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Polarized single top quark production at leptonic colliders from broken R parity interactions
incorporating CP violation

M. Chemtob and G. Moreau
Service de Physique The´orique, CE-Saclay, F-91191 Gif-sur-Yvette Cedex, France

~Received 29 October 1999; published 9 May 2000!

The contribution from theR parity violating interactionl i jk8 LiQjDk
c in the associated production of a top

quark~antiquark! with a charm antiquark~quark! is examined for high energy leptonic colliders. We concen-

trate on the reactionl 21 l 1→(t c̄)1(c t̄)→(b l̄n c̄)1(b̄l n̄c) associated with the semileptonic top quark decay.
A set of characteristic dynamical distributions for the signal events is evaluated and the results contrasted
against those from the standard modelW-boson pair production background. The sensitivity to parameters (R
parity violating coupling constants and down-squark mass! is studied at the energies of the CERN LEP-II
collider and the future linear colliders. Next, we turn to a study of aCP-odd observable, associated with the
top quark spin, which leads to an asymmetry in the energy distribution of the emitted charged leptons for the

pair of CP-conjugate final statesb l̄n c̄ and b̄l n̄c. A nonvanishing asymmetry arises from aCP-odd phase,
embedded in theR parity violating coupling constants, through interference terms between theR parity vio-
lating amplitudes at both the tree and loop levels. The one-loop amplitude is restricted to contributions from
vertex corrections to the photon andZ-boson exchange diagram. We predict unpolarized and polarized rate
asymmetries of orderO(1023) –O(1022). An order of magnitude enhancement may be possible should theR
parity violating coupling constantsl i jk8 exhibit a hierarchical structure in the quarks and leptons generation
spaces.

PACS number~s!: 11.30.Er, 11.30.Hv, 12.60.Jv, 13.10.1q
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I. INTRODUCTION

The flavor nondiagonal fermion-antifermion pair produ

tion l 2l 1→ f J f̄ J8 , whereJÞJ8 are flavor labels, represen
a class of reactions where the high energy colliders co
contribute their own share in probing new physics incorp
rating flavor changing and/orCP violation effects. As is
known, the standard model contributions here are known
be exceedingly small, whereas promising contributions
generally expected in the standard model extensions.~Con-
sult Ref.@1# for a survey of the literature.! Of special interest
is the case where a top quark~antiquark! is produced in
association with a lighter~charm or up! antiquark~quark!.
The large top quark mass entails a top quark lifetime
t top5@1.56 GeV(mt/180 GeV)3#21, significantly shorter
than the QCD hadronization time, 1/LQCD , which simplifies
the task of jet reconstruction@2#. The top quark polarization
effects also constitute a major attraction@3–7#. The large top
quark mass entails a spin depolarization time of the
quark which is longer than its lifetime, tdepol
5@1.7 MeV(180/mt)#21.t top , thus providing an easy ac
cess to top quark polarization observables. Polarization s
ies for the top-quark–top-antiquark pair production reacti
in both production and decay, have been actively pursue
recent years@8–10#. ~An extensive literature can be con
sulted from these references.!

It appears worthwhile to apply similar ideas to the flav
nondiagonal fermion pair production process involvi
single top quark production. This reaction has motivated s
eral theoretical studies aimed at both leptonic (l 2l 1, eg, and
gg! and hadronic (pp̄, pp) colliders. Exploratory theoreti-
cal studies have been pursued at an implicit level, via
consideration of higher dimension contact interactions@11–
13#, and at an explicit level, via the consideration of mech
0556-2821/2000/61~11!/116004~14!/$15.00 61 1160
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nisms involving leptoquarks@14#, an extended Higgs double
sector@15,16#, supersymmetry based on the minimal sup
symmetric standard model with an approximately brokenR
parity @1,17–20#, quark flavor mixing@21#, standard model
loops and four matter generations@22,23#, or higher order
standard model processes with multiparticle final sta

l 2l 1→t c̄nn̄ @24#. A survey of the current studies is provide
in Ref. @12#.

In this work, pursuing an effort started in our previou
paper@1#, we consider a test of theR parity violating~RPV!
interactions aimed at top-charm quark associated produc
Our study will focus on contributions to the processl 2l 1

→(t c̄)1( t̄ c) arising at the tree level from the trilinear RP
interactionsl i jk8 LiQjDk

c via a d̃kR squark exchange. We ex
amine the signal associated with the~electron and muon!
charged semileptonic decay channel of the top quarkt

→bW1→bl1n. The final states (bl1n c̄)1(b̄l 2n̄c) ( l
5e, m) consist of an isolated energetic charged lepton,
companied by a pair ofb and c quark hadronic jets and
missing energy. The standard model background may a
from the W-boson pair production reactionl 1l 2→W1W2

and possibly, in the case of an imperfectb quark tagging,
from theb-b̄ quark pair production reactionl 1l 2→bb̄, fol-
lowed by a semileptonic decay of one of theb quarks,b
→cl2n̄.

The present work consists of two main parts. In the fi
part, we discuss the signal associated with the top qu
semileptonic decay channel. We evaluate a set of chara
istic dynamical distributions for the signal and for the sta
dard model background and obtain predictions for the eff
tive rates based on a judicious choice of selection cuts on
final state kinematical variables. Our discussion will deve
©2000 The American Physical Society04-1
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along similar lines as in a recent work of Han and Hew
@12#, which was focused on the contributions initiated by t
dimension,D56, four field couplings of theZ boson with
fermion pairs, and the neutral Higgs boson. In the sec
part of the paper, we examine a specificCP-odd top quark
polarization observable which corresponds to an asymm
in the energy distribution of the final state charged lep
with respect to the sign of its electric charge.

The contents of the paper are organized into three
tions. In Sec. II, we focus on the total and partial semile
tonic decay rates for both the signal and standard mo
background, allowing for the case of an imperfectb quark
tagging. We discuss the constraints from the indirect bou
on the RPV coupling constants, study the dependence
rates on the down-squark mass parameter, and evaluate
of relevant dynamical distributions that are of use in devis
an appropriate set of selection cuts. In Sec. III, we discu
test ofCP violation involving top quark polarization effects
The CP violating observable arises through interferen
terms between the tree and one-loop contributions to the
plitude and aCP-odd phase which is embodied in the RP
coupling constants. Following an approach similar to o
used in earlier proposals@6,7#, we describe the top quar
production and decay by means of a factorization appro
mation and examine the induced charge asymmetry in
energy distribution of the final state charged leptons. T
production amplitudes are evaluated in the helicity basis.
main conclusions are summarized in Sec. IV.

