and how angular asymmetry in Now we will turn our attention to the leptoquark interac-
tt production and decay can be used to among discriminatéons. The interactions necessary for our purpose are listed in
the different types of leptoquark interaction. The plan of thea tabular form in Table [18]. Here we have suppressed the
rest of the article is as follows. In the next section, we will SU(2) indices. One can very easily write the interactions
discuss the models briefly with special emphasis on the relelevant for our purpose involving t, and a particular lep-
evant couplings and the similarities and differences in twaoquark from Table I. Below we write the interaction
the models of our interest. The third section contains thd.agrangians separately for singlet, doublet, and triplet
result of our analysis followed by a conclusion in the lastleptoquarks*
section.

L£1=—[AE(e)°P t+1}(e)°Prt]¢,+H.c.,

Il. RELEVANT INTERACTIONS o -
Lo=[N\FtP e—NFtPrel¢p,+H.c.,
In this section we will discuss briefly the phenomenology 2= MR 15 tPreld2
of lepton number violating interactions in the contexttof
production ine™ e~ collision. As we emphasized earlier, two
main kinds of model that allow these interactions are the
MSSM with R-parity violation and non-SUSY theories with
leptoquarks. As has been noted in the literature, unless
discrete symmettyis introduced by hand, the MSSM super-
potential contains the following terni46]:

L3=\3(e)°P tps+H.c. &)

There are some similarities and differences between the
above interactions and that in E(). The triplet and the
left-handed singletproportional to)\%)) have similar struc-
tures to theR-parity violating interaction. The charges of the
leptoquarks in such cases are also the same as that of the
o o A A squark involved in Eq(2). At the same timep; has a cou-

Wgr=NijiLiLEg A LiQiDk+ N i UFDDE+ €LiH,. pling with e andt which is right-handed in nature. This type

of interaction is not allowed in SUSY. The $2) doublet
(1) leptoquarke¢, has a similar kind of interaction te,. The
only difference is its electromagnetic charge, which is equal
However, such a symmetry &d hoc So it is of interest to 10 5.
consider possible violation of this symmetry especially when The operators, that will contribute to the top-quark pair
it has some interesting experimental consequences in detegttoduction viae™e™ annihilation follow very easily from the
ing the supersymmetric particlgs7]. One can easily see that Lagrangian. They are given in Table II.
the first two and the last terms in the superpotential violate Apart from the SMs-channel diagranimediated byy or
the lepton number/flavor explicitly while the third term Z), one has to calculate an extra diagram mediated by the
breaks the baryon number. As we are interested in the topsquark or leptoquarkisee Fig. 1due to these lepton number
quark pair production in electron positron annihilation, weVviolating interactions. Looking at the Lagrangians, one can
will be interested in the second term. One can expand thigasily check that ilR-parity violating contributions, one ver-
piece in terms of the normal fields. This, in turn, yie(dsth ~ tex is proportional td®, and the other is proportional @,
while in the leptoquark mediated contributioRg or Pk can
arise in both the vertices.
This symmetry is calledR symmetry. R is defined as
(—1)3B-L=25 Al the SM fields haveR=1 and all the SUSY

partners hav®= — 1. Apart from ruling out botlB andL violating 2In Eq. (3) and Table Il below, one should not confuse the
interactions, this symmetry has the additional consequence of rercouplings with that in Eq(2). The N couplings here have more
dering the lightest superparticle absolutely stable. similarities with the\” coupling in Eq.(1).
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TABLE Il. Different types of operator contributing to the pro- respectivelyp,, p,, ps, andp, are the momenta @, e

cesse"e” —tt, made from interactions in Eq$2), (3). R-parity  t, andt. The Mandelstum variables are defined sas(p;
violating MSSM corresponds to case 1. For the first two cases p,)? and t=(p,—ps)? for singlet/triplet andt=(p,

be 1 or 3. —p3)? for doublet leptoquarks. The amplitudes for lepto-
1 Squark P — — quark mediated diagrams are proportionalx¢? when P;
C AC * ~
an chat/tri ’Iet IMS5|*(tPre® ePL) i) =PgrandP;=P,, to[x|? whenP;=P_andP;=Pg, and to
lento uzfrk(left?handed (RL) AN when both areP| or Pg. Following Tables | and I, the
ptoq triplet leptoquark contribution can only be proportional to
2 Singlet |X?§\2(I_PLGCECPRI)E¢>\? |d)\|i The other cases do not arise for triplet leptoquark me-
leptoquark(right-hande LR lation. . .
ptoquarklrig a (LR) Now let us discuss the experimental bounds on the rel-
3 Singlet INDXD)| (€SP, t TP e°)¢1¢1 evant couplings. Th&-parity violating contribution is pro-
leptoquark(right-left) a=L,R (LL,RR portional to the coupling\;g, wherek is the generation
— index. We will consider only on&-parity violating coupling
4 Doublet INZD|2(tP e ePrt) o b to be nonzero at a time. Looking at the literat(ii®], one
leptoquark(left) (LR) can check easily that the coupling s, is the most loosely
5 Doublet constrained 16].3 So we will use this particular coupling in
oubet RZI2(tPre e t) b, b3 the following analysis. This implies that the exchanged
leptoquark(right) (RL) squark in Fig. 1 is the supersymmetric partner ofslygiark.

The same constraints would also exactly apply on the left-
handed singletX{}) and triplet & §)) leptoquark couplings
to e andt. The product of the couplings{Jx{) in these two
cases is unconstrained. The @WJdoublet leptoquark cou-

For the sake of completeness, we write down the expresplings A{2 and X{2 (left and righ} are individually con-
sions for the amplitudes, arising due to the different types oktrained from thee*e™ partial decay width of th& boson
interaction listed in Table II, along with the SM: [20Q]. It is interesting to observe that the left-handed cou-

plings are more stringently constrained than their right-

6 Doublet INERBI(tP e eP,t) b
leptoquark(right-left) a=L,R (LL,RR

1 — handed counterparts. The numerical values of the upper
Msu=— 2. . [v(P1) Yu(@etbeys)u(p2)] bounds on the left-handed couplings of the ($Udoublet
s—my+imyly upling .
- leptoquarks are comparable with the upper bounds obtained
X [u(ps) y*(a,+byys)v(pa)], for R-parity violating coupling strengths. There is no upper
° Ce N bound on the product of the left- and right-handed leptoquark
2 %12 couplings. So we may take their values as free parameters,
S,T INZINZAN — LI O . .
M —[u(p3)P u(pl)][v(pz)P v(pa)], keeping in mind that the value should be perturbatively vi-
t—m?
¢ able.
INZINZAX — IIl. DISCUSSION OF THE RESULTS
MEQ —[U(pa)P u(pz ][U P1)Pju(pa)].
t= m¢> We will discuss in this section the numerical results from

(4) our analysis. We have only estimated the Born level dia-

The first (Ms,) of the above equations stands for the two 9rams corresponding to the operators in Table II. All the

SM s-channel diagrams. For the photon-exchange diagran coupllng constants scale with the scalar mass. In the case of
bo=b,=0, a,=—e, a,=2e, and my= Fv 0. For the R-parity violation, N3, scales linearly witht, mass. This

Z- exchange diagram, a,= (g/cosfy)(—:+sirP4,), b, Particular coupling is constrained to be less than 0.28 for a
=gl4 costy,, at—(g/cosb\,\,)(———smzew) and b= 100 GeVTL mass[19]. As we discussed earlier, this bound

— /4 coshy. The next two expressmry&;(l T and M P are applies equally to the left-handed singlet and triplet lepto-
LQ ~

for singlet/triplet and doublet leptoquark medlated diagramdgluark couplings. We will also use the same valuesigy
(=0.3) and the produdt{A {Y(=0.09) as there are no phe-
€ t (19 nomenological bounds available for those. Again, for nu-
merical values of the couplings involving doublet lepto-
guarks we follow Ref[20]. For a 100 GeV scalar, the upper