II. TOP-CHARM QUARK ASSOCIATED PRODUCTION

A. Integrated rates

In an l 2l 1 collision, the tree level transition amplitude fo
single top quark production, as initiated by the RPV inter
tions l i jk8 LiQjDk

c , proceeds via theu-channel exchange of

right-handed down-squarkd̃kR , as represented in Fig. 1. B
use of a Fierz ordering identity, the transition amplitude
the flavor nondiagonal production of an up quark-antiqu
pair, l 2(k)1 l 1(k8)→uJ(p)1ūJ8(p8), can be written in the
form of a Lorentz covariant vectorial coupling:

Mt
JJ852

l lJk8! l lJ8k
8

2~u2md̃kR

2
!
v̄L~k8!gmuL~k!ūL~p!gmvL~p8!.

~1!

FIG. 1. Feynman diagram for the tree level amplitude of

processl 1l 2→ c̄t→ c̄bl1n.
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We shall specialize henceforth to the case of electr
positron colliders, corresponding to the choicel 51 for the
generation index. The squared amplitude, summed over
initial and final fermion spins, reads@1#

(
pol

uMt
JJ8u25NcU2

l1J8k
8 l8!

1Jk

2~u2md̃kR

2
!U

2

16~k•p8!~k8•p!. ~2!

The production rate for unpolarized initial leptons, integrat
over the scattering angle in the interval 0<u cosuu<xc , is
given by the analytic formula

s5
Ncul1J8k

8 l1Jk8! u2

64ps2 F ~u22u1!

1~2m̃22mJ
22mJ8

2
!lnUu22m̃2

u12m̃2U
2~m̃22mJ

2!~m̃22mJ8
2

!S 1

u22m̃2
2

1

u12m̃2D G , ~3!

whereu65mJ
22As(Ep6pxc). For the top-charm quark as

sociated production case, in the limitmJ5mt@mJ85mc ,
one has u1.mt

22s, u2.0. For fully polarized initial
beams, since the RPV amplitude selects a single helicity c
figuration for the initial state leptons,l L

2l R
1 ~left-handedl 2

and right-handedl 1), the corresponding polarized rat
would be still described by the same formula as above, o
with an extra enhancement factor of 4. The predicted ra
for t c̄ production are controlled by quadratic products of t
RPV coupling constantsl13k8! l12k8 (k51,2,3) and the squark

massmd̃kR
, denoted for short asm̃. Allowing for the exis-

tence in the RPV interactions of an up-quark flavor mixin
such as would be induced by the transformation fro
flavor to mass basis, one may express the amplitude
terms of a single RPV coupling constant and the Cabib
Kobayashi-Maskawa ~CKM! matrix, V, by rewriting
the coupling constant dependence asl12k8 l13k8!

→l1Mk8! l1M8k
8 (V†)M82(V†)M3

! and selecting the maxima
contribution associated with the configurations,M5M 852
or 3. This yields the order of magnitude estimatel13k8! l12k8
→ul12k8 u2(V†)22(V

†)23
! '2ul12k8 u2l2 or 2ul13k8 u2l2, respec-

tively, wherel'sinuc'0.22, denotes the Cabibbo angle p
rameter.

We pause briefly to recall the current bounds on the R
coupling constants of interest in the present study@25#. The
relevant single coupling constant bounds arel12k8 ,4.0
31022, l13k8 ,0.37 ~charged current universality!; l1 j 18 ,3
31022 ~atomic physics parity violation!; l12k8 ,0.3
20.4, l13k8 ,0.320.6 ~neutral current universality!; and
l1228 ,7.031022, l1338 ,3.531023 ~neutrino Majorana
mass! @26#. The superpartners scalar particles masses are
at 100 GeV. Unless otherwise stated, all the dummy fla
indices for quarks and leptons are understood to run over
three generations. Using the above results for individual c
4-2
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FIG. 2. The total integrated rate for the RPV-induced reactionl 1l 2→(t c̄)1( t̄ c), setting the values of the relevant coupling constants

l12k8 5l13k8 50.1(m̃/100 GeV), is plotted in window~A! as a function of center of mass energys1/2 for fixed down-squark massm̃

5@100, 200, 500, 1000# GeV and in window~B! as a function ofm̃ for fixed s1/25@192, 500, 1000# GeV. We integrate over an interval o
the scattering angle, 0<ucosuu<0.9848, corresponding to an opening angle with respect to the beams axis larger than 10°.
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pling constants bounds, we may deduce for the follow
upper bounds on the relevant quadratic products@27#:
l13k8 l12k8 ,@O(1023), O(1022), O(1024)#, (k51,2,3). The
indirect quadratic product bounds l i jk8 l i 83k

8 ,1.1

31023, l i jk8 l i 8 j 3
8 ,1.131023 ( i 851,2) (B→Xqnn̄) are

roughly comparable to these single coupling const
bounds. We also note that using the CKM flavor mixi
along with a single dominant coupling constant in the curr
basis, as described at the end of the previous paragraph,
not be especially beneficial in avoiding the above stron
pair product bound. The bound on the corresponding c
pling constant factor, 2ul13k8 u2l2,O(1022), is competitive
for the generation indicesk51,3.

Numerical results for the integrated rates have alre
been reported in previous works@19,1#. Setting the relevan
RPV coupling constants at the reference valuel850.1, one
predicts rates of order 1 –10 fb, form̃5O(100) GeV. As the
center of mass energy varies in the interval,As
5192–1000 GeV, the rates rise sharply from thresho
reaching smoothly a plateau aroundAs.400 GeV. This con-
trasts with the predictions from gauge-boson-media
higher dimension interactions@12# where the rise of the rate
with incident energy is a more gradual one. The rates are
found to have a strong dependence onm̃, which weakens for
increasing center of mass energies. One may roughly pa
etrize the dependence ons andm̃ by the approximate scaling
law s'(l8l8/0.01)2(100 GeV/m̃)x(s), where the power ex-
ponent is a fastly decreasing function of energy, taking
approximate values x(s)'@3.65, 1.86, 0.94# at As
5@0.192, 0.5, 1.0# TeV.

Although the predicted rates seem to be severely c
strained by the above indirect bounds, one could envisag
optimistic scenario where the supersymmetry decoup
limit m̃→` is realized with fixed values for the product
l i jk8 (100 GeV/m̃)'0.1, consistently with the current indirec
bounds. The results obtained with this prescription are
played in Fig. 2. The integrated rates now depend onm̃ as
s}(100 GeV/m̃)241x(s), which leads at high energies to a
enhancement by up to three orders of magnitudes, comp
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to the case where the RPV coupling constants are taken
dependent ofm̃. The initial energy of the CERNe1e2 col-
lider LEP-II falls right in the regime where the cross secti
is sharply rising with increasing initial energy. The decrea
with increasingm̃ is stronger at LEP-II energies than at th
future linear colliders energies. Note that at the largest val
of the superpartner mass,m̃.1.0 TeV, the RPV coupling
constants in our prescription enter a strong coupling reg
@l85O(1)# and it is not clear then whether the tree lev
prediction makes sense.