1

I

i

19,(0,.0,.9) . ~ o

1 0105 bound for left- (.{3)) or right-type &{%) coupling is almost

! o the samdand is nearly equal to 0.4While the upper bound

et ! t (t¢)
FIG. 1. Feynman diagram for the proces*se’HtTin R, vio- 3This particular coupling is constrained from the forward-
lating SUSY or leptoquarks. backward asymmetry ie*e~ collision.
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FIG. 2. Variation of top-pair
production cross section in the
presence ofa) singlet and triplet

leptoquarks andR-parity violating
interactions andb) doublet lepto-
quarks withe™e™ center-of-mass
energy vSe. Leptoquark mass
(my) is fixed at 300 GeV. For
comparison we have also plotted
the pure SM contribution. The dif-
ferent lines are for different kinds
of interactions. Legends follow
from Table Il. The curve marked
RL in (a) corresponds tdR-parity
violating SUSY.

o (fb)
o (fb)

100 1 1 1 1 1 1 1 1 1
500 700 800

VSee (GeV)

100 500 600 700 800

Vsee (GeV)

on the) {2 coupling is not very sensitive to the leptoquark scalar masgsay 300 GeV, which is well above the bounds
mass, the upper bound on the other one rises quite fast witguoted by the CDF and DO Collaboratiof@3] from the
increasing scalar mass. We will use the same values as befofevatron search limits for squarks and leptoquped set-

(as for the singlet and triplet leptoquaykior these cou- ting the value of all the couplings\(,\;,i=1,2,3) at, say,
plings, which makes our estimate conservative. 0.3. There are several cases of interest, following Table II.
In Figs. 2 and 3 we present the numerical estimates of thghe LL andRRtypes of interaction do not interfere with the
cross sections. We do not consider any higher order corre®M contribution. It is also worth mentioning here that the

tions to the process of our interest. Higher order correctiong |, RR and LR lines in Fig. 2a) come from the singlet
are importanf21]. In the case of the SM, inclusion of higher |eptoquarks only. The others, namelyR andRL, interfere
order effects increase the cross section significantly. The aidonstructively with the SM. For comparison, we plotted the
of this paper is to show the enhancement of the total crosgure SM contribution as well. It is clear from the figures that
section(of tt production) over its SM value, when one in- the presence of any one kind of lepton number violating
cludes the lepton number violating interactions arising frominteraction increases the cross section over its SM value. It
leptoquarks orR-parity violation. We have calculated the s worth mentioning that th&-parity violating MSSM con-
cross section at center-of-mass energies away fronttthe tribution corresponds to thBL case of Fig. 2a). Inciden-
threshold. Around the center-of-mass energy of 350 GeMally, this case shows the maximum enhancement. The
(~2m,), threshold effects are very importaf#2], and we MSSM with or withoutR-parity conservation is one of the
wanted to avoid this extra complication. But this does notstrongest contenders for physics beyond the SM which we
detract from the essence of our analysis. expect to see at the next generation of colliding machines. So
In Fig. 2(a), we plotted the variation of the total cross any enhancement of the top-quark cross sectia@ at lin-
section of top-quark pair production with center-of-mass en<ar colliders may be a positive signal of this kind of scenario.
ergy for singlet and triplet leptoquarks. For the purpose ofThe LR case is also interesting to observe. Here also the
illustration, we present the cross section with one value oenhancement is rather prominent. Finally, the or RR,

850 T T T T T T

900 T T T T T T
k FIG. 3. Variation of top-quark
850 % S0 = 500 GeV 1 800 [ Doublet Leptoquark - pair production cross section in
\ the presence ofl@ singlet and
\ V8ee = 500 GeV . .
ol Y . il & ° | triplet leptoquarks andR-parity
LR violating interactions an¢b) dou-
BN R 1 blet leptoquarks with leptoquark
mass m,. For comparison we
- “ have also plotted the pure SM
contribution which is independent
of m,. Thee®e™ center-of-mass
] energy /s, is fixed at 500 GeV.
L ] The different lines are for differ-
550 —______ 550 e — ent kinds of interaction. Legends
follow from Table II. The curve
marked byRL in (a) corresponds
to R-parity violating SUSY.

Singlet/Triplet Leptoquark

o (fo)
~
g

T
1
o (fo)

650
650 F T K X

500 ! 1 1 1 1 !
500 600 700 800

mg (GeV)

500 ! ! 1 1 1 !
300 400 500 600 700

g, (GeV)

054019-4



EFFECTS OF LEPTON NUMBER VIOLATING . .. PHYSICAL REVIEW B35 054019

which can arise only from leptoquark interactiofthis is 0.56 L A B S S Sy e
also true for theLR case, enhance the total cross section by
10% or so over the entire range of center-of-mass energy we
have considered.

The plots in Fig. o) are for doublet leptoquarks. The
structures of the interactions, here, are little different from
those of the singlet case. One can easily see, comparing Figs.
2(a) and 2b), that the contributions are nearly the same for
both cases. Here again thé or RR types of interaction do i

not interfere with the SM. The enhancement of thecross <
section is also exactly the same in magnitude as in the singlet
case withLL or RR interaction.

Now let us consider the variation of the cross section with
leptoquark mass. For this purpose, we fixed the center-of-

mass energy of the" e~ system at 500 GeV. One can easily my, =300 GeV 1
see that the leptoquarior squark mass acts as the scale of SIgIEq i pICL eptadite
the new physics we are interested in. This particular feature i
is reflected in Figs. @& and 3b) where we plotted the varia- 036 PR S S T R S S '

tion of the total cross section witim,. As m, increases all 500 600 700 800 900 100
the cross sections are converging to the SM value, indicating Vsee (GeV)

the decoupling nature of the leptoquark interactions at higher

energies.

From the above discussion, it is evident that the presence FIG. 4. Var_iation of forward-backward asymmetyg in t_he
of lepton number violating couplings may enhance the totaPresence of singlet and triplet leptoquarks dRgarity violating

rate of ton-quark pair production in electron-positron annihi_|nterac’[i0ns withe® e~ center-of-mass energy. For comparison we
P-q pairp P have also plotted the pure SM contribution. The leptoquark mass is

lation. The absence of any such increasttioross section at  fixed at 300 GeV. The different lines are for different kinds of
the futureee™ machines would help us to constrain the interactions. Legends follow from Table II. The curve marked by
parameter space of the theories that allow such interactiongL corresponds t&-parity violating SUSY.

As we emphasized, there can be several types of such inter- ) o .

action. Now it is important to consider how one can differ- c8ses become less asymmetric. This in turn redéggsin
entiate those if at any experiment such an enhancement #l these cases from the SM value. The forward-backward
detected. The different chiral structures of the interaction@symmetries for theL andRR cases come out to be equal.
point to the fact that the angular distribution may be helpful At higher energies also the valuesAg for different kinds

The most useful signal of top-quark pair production comesf leptoquark interaction remain very close to each other. So
when one top quark decays semileptonically and the othepne needs a large number of clean background-free events
decays hadronically. The cleaner environment of an electrorfwhich looks possible in the next generatiehe ™ machines
positron collider enables us to reconstruct the scattering0 differentiate these scenarios. Once again we will try to
angle from the hadronically decaying top quark. So we havé€ompare our results with that obtained in R&#] in a quali-

tried to compare the angular distributions of the pure Smtative manner. According to this work, a 1 TeV electron-
case with those of the leptoquark case. At loweg,, there  Positron collider will explore a larger area in leptoquark pa-
is very little difference between these cases. At higher centef@meter space than a 500 GeV machine. When one looks at
of-mass energies<{1 TeV), the angular distribution in the the total cross sectiorjsee Fig. 2a) and Fig. Zb)], one can
leptoquark cases become less asymmetric inddasis the  S€€ that at higher centerjof—mass energles'the differences be-
scattering anglethan in the SM. To quantify this we calcu- tWeen the SM cross section and those of different leptoquark

late the forward-backward asymmetty, defined as (+SM) mediated processes are less than the differences at
lower energies. But when we look at the forward-backward

asymmetries at different energies, it is evident that at higher

AFB:M (5)  energies the differences between the SM case and the lepto-
ot OF quarks are higher than those evaluated at smaller center-of-
o mass energies. So comparison of the forward-backward
where  og=[-[do/d(cos6)]d(cos6) and o  asymmetry(which is also the reflection of the angular distri-
= [¢[da/d(cos6)]d(cosb). bution of the processgsvill be more efficient at higher en-