Next, we consider the process incorporating the top qu
semileptonic decay, as pictured by the Feynman diag
shown in Fig. 1. We assume that the top quark decay
dominated by the electroweak semileptonic decay chan
with branching fractionB(t→b1W1)'1. We also include
the pair ofCP-conjugate final states,t c̄ andc t̄ production,
which multiplies the rate by a factor of 2. Note, howeve
that we restrict ourselves to theuJ85c charm quark mode
only. The numerical results for rates, including a branch
fraction factor of 2/9~experimental value 21.1%) to accou
for the W→ ln ( l 5e, m) decay channels, are displayed
Table I. We also show the standard model background

TABLE I. Production rates for the top-charm quark producti
signal and theW-boson pair production background. The line e
tries give successively the total integrated rate for the reac

l 1l 2→(t c̄)1(c t̄) usingl850.1, m̃5100 GeV, the rate for signa

events, (b l̄n c̄)1(b̄l n̄c), associated with the top quark semilepton
decay, the W-boson pair production background ratel 2l 1

→W1W2→( l 1nūidj )1( l 2n̄d̄ jui), and the corresponding cut sig
nal and background rates, as obtained by applying the selection
quoted in the text. The results include the first two generations
charged leptons,l 5e, m.

Energy~TeV! 0.192 0.5 1.0
Total rates(fb) 4.099 4.291 1.148
Signal ~fb! 0.68 0.91 0.24
W1W2 background~fb! 5076 2080 876
Cut signal~fb! 0.54 0.74 0.21
W1W2 cut background~fb! 17.0 5.0 2.6
4-3
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M. CHEMTOB AND G. MOREAU PHYSICAL REVIEW D61 116004
from the W-boson pair production, l 2l 1→(W1W2)

→( l 1nūidj )1( l 2n̄d̄ jui), with oneW-boson decay leptoni
cally and the other hadronically, wherei , j are generation

indices. The irreducible background fromW2→ c̄b or W1

→b̄c is strongly suppressed, due to the small branching
tor, given approximately by 0.32uVcbu2'531024. It is safer,
however, to allow for the possibility where the light qua
hadronic jets could be misidentified asb-quark hadronic jets.
Accounting for the leptonic decay for one of theW boson
and the hadronic decay for the otherW boson introduces for
the total rate, which includes all the subprocesses,
branching fraction factor 2(21.160.64)%3(67.861.0)%
50.28660.024. Our numerical results in Table I for th
standard model background rates are in qualitative ag
ment with those quoted (s5@2252, 864# fb at s1/2

5@0.5, 1.0# TeV) by Han and Hewett@12#. One should be
aware of the existence of large loop corrections to
W1W2 production rate, especially at high energies. The p
dictions including the electroweak and QCD standard mo
one-loop contributions read@28# s5@4624, 1647, 596# fb at
s1/25@0.192, 0.5, 1.0# TeV. We conclude therefore that ou
use of the tree level predictions for theW1W2 background
overestimates the true cross sections by@9%,20%,32%# at
the three indicated energies.

Let us discuss briefly other possible sources of ba
ground. The next important contribution is that arising fro
the nonresonantW-boson virtual propagation in the ampl
tude with the intermediateW1W2 bosons branching into
four fermions (lnqq̄8). This could be possibly estimated b
subtracting the resonant contribution from the total ba
ground cross sections, weighted by suitable branching
tors, as independently evaluated by numerical methods in
literature. The results for the integrated total cross sectio
l 2l 1→(4 f )1(4 f 1g) @29#, including the initial state radia
tion and Coulomb corrections, indicate that the off-shell co
tributions amount to a small relative correction lower th
O(10%). Alternatively, one may consider, after reconstru
ing the neutrino momentum from the missing energy, a p
cedure to impose suitable cuts on thebW invariant mass,
aimed at suppressing the nonresonant production b
ground.

One other potentially important background is that aris
from the b-b̄ quark pair production reactionl 1l 2→g!/Z
→bb̄→b̄(cl2n̄)1b(cl̄1n) @19#. The numerically derived
predictions for the rates, as obtained by means of thePYTHIA

generator, ares5@1.6313104, 2.123103, 5.353102# fb, at
s1/25@0.192, 0.5, 1.0# TeV. It would appear desirable, i
view of these large predicted rates, to eliminate this ba
ground by performing a doubleb-quark tagging analysis on
the events sample. This can be performed at a reason
low cost, given that the detection efficiency ofb-quark jets is
currently set at 50%. If one performs a singleb-quark tag-
ging, the rates for the corresponding events,l 1l 2→g!/Z
→bb̄→(cl2n̄)b̄, are reduced by a branching fractionB(b
→cln)'10%, but this is compensated by the probability
misidentifying a light quark jet as ab-quark jet, which lies at
the small value of 0.4% with the current silicon vertex tec
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niques. If nob-quark tagging is performed at all, then th
above large rates may make it necessary to resort to
analysis of isolation cuts of the type to be discussed in
next subsection.

B. Distributions for the semileptonic top quark decay events

In order to separate the signal from background, we c
sider the same set of characteristic final state kinemat
variables as proposed in the study by Han and Hewett@12#.
These are the maximum and minimum energies of the
jets, Ej

high , Ej
low , the dijet invariant massM j j , the charged

lepton energyEl , and rapidityyl5
1
2 log@(El1pli) /(El2pli)# .