We have plotted this asymmetry with" e~ center-of- ergies to discriminate the leptoquark models from the SM,
mass energy in Fig. 4 for the singlet/triplet leptoquark inter-which is in consonance with the results in Rf4].
actions, along with the SM. As expected, for the SM For the doublet leptoquarks, there are no qualitative dif-
grows with increasing center-of-mass energy. From the figferences inAgg from the singlet case. Numerically, for dif-
ure it is evident that, although at lower energhes; for all ~ ferent types of doublet leptoquark interactionL(RL,LR,
four cases remain very close to the SM value, at higher enetc) Agg values differ very little from those in the corre-
ergies the angular distributions for the leptoquark mediate@&ponding singlet/triplet cases. We do not present them here.
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Finally, we want to make some comments about the top- 0.45 — T T T T T T
guark decay mediated via these new interactions. As we as- SM...-1
sume this particular couplingnvolving e, t, and a scalar 04 | —
leptoquark, i.e.\j3,,A43, or X{) to be nonzero, the top- e
quark decay width tdev, could also be modified. We have
not written the relevant interactions involvingbaquark, a 0.35 -
neutrino, and a leptoquark. Looking at the interactions in
Ref. [18], one can easily check that this particular decay 03 F
cannot be mediated via the &) doublet leptoquarks. The B
operatorgapart from the SM contribution mediated by ¥e <
boson contributing to this process can be written as 0.25 |

: e [y ()12 56 - T -
singlet or triplet: |\ }4|°(€° P t)(ve PrDC) ¢ &, 02} s mg, = 300 GeV g
o o - 3 Singlet/Triplet leptoquark
singlet: A{FX{P(e° Prt) (ve Prb®) 1 67 . o5 1
(6) '

R-parity violating SUSY corresponds to the first of Eq.

(6). There can be other decay modes, but as long as we 0.1 UV —
confine ourselves to the specific coupling that we have used 200 600 700% (Gevfoo 200 100

so far this is the only one. We have calculated the decay
widths corresponding to the cases in E8). With the values FIG. 5. Variation ofe” (coming fromt-quark decay forward-
of couplings and leptoquark masses we have used before, th@ckward asymmetriiL; in the presence of singlet and triplet lep-
width comes out to be very nearly equal to the SM valuetoquarks andR-parity violating interactions witre* e~ center-of-
This looks surprising because with the same values of thenass energy. For comparison we have also plotted the pure SM
parameters we get rather good enhancemeﬁfﬁmoduction. contribution. The leptoquark mass is fixed at 300 GeV. The different
The smaliness of the new physics contribution can be attriplines are for different kinds of interactions. Legends follow from
uted to the fact that the dominant contributions to the ampli-Table Il. For top-quark decay we have used the first of . The
tudes corresponding to Eqg), are proportional tan,my,, curve marked byRL corresponds t&-parity violating SUSY.
while in the case of the top-quark pair production these are _
proportional tom? . So the top-quark semileptonic branching son of Fig. 5 with Fig. 4, reveals that tifg-g in tt produc-
ratio (to as electronis barely changed in the presence of tion differs from theAr over the whole range of center-of-
these new interactions, unless the couplings are big enougmass energy. This can be accounted for by the chiral
The operators responsible for top-quark defgy. (6)]  structure of the decay matrix element which plays a crucial
have a distinctly different structure from the SM case. Al-role in determining the angular distribution of the top-quark
though the total width shows a little enhancement over the&lecay products.
SM value, it would be interesting to see how the angular TheR-parity violating MSSM allows thé quark to decay
distribution of the decay products differs from the latter. Asto a left-handed selectrorEL() and ab quark via the same

we pointed out, the cleanest signal for top-quark pair produc;\i32 coupling.®_ will in turn decay to an electron and the

tion comes when one top-quark decays semileptonically an o ~0y ~0 .
the other decays hadronically. We have calculated the angﬁghtes’t neutralino £3). x; is no longer stable and will de-

lar distribution of thee* coming from the top-quark decay cay to ans quark, ve, andb quark. This has been discussed

keeping the full spin correlation between the top-quark pro-ir} ?fta” in EEf'[ZA']' Thisldetcay Willdlea_d to three je(sin-_ .
duction and decay, in the presence of leptoquark interactions “c g ON€ quarl@,_an electron, and missing energy origi-
ating from a neutrino. S®-parity violation can be sepa-

as well as the SM. From the angular distribution one ca o
easily calculate the forward-backv%ard asymmetry of etie rated from non-SUSY leptogquarks by this kind of top-quark
éjecay signal.