The distributions in these six variables for the signal a
background, at a center of mass energyAs50.5 TeV, are
plotted in Fig. 3. These numerical results were obtained
means of thePYTHIA @30# event generator. One notice
marked differences between signal and background.
maximum jet energy distribution is uniformly distributed fo
the background but sharply peaked for the signal, where
peak position is determined by the top quark mass and
incident energy asmt

25(mc
22s12AsEp). The minimum jet

energy is uniformly distributed for both signal and bac
ground, but happily the corresponding intervals are very p
tially overlapping. The signal event rapidity distributions f
the maximum energy jet are more central for signal th
background. A similar trend holds for the lepton rapidi
distributions. The dijet invariant mass is a most significa
variable in discriminating against the background due to
pronounced peak at theW mass. For the signal, the dije
invariant mass is uniformly spread out. Although we do n
show here the distributions for the top quark mass rec
struction, this also features a strong contrast betwee
strongly peaked signal and a uniform background. The l
ton energy distributions for the signal and background
peaked at the opposite low and high energy ends of
physical interval, respectively. This is a familiar effect ass
ciated with the correlation between theW-boson spin polar-
ization, which is predominantly longitudinal in the top qua
decay and transverse in the directW-boson decay, and the
velocity of the emitted charged lepton. In the signal dec
amplitudet→b l̄n, the fact that the left handedb quark must
carry the top quark polarization forces the lepton to tra
with opposite velocity to that of top quark. In the backgrou
decay amplitudeW2→ l n̄, the charged lepton is emitted wit
a velocity pointing in the same direction as that of theW
boson. Thus, the Lorentz boost effects on the emit
charged leptons act in opposite ways for the signal and ba
ground events.

While the above distinctive features between signal a
background events get further pronounced with increas
center of mass energy opposite trends occur as the in
energy is lowered. The distributions at the LEP-II center
mass energy,As50.192 TeV, are plotted in Fig. 4. At this
energy, the monovalued distribution for the signal jet, wh
is now the softer lower energy jet, is still well separated fro
the corresponding background jet distribution. So this va
able, along with the dijet invariant mass, stands up as us
a discrimation test for the signal. By contrast, the energy
4-4
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FIG. 3. Normalized dynamica
distributions associated with th

signal events l 1l 2→(t c̄)1( t̄ c)

→(bl1n c̄)1(b̄l 2n̄c) ~dashed

line! at m̃5100 GeV, and the
background events l 1l 2

→W1W2→( l 1nq̄q8)1(l 2n̄qq̄8)
~solid line! at a center of mass en
ergy s1/25500 GeV. The kine-
matical variables in the histo
grams, from left to right and up to
down, are the jet maximum en
ergy, the jet minimum energy, the
rapidity for the highest energy jet
the dijet invariant mass, the
charged lepton energy, and th
charged lepton rapidity. The
charged lepton energy and rapid
ity distributions are also plotted

for the b-b̄ background produc-

tion events l 1l 2→bb̄→ l 6

1hadrons~dotted line!.
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rapidity distributions for the maximum signal jet may not
easily distinguished from the background. Similarly, the le
ton energy distributions in the signal and background
overlapping due to the small Lorentz boost effect.

The distributions obtained with the RPV interactions a
rather similar to those found with the higher dimension o
erator mechanism@12#. This is due to the formal structure o
the RPV amplitude, involving an effectiveu-channel vector
particle exchange. In fact, the selection cuts proposed by
and Hewett@12# appear to be quite appropriate also in t
RPV case, and, for convenience, we recapitulate below
cut conditions used to characterize the selected events:

Ej
low,20, Ej

high.60, El.0, d j j .10, d t,5 ~As5192!,

Ej
low.20, Ej

high.200,El,150,d j j .10,

d t,40 ~As5500!,

Ej
low.20, Ej

high.460,El,350,d j j .10,

d t,100 ~As51000!.

The above listed variables correspond to the minim
and maximum energy of the two jets,Ej

low , Ej
high , the

charged lepton energyEl , the distance between the dije
11600
-
e

-

an

e

invariant mass andW-boson mass,d j j 5uM j j 2mWu, and the
distance of the reconstructed top quark mass to the true m
d t5umt

reconst2mtu. The assigned numerical values are
expressed in GeV units. Besides the above cuts, we
impose the usual detection cuts on the energies and ra
ties, Ej ,l.10 GeV, uh j ,l u,2, aimed at removing the par
ticles traveling too close to the beam pipe. We allow for t
detection efficiency of the particle energies only in an a
proximate way, namely, by accounting for the approxim
uncertaintiesDE/E540%, 10% on the jets and lepton ene
gies, respectively, at the level of imposing the above se
tion cuts, rather than by the usual procedure of performin
Gaussian smearing of the particle energies.

The numerically evaluated efficiencies on the signal a
background events areeS.0.8, eB.331023, with a very
weak dependence on the center of mass energy and, fo
signal, a weak dependence on the mass parameterm̃, which
was set atm̃5100 GeV in the numerical simulations. Afte
applying the cuts, the background rates aresBeB
5@17.0, 5.0, 2.0# fb, and the signal rates sSeS

5@0.68, 0.74, 0.21# fb for As5@192.0, 500.0, 1000# GeV.
The results for the cut signal and background rates, as g
in Table I, show that the background is very significan
reduced by the cuts. The situation is clearly far more fav
able for future linear colliders than for LEP-II. Nevertheles
4-5



-

M. CHEMTOB AND G. MOREAU PHYSICAL REVIEW D61 116004
FIG. 4. Same distributions as
in Fig. 3, at a center of mass en
ergy s1/25192 GeV.
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the number of surviving signal events is still one order
magnitude below that of the surviving background, so t
the option of cutting down the background by means o
b-quark tagging procedure is to be preferred since the e
ing reduction would be much more drastic. An integrat
luminosity ofL5100 fb21 would lead to a number of signa
events, (l12k8 l13k8 /1022)3O(30).

We have also performed an indicative event genera
study of the backgroundl 1l 2→bb̄→ l 61hadrons, restrict-
ing consideration to the emitted charged leptons only. A
reconstruction of the partonic level distributions is a ta
beyond the scope of the present work. We focus on the
charged lepton emitted during the semileptonic decays of
producedB, B̄ mesons, since this carries the largest veloc
As seen in Fig. 3, the distribution for the first emitte
charged lepton energy is peaked at low energies. One exp
that the most energetic lepton is that produced in the se
leptonic decays of theB mesons. The rapidity distribution i
less central than for the signal and nearly overlaps with
of the W1W2 background. Therefore, imposing the add
tional lower bound cut on the lepton energy, say, atEl
.20 GeV, fors1/25500 GeV, should be sufficient to appre
ciably suppress theb-b̄ background without much affectin
the signal.

We may infer the reach with respect to the free para
11600
f
t

a
u-
d

r

t
k
st
e
.

cts
i-

at

-

eters by evaluating the statistical significance ratio for a d

covery, as defined by,ŝ5S/(AS1B), S5sSL, B5sBL,
whereL denotes the integrated luminosity. Setting this at

value ŝ53, corresponding to a 95% confidence level, o
deduces a dependence of the RPV coupling constant
function of the superpartner mass parameters for a fixed
tial energy and integrated luminosity. The sensitivity rea
contour plot for the relevant parametersl8l85l12k8 l13k8! and

m̃5md̃kR
is shown in Fig. 5. We note that the sensitivi

limit on the product of coupling constants,l8l8, scales with
the luminosity approximately as 1/AL. While the reach on
the RPV coupling constants productsl12k8 l13k8 ,O(1021)
lies well above the current indirect bounds, this covers
wide interval of the down-squark mass which extends ou
1 TeV. To compare with analogous collider physics pr
cesses, we note that while the flavor diagonal fermion p

production reactionse2e1→ f J f̄ J may have a higher sens
tivity reach, these are limited to information on the sing
coupling constantsl1 jk8 @31#. The special reactione2e1

→bb̄, proceeding via a sneutrinos-channel resonance, ma
probe quadratic products such asl131l3338 @32# or l131l3118
@33# at levels ofO(1023), but this is subject to the existenc
of a wide sneutrino resonance. Thetb̄ associated production
4-6
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POLARIZED SINGLE TOP QUARK PRODUCTION AT . . . PHYSICAL REVIEW D 61 116004
at the hadronic Fermilab Tevatron@17,18# and the CERN
Large Hadron Collider~LHC! @18# colliders can be initiated
via a charged sleptonẽiL s-channel exchange. The sensitivi
reach on the linear combination of quadratic coupling c
stants productsl i118 l i338 is of the order of 1022–1021. This
information should prove complementary to that supplied
our study aimed at the leptonic colliders. To conclude t
brief comparison, we observe that the information provid
by the single top quark production reaction appears to
rather unique in view of the very characteristic signature
the associated events.

III. TOP QUARK POLARIZATION OBSERVABLES AND A
TEST OF CP VIOLATION

Should single top quark production become experim
tally observable in the future, an important next step to ta
is in examining top quark polarization observables. In t
section, we present an approximate study for the top qu
semileptonic decay signal in top-charm quark associated
duction aiming at a test ofCP violation. We exploit an idea
which was developed in early studies oft- t̄ production@5,6#.
Interesting extensions are currently pursued@8–10#. The ba-
sic observation is that anyCP-odd quantity depending on th
top quark polarization, such as the difference of rates
tween the pair ofCP-conjugate reactionss( l 2l 1→tLc̄)
2s( l 2l 1→ t̄ Rc), can become observable by analyzing t
top quark polarization through the kinematical distributio
of its emitted decay (b-quark or charged-lepton! products.
An especially interesting observable is the charged-lep
energy distribution for a polarized top quark. Any finite co
tribution to theCP-odd observables must arise through
interference term involving imaginary parts of loop and tr

FIG. 5. Sensitivity reach plot for the RPV coupling constan

productl12k8 l13k8 /0.01 as a function of the down-squark massm̃ for
fixed center of mass energys1/25@192.0, 500, 1000# GeV, and
corresponding fixed integrated luminosityL5@2.0, 100.0,
100.0# fb21, using an acceptancy for the background,eB53
31023, and an acceptance for the signal,eS50.8, assumed to be

independent ofm̃.
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amplitudes factors, the loop amplitude factor bringing
CP-even final state interaction complex phase with t
CP-odd relative complex phase arising from the coupli
constants in the product of loop and tree amplitudes.

A. Helicity basis amplitudes

Building on our previous work@1#, we shall combine the
tree-level RPV-induced amplitude discussed in Sec. II w
the one-loop RPV-induced amplitude associated with
photon andZ-boson exchange diagrams, restricting oursel
to the vertex corrections in the electroweak neutral curr
vertices, g f̄ J(p) f J8(p8) and Z f̄J(p) f J8(p8). The Z-boson
vertex admits the general Lorentz covariant decompositio

Jm
Z52

g

2 cosuW
Gm

JJ8~Z!,

Gm
JJ8~Z!5gm@AL

JJ8~ f !PL1AR
JJ8~ f !PR#

1
1

mJ1mJ8

smn~p1p8!n

3~ iaJJ81g5dJJ8!, ~4!

where the vectorial vertex functionsAL,R
JJ85AL,R

JJ8 u tree

1AL,R
JJ8 u loop have a tree level contribution given byAL,R

JJ8 u tree

5dJJ8aL,R( f ), aL,R( f )52T3
L,R( f )22Q( f )sin2uW, and the

tensorial vertex functionsaJJ8, dJJ8 are associated with the
anomalous transition magnetic moment and theCP-odd,
P-odd electric transition dipole moment, respectively. A
analogous decomposition applies for the photon,Jm

g 5

2(g sinuW/2)Gm
JJ8(g), with aL,R( f )52Q( f ) determined by

the electric chargeQ( f ). It is convenient to work with the
Z fJf̄ J8 vertex in the alternate Lorentz covariant decompo

tion Gm
JJ8(Z)5gm(A2Bg5)1

1
2

(p2p8)m(C2Dg5), where

the vertex functionsA, B, C, D ~omitting the up quarks gen
eration indicesJ, J8 for convenience! are related to the pre
viously defined vectorial and tensorial ones, Eqs.~4!, as

A5
1

2
@AL

JJ8~ f !1AR
JJ8~ f !#1aJJ8,

B5
1

2
@AL

JJ8~ f !2AR
JJ8~ f !#1

mJ2mJ8

mJ1mJ8

idJJ8,

C52
2

mJ1mJ8

aJJ8, D52
2

mJ1mJ8

idJJ8.

~5!

The one-loopZ-boson exchange amplitude may then be w
ten in the form
4-7
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Ml
JJ8~Z!5S g

2 cosuW
D 2

v̄~kW8,m8!gs@a~eL!PL1a~eR!PR#

3u~kW ,m!
1

s2mZ
21 imZGZ

ū~pW ,l!

3Fgs~A2Bg5!1
1

2
~p2p8!s

3~C2Dg5!Gv~pW 8,l8!. ~6!

Combining the above loop amplitude with the RPV tree a
plitude, Eq.~1!, which we rewrite as

Mt
JJ85Rv̄gm~12g5!uūgm~12g5!v, R52

l1Jk8! l1J8k
8

8~u2md̃kR

2
!
,

~7!

one obtains

MJJ85Mt
JJ81Ml

JJ8~Z!

5@~Ga1A1R!~gm!~gm!

2~Ga1B1R!~gm!~gmg5!

2~Ga2A1R!~gmg5!~gm!

1~Ga2B1R!~gmg5!~gmg5!#1
1

2
~p

2p8!m@Ga1C~gm!~1!2Ga1D~gm!~g5!