(A'FB). For the purpose of illustration, we have presented th
result of our analysis for singlet/triplet leptoquarks in Fig. 5.
We have chosen the first of Egg6) to calculate the top- IV. CONCLUSION

quark deca;l/ matrix element. Figure 5 clearly shows the dif- 14 symmarize, we show that the presence of lepton num-
ference inArg between the SM and leptoquark interaction per yiolating interactions can enhance the top-quark pair pro-
over the energy range we have considered. Despite the fagtction cross section in electron-positron annihilation at the
that these new interactiongith the coupling strength we next generation linear collider machines. We have considered
have considergctannot change the top semileptonic branch-gitferent kinds of leptoquark interactiofR-parity violating

ing ratio to a significant extent, the angular asymmetries stilinteractions involving one lepton and two quark superfields
play a crucial role in discriminating these effects from thepelong to one of these cases. Non-SUSY theories with lep-
SM. With the ballpark values of thig cross sections at these toquarks allow both left- and right-handed couplings involv-
energiegsee Fig. 29)] and with the projecte@” e lumi- ing a scalar leptoquark, a top quark, and an electron. We
nosities, one can easily detect these asymmetries. A compahave estimated the cross sections in all the cases separately.
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With moderate values of these lepton number violatingnumber violating interactions from the SM and among them-
Yukawa couplings one gets quite good enhancement of theelves at higher center-of-mass energies. This will need a
total cross section over the SM value. Depending on thgarge sample oft events, which looks feasible at the next
e*e” center-of-mass energy and leptoquark mass, enhancgeneratione™ e~ linear colliders.

ment varies from a few percent to 60%. With higher values
of the leptoquark mass the cross section converges to the SM
value. This clearly points to the fact that these interactions
are decoupling in nature at higher energies. We have also
considered the effects of this coupling on the top-quark semi- The author thanks A. Raychaudhuri for carefully reading
leptonic decay. The top-quark decay width changes verghe manuscript and P. Konar for computational help. Thanks
little after inclusion of these new interactions. Forward-are also due to D. Choudhury for pointing out some earlier
backward asymmetry in top-quark pair production andimportant work in this direction and for many useful sugges-
top-quark decay may be used to differentiate these leptotions regarding this work.

ACKNOWLEDGMENTS

[1] C.S. Aulakh and R.N. Mohapatra, Phys. Leit19B 136
(1982; L.J. Hall and M. Suzuki, Nucl. PhysB231, 419
(1984; G. Ross and J.W.F. Valle, Phys. Lett51B, 375
(1989; S. Dawson, Nucl. Phy$8261, 297(1985; H. Dreiner,
in Perspectives in Supersymmetedited by G. KandWorld
Scientific, Singapore, 1998

[2] See, for example, W. Buchitier and D. Wyler, Phys. Lett. B
177, 377(1986; W. Buchmiller, R. Rickl, and D. Wyler,bid.
191, 442 (1987); 448 32QE) (1999; S. Davidson, D. Bailey,
and B. Campbell, Z. Phys. 61, 613(1994.

[3] H. Murayama and M. Peskin, Annu. Rev. Nucl. Part. 6.
533(1996; E. Accomandcet al, Phys. Rep299 1 (1998.

(1986; G. Couture and H. Kioig, Phys. Rev. D53, 555
(1996; E. Gabirielli,ibid. 62, 055009(2000; D. Chakraverty,
D. Choudhury, and A. Datta, Phys. Lett.388 103(200)); K.

Cheung, Phys. Rev. B4, 033001(2001).

[12] J. Kalinowskiet al,, Z. Phys. C74, 595 (1996; S. Lola, K.

Sridhar, and J. Ellis, Phys. Lett. 88 252(1997. The second
reference in fact deals witR-parity violation.