2Ga2C~gmg5!~1!1Ga2D~gmg5!~g5!#, ~8!

wherea65
1
2

@aL(e)6aR(e)#, and we have omitted writing

the contractions of the Dirac spinors indices for the init
and final fermions, respectively. The photon exchange c
tribution can be incorporated by treating the parametersa6

as operators acting on the vertex functionsA, B, C, D by
means of the formal substitutions

Ga6A5GZ

aL~e!6aR~e!

2
S AL

JJ8~ f !6AR
JJ8~ f !

2
1aJJ8D

1GgS 2Q~ f !

0 D S AL
gJJ8~ f !6AR

gJJ8~ f !

2
1aJJ8D ,

GZ5S g

2 cosuW
D 2 1

s2mZ
21 imZGZ

,

Gg5S g sinuW

2 D 2 1

s
. ~9!

Analogous formulas to the above ones hold for the ot
productsGa6B, Ga6C, Ga6D. We have labeled the verte
functions for the photon current by the suffixg. The formu-
11600
-

l
n-

r

las expressing the RPV one-loop contributions to the ver
functions are provided in the Appendix, quoting the resu
derived in our previous work@1#. The amplitudeMJJ8 in Eq.
~8! may be viewed as a 434 matrix in the fermions polar-
ization space ^ f (p,l) f̄ J8(p8,l8)uM u l 1(k8,m8) l 2(k,m)&.
The various products in Eq.~8! for the matrix elements with
respect to the two pairs of Dirac spinors separate into e
distinct terms. The calculation of the helicity amplitudes
most conveniently performed with the help of theMATH-

EMATICA package. Of the 16 configurations only the 8 hel
ity off diagonal configurations in the initial fermions are no
vanishing. The explicit formulas for the helicity amplitude
are provided in the Appendix.

B. Charged-lepton energy distribution

The differential cross section for top quark production a
decay is described in the factorization approximation. Ign
ing the spin correlations, which corresponds to dropping
spin nondiagonal contributions between the production
decay stages, yields

ds5
upu

128psuku
mt

p E d~cosu!

3(
l

uM prod~ l 2l 1→tlc̄!u2

3E dp2
1

up22mt
21 imtG tu2 dG t ,

dG t5
1

~2p!38mt
( l8uMdec~ tl8

→bl1n!u2dEl
!dEb

! . ~10!

The production amplitude is denotedM prod , the top quark
decay amplitudeMdec, andl, l8561 are polarization la-
bels, which will also be written for short as6 . We shall
assume a narrow resonance approximation for the top q
propagator,up22mt

21 imtG tu22→(p/mtG t)d(p22mt
2). For

the energies of interest, all the leptons and quarks, with
exception of the top quark , may be treated as massless.
frames of interest are the laboratory (l 2l 1) rest frame and
the top quark rest frame. The letters denoting momen
variables in thel 2l 1 center of mass~laboratory! frame are
distinguished from those in the top quark rest frame by
addition of a star. Standard kinematical methods@34# can be
used to transform variables between these frames. Explo
the rotational invariance, one may conveniently choose
work in the spatial frame where the top quark moment
lies in thexOzplane (u,f50) and the charged lepton poin
in an arbitrary direction described by the spherical ang
u l ,f l . The relations between angles may be obtained by
of the spherical triangle identities; for example, the an
between lepton and top quark reads cosult5cosul cosu
1sinul sinu cosfl . The Lorentz boost from the top quar
rest frame to the laboratory frame involves a velocity para
4-8
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eter vW 5pW /Ep , b5p/Ep , g5(12b2)21/25Ep /mt , and
yields for the charged-lepton momentum four vector and
lar angles relative to the top quark momentum,El

!5g(El

2vW •kW l), kW l
!5kW l1gvW @gvW •kW l /(g11)2El #, cosult

!5(cosult

2b)/(12b cosult).
The top quark differential semileptonic decay rate h

been thoroughly studied in the literature@35#. One represen-
tation convenient for our purposes is the double differen
rate with respect to the final charged-lepton energyEl

! and
the final lepton and neutrino invariant mass squared,W2

5(kl1kn)2. The result for the unpolarized rate carries
dependence on the scattering angles and reads, quoting
Ref. @35#,

dG t5
NlGF

2mt
5

16p3 dxlE dy
xl~xM2xl !

~12yj!21g2 ,

5
NlGF

2mt
5

16p3

2

mt

xl~xM2xl !

gj

3tan21
gjxl~xM2xl !

~11g2!~12xl !2jxl~xM2xl !
dEl

! .

~11!

The kinematical variables for the emitted charged lepton
neutrino are defined asxl52El

!/mt , y5W2/mt
2 (W5kl

1kn), with the bounds 0,xl,xM , 0,y,xl(xM2xl)/(1
2xl), and we employ the following notations:Nl for the
number of light lepton flavors, g5GW /mW ,
j5mt

2/mW
2 , xM512e2, e5mb /mt , tan21A5arctanuAu

1pu(2A). Recall that the number of light lepton flavor
Nl , is set toNl52 in our analysis. A useful trick to obtain
the distribution with respect to the laboratory frame lept
energyEl is to choose the top quark momentum along
Oz axis fixed frame and introduce the top quark rest fra
electron energy by means of the change of varia
(El ,cosul

!)→(El ,El
!), associated with the Lorentz boost b

tween the top quark rest frame and the laboratory frameEl

5gEl
!(11b cosul

!). The result reads

dG t

dEl
5E

21

11

d cosu l
!

d2G t

dEld cosu l
!

5
2

mtgbExl
2

xl
1dxl

xl

d2G t

dxld cosu l
! , ~12!

where the integration interval overxl is bounded atxl
6

52El /@mtg(16b)#.

C. Top quark polarization observables

An essential use will be made of the factorization pro
erty of the double differential distribution for the top qua
decay semileptonic rate with respect to the emitted lep
energy and angle relative to the top quark spin polariza
vector. This distribution is described at the tree level as
11600
-

s

l

om

d

e
e
e

-

n
n

d2G t

dEl
!d cosc l

5
dG t

dEl
!

11cosc l

2

where coscl52s(p)•kl is the angle between the lepton m
mentum and the top quark spin polarization vectorsm(p) in
the top quark rest frame. Equivalently,

d2G t

dxld cosu l
! 5

dG t

dxl

11cosc l

2

d cosc l

d cosu l
! .

As it turns out, this representation remains valid to a go
approximation when one-loop QCD corrections are includ
@36#. We choose to describe the top quark polarization in
spin helicity formalism, using techniques familiar from pr
vious works@5,37#. The definition for the helicity basis Dirac
spinors is provided in the Appendix. Since the polarizati
axis coincides then with the top quark momentum, the
pendence onc l can also be simply rewritten as (
1coscl)/25(11l cosul

!)/2, such thatl5@21,11# corre-
spond to@L,R# helicity, respectively.

The helicity amplitudes associated to the pair
CP-conjugate processes are related by the action ofCP as

^ f l f̄ l8
8 uM u l m8

1 l m
2&→^ f 2l8

8 f̄ 2luM u l 2m
1 l 2m8

2 &. Unlike the pro-

cess l 1l 2→t t̄ , where both the initial and final states a
self-conjugate underCP, here only the initial state is self
conjugate, while the action ofCP relates the different fina
statest c̄ andc t̄. Let us express the amplitudes for the pair
CP-conjugate processes as sums of tree and loop te
MJJ85a01(aba f a(s1 i e), M̄ JJ85a0

!1(aba
! f a(s1 i e),

where the loop termsba f a(s1 i e) are linear combinations
with real coefficients of the vertex function

AL
JJ8, AR

JJ8, aJJ8, idJJ8, with the energy-dependent comple
functions f a(s1 i e) representing the factors in loop ampl
tudes which include the absorptive parts. In terms of t
notation, aCP asymmetry associated with the difference
rates for the pair ofCP-conjugate processes in some giv
CP-conjugate configurations of the particles polarizatio
can be written schematically as

u^ll8uM um8m&u22u^2l82luM u2m2m8&u2

}(
a

Im~a0ba
! !Im@ f a~s1 i e!#

2 (
a,a8

Im~baba8
!

!Im@ f a~s1 i e! f a8
!

~s1 i e!#.

~13!

Thus, the necessary conditions for a nonvanishing polari
asymmetry to arise from the tree-loop interference term a
relative complexCP-odd phase between the tree and lo
coupling constants and an absorptive part from the lo
terms. The angle-integrated production rates for
CP-conjugate reactionsl 1l 2→t c̄ and l 1l 2→c t̄ for the
case of polarized top quarks and top antiquarks, respectiv
are obtained by summing over the polarization of thec, c̄
quarks as
4-9
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FIG. 6. TheCP-odd production rate asymmetries as a function of the center of mass energy,s1/2, for fixed values of the down squar

massm̃5@100,200, 500, 1000# GeV. The left-hand plot~A! gives the unpolarized asymmetryA5(sav2s̄av)/(sav1s̄av). The upper

bounds for the absolute values of the statistical errors on the asymmetries, as evaluated withl12k8 l13k8 50.1, m̃5100 GeV, and integrated
luminositiesL5100.0 fb21, are shown as solid circles. The right-hand plot~B! gives the spin-polarization-dependent asymmetryA pol

5(ds2ds̄)/(sav1s̄av).
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s~ t̄ L!5s~ t̄ LcR!1s~ t̄ LcL!, s~ t̄ R!5s~ t̄ RcL!1s~ t̄ RcR!.

~14!

Forming the half differences and sums of rates,ds

5 1
2 @s(tL)2s(tR)#, ds̄5 1

2 @s( t̄ R)2s( t̄ L)#, sav

5 1
2 @s(tL)1s(tR)#, s̄av5 1

2 @s( t̄ R)1s( t̄ L)#, such that
s(tL,R)5sav6ds, s̄(tR,L)5s̄av6ds̄, one can define the
following two CP-odd combinations:

A5
sav2s̄av

sav1s̄av

5
s t c̄2s t̄ c

s t c̄1s t̄ c

, A pol5
ds2ds̄

sav1s̄av

, ~15!

which will be designated as unpolarized and polarized in
grated rate asymmetries. The above definition for the un
larized asymmetryA is identical to the one studied in ou
previous work @1#. The asymmetries depend on the RP
coupling constants through the ratio of loop to tree am
tudes as Im(l iJk8! l iJ8k

8 /l1Jk8
8! l1J8k8

8 )} sinc, where the depen
dence on theCP violation angle parameterc reflects the
particular prescription adopted in this study to include
CP-odd phase. The indexk8 refers to thed-squark genera-
tion in the tree amplitude and the indicesi ,k to the fermion-
sfermion generations for the internal fermion-sfermion pa

S dk

ẽiL
! D , S ei

c

d̃kR
D

in the loop amplitude.
It is important not to confuse the above analysis with t

of the top-quark–top-antiquark pair production,l 2l 1→t t̄ ,
where aCP-odd asymmetry observable for a single fin
state may be defined in terms of the difference of helic
11600
-
o-

-

e

s

t

l
y

configurations,s(tL t̄ L)2s(tRt̄ R). A nonvanishing value for
the corresponding difference of polarized rates can only a
via tree-loop interference terms involving the absorptive p
of the top quark electric dipole moment, Im(dJJ) @6,7#. One
should note here that the one-loop contribution of the R
l8 interactions to Im(dt

JJ) vanishes. Two closely related pro
cesses, which are amenable to an analogous treatmen

bb̄-quark pair@38# andt1t2-lepton pair production. Double
spin correlation observables for the latter reactionl 2l 1

→t2t1 have been examined in a recent work@39#. We note
that the RPVl interactions can give a nonvanishing cont
bution to Im(dt

JJ).
The results for the rate asymmetries are displayed in F

6. The numerical results for the unpolarized case@window
~A! in Fig. 6# update the results presented in Ref.@1# since
the present calculation includes the contributions from
Lorentz covariant tensorial (smn) coupling which were ig-
nored in our previous work@1#. The asymmetry for the po
larized case@window ~B! in Fig. 6# involves the difference of
the spin helicity asymmetry in the total production cross s
tions for theCP mirror conjugate top quark and top ant
quark mirror reactions. While thisCP-odd polarized asym-
metry is not directly observable, it enters as an import
intermediate quantity in evaluating the measurable kinem
distributions of the top quark decay products dependent
the top quark spin. We have assumed all the relevant R
coupling constants to be equal and set theCP-odd phase at
sinc51. The rapid change in slope for them̃5200 GeV
case is due to the threshold effect from the imaginary par
the superpartner one-loop contributions, which are set atAs
5400 GeV. Aside from this large discontinuous contrib
tion, one sees that both asymmetries comprise another
tribution which is nearly independent ofm̃ and increases
smoothly with the initial energy. Both asymmetriesA and
A pol take values of the order of a few 1023, reaching
O(1022) at the highest incident energies.
4-10
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The statistical uncertainties in the asymmetry may
evaluated in terms of the signal cross sections and the
grated luminosity by considering the approximate definit
dA51/@L(s t c̄1s t̄ c)#1/2. Using the same input value for th
luminosity, L5100.0 fb21 at the three c.m. energies,As
5@0.192, 0.5, 1.0# TeV, along with the cut signal rates i
Table I, we obtain statistical errors on the asymmetries
orderO(1021). These values lie nearly two order of magn
tudes above the value obtained for the signal. At this poin
is important to observe that in getting the above estimates
the rates we have been using somewhat conservative as
ments for the RPV coupling constants. As already noted,
single top quark production cross sections could possibly
two order of magnitudes larger if we were to use coupl
constants values of orderl12k8 l13k8 .1021. Such values are
compatible with the indirect bounds only for the extrem
down-squark massm̃5O(1 TeV) range. In the hypothetica
case where the production rates would be enhanced by
order of magnitudes, the statistical errors in the asymmet
would correspondingly get reduced by a factor ofO(1021),
thereby reaching the same order of magnitude as the si
asymmetries. Nevertheless, as plotted in window~A! of Fig.
6, the corresponding errors would still be somewhat lar
than the signals. We should note here that the contributio
the one-loop amplitude from internal sfermion and fermi
lines belonging to the third generation is controlled by t
coupling constant quadratic productl3238 l3338 , which is sub-
ject to weak constraints. Should the RPV coupling consta
exhibit a hierarchical structure with respect to quark and l
ton generations, one cannot exclude the possibility of a
tor of 10 enhancement from the ratio Im(l3238! l3338 /l1238! l1338 ).
Such an order of magnitude gain in this ratio would raise
asymmetries up toO(1021), bringing them well above the
experimental uncertainties. Last, we observe that a m
complete formula for the uncertainties in the asymmetr
reads (dA)252(ds t c̄)