[13] G. Bhattacharyya, D. Choudhury, and K. Sridhar, Phys. Lett. B

349 118(1999; M. Hirsch, H.V. Klapdor-Kleingrothaus, and
S.G. Kovalenko, ibid. 387, 17 (1996; M.S. Berger,
hep-ph/9611386; J. Hewett and T. Rizzo, Phys. Re\5@)
5709(1997).

[4] D.K. Ghosh, S. Raychaudhuri, and K. Sridhar, Phys. Lett. B[14] D. Choudhury, Phys. Lett. B46, 291 (1995.

396, 177 (1997; E.L. Berger, B.W. Harris, and Z. Sullivan,

Phys. Rev. D63, 115001(2002).

[5] A. Dattaet al, Phys. Rev. 66, 3107(1997; U. Mahanta and
A. Ghosal,ibid. 57, 1735(1998; R.J. Oakest al,, ibid. 57,
534 (1998; P. Chiappettaet al, ibid. 61, 115008(2000; M.
Chemtob and G. Moreaibid. 61, 116004(2000.

[6] K. Agashe and M. Graesser, Phys. Rev5l 4445 (1996;
J.M. Yang, B.-L. Young, and X. Zhanghid. 58, 055001

(1998; F. de Campost al, hep-ph/9903245; S. Bar-Shalom,

G. Eilam, and A. Soni, Phys. Rev. B0, 035007(1999; T.
Han and M. Magro, Phys. Lett. B76, 79 (2000; G. Eilam
et al, ibid. 510, 227 (200); K.J. Abraham, Phys. Rev. B3,
034011(2001).

[7] M. Carena and C. Wagner, Phys. Lett1B6 361 (1987.

[8] H. Dreiner and R.J.N. Phillips, Nucl. PhyB367, 591 (1999;
L. Navarro, W. Porod, and J.W.F. Valle, Phys. Lett4B9, 615
(1999.

[9] M. Doncheski and S. Godfrey, Phys. Rev.4b, 6220(1994);
51, 1040 (1995; F. Cuypers, Int. J. Mod. Phys. Al, 1627

(1996; hep-ph/9602355; F. Cuypers and P. Frampton, Phys.

[15] T. Aliev, D. Demir, E. lltan, and N. Pak, J. Phys. Z2, 611

(1996.

[16] V. Barger, G. Giudice, and T. Han, Phys. Rev.4D, 2987

(1989.

[17] D.P. Roy, Phys. Lett. 283 270 (1992; H. Dreiner and S.

Lola, DESY Report No. 96-123D, 1995; M. Guchait and D.P.
Roy, Phys. Rev. 34, 3276(1996; J. Kalinowskiet al.,, Phys.
Lett. B 406, 314 (1997; D.K. Ghosh and S. Raychaudhuri,
ibid. 422 187(1998; D.K. Ghosh, R.M. Godbole, and S. Ray-
chaudhuri, hep-ph/9904233; ALEPH Collaboration, R. Barate
et al, Eur. Phys. J. A3, 29 (2000.

[18] See the last reference #].
[19] B. Allanach, A. Dedes, and H. Dreiner Phys. Rev. @D,

075014(1999.

[20] G. Bhattacharyya, J. Ellis, and K. Sridhar, Phys. Let33®5,

100(19949; J.K. Mizukoshi, O.J.P Eboli, and M.C. Gonzalez-
Garcia, Nucl. PhysB443 20 (1995.

[21] For example, see V. Ravindran and W.L. van Neerven, Nucl.

Phys. B589 507 (2000; C. Macesanu and L.H. Orr,
hep-ph/0012200.

Lett. B 390, 221 (1997; R. Ruckl, R. Settles, and H. Spies- [22] For example, see O. Yakovlev and S. Groote, hep-ph/0009014,

berger, hep-ph/9709315; T. Rizzo, Int. J. Mod. Phys13
2351(1998.

[10] H.V. Klapdor-Kleingrothaus, hep-ex/9901021.

[11] I. Bigi, G. Kopp, and P.M. Zerwas, Phys. Lett66B, 238

054019-7

and references therein.

[23] DO Collaboration, B. Abbottt al, Phys. Rev. Lett83, 4476

(1999; 84, 2088(2000.

[24] See the first reference 06].