2@12C1(11C)A 2#/(s t c̄1s t̄ c)
2,

where we used equal standard deviations for
CP-conjugate reactions ratesds t c̄5ds t̄ c and denoted the
correlated error in these two rates asC5^ds t c̄ds t̄ c&/ds t c̄

2 .
Clearly, an improvement in the statistical treatment of
t c̄1 t̄ c events sample, allowing for a positive nonvanishi
value of the error correlation associated with the identifi
tion of isolated single negatively and positively charge
lepton events, should greatly help in reducing the experim
tal uncertainties caused by the small event rates.

The energy distribution for the negatively and positive
charged leptons in the pair of CP-conjugate reactions ma
defined as

^s1&[ K ds1

dEl
L 5^s~ tL! f L1s~ tR! f R&,

^s2&[ K ds2

dEl
L 5^s~ t̄ R! f L1s~ t̄ L! f R&,

~16!

where the correlations between the top quark spin lep
momentum are described by the factorsf L,R5 1

2 (1
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!) and the brackets stand for the angular integrati

The occurrence of angular correlation factors of oppos
signs in thet̄ production case accounts for the kinematic
fact that the top antiquark is oriented in space with a mom
tum 2pW . A CP-odd charge asymmetry observable with r
spect to the charged lepton energy distribution may be
fined by considering the following normalized difference
distributions:

DA pol5
^s1&2^s2&

^s1&1^s2&

5
~sav2s̄av!1^~ds2ds̄!~ f L2 f R!&

~sav1s̄av!1^~ds1ds̄!~ f L2 f R!&
. ~17!

The numerical results for the charged lepton energy distri
tions and for the above-defined charge asymmetry in the
ton energy distributions are displayed in Fig. 7.@Note that
the transverse energy distribution, in the plane orthogo
with respect to the top quark momentum, may be sim
obtained asdG/dElT5(dG/dEl )(1/sinult

!). The distribution
in the plane orthogonal to the collision axis is less trivial
evaluate since this requires an additional integration over
lepton azimuthal angle.# The energy distributions for the un
polarized cross section essentially reproduce the res
found in our above-quoted event generator predictions,
3. The energy distributions for the polarized asymmetry lie
values of order of magnitude,O(1023), always retaining the
same positive sign as the lepton energy varies. For a fi
energy of the emitted lepton, the asymmetry increases w
the initial energy, reaching values of orderO(1022). In win-
dow ~B! of Fig. 7 we have plotted the experimental unce
tainties using the same inputs for the luminosities and
rates as in the discussion of the unpolarized asymme
given above. To ease the comparison with experiment,
divide the charged-lepton energy interval into three bins
width 100 GeV, each centered at the three lepton ener
El5(50, 150, 250) GeV. The statistical errors in the asy
metries in the energy distributions lie at the same level
those associated with the total asymmetries, so that sim
conclusions should apply. Setting ourselves within the sa
optimistic scenario by usingl12k8 l13k8 51021 and L
5100 fb21, we obtain expected errors of orderO(1022).
These values are insufficient for a comfortable identificat
of a signal asymmetry. However, we reiterate, as in
above discussion, that an enhancement of the signal as
metries to an observable level ofO(1021), due to a hierar-
chical structure in the generation dependence of thel i jk8 , is a
real possibility.

IV. CONCLUSIONS

We have demonstrated that single top quark produc
through the RPV interactions could be observed at fut
linear colliders or else be used to set bounds on the R
coupling constantsl12k8 l13k8 ,O(1022) over a wide interval
for the down-squark massmd̃kR

,1.0 TeV. Theb-quark tag-
ging would help greatly to overcome the background. Ev
4-11
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FIG. 7. Energy distribution for the charged lepton as a function of the laboratory frame lepton energy, for a set of center of mas

s1/25@192, 500, 1000# GeV. The parameters are set atl850.1, m̃5100 GeV. The left-hand plot~A! gives the differential lepton energ
distribution ds/dEl . The right-hand plot~B! gives the asymmetry in the energy distribution for leptons of opposite charges in

CP-conjugate final state channels (t c̄) and (c t̄): DA pol5@ds1/dEl2ds2/dEl #/@ds1/dEl1ds2/dEl #. The upper bounds for the abso
lute values of the statistical errors on the asymmetries, as evaluated withl12k8 l13k8 50.1 and with integrated luminositiesL5100.0 fb21, are
shown for three energy bins of width 100 GeV, each centered at the charged lepton energiesEl5(50, 150, 250) GeV. The results for thre
values of the center of mass energys1/25@192, 500, 1000# GeV are displayed by solid triangles, squares, and circles.
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with an imperfectb-quark tagging, it is still possible to dras
tically reduce the background, fromWW and bb̄, without
much harming the signal. The analysis of top quark polari
tion observables via the semileptonic decay channel of
top quark allows us to test for the presence of aCP violating
complex phase, embedded in quadratic products of the R
coupling constants. We have focused on the asymmetr
the energy distributions of the charged leptons in
CP-conjugate pair of final statesbl1n c̄ and b̄l 2n̄c, obtain-
ing asymmetries of order 1023–1022 for the incident ener-
gies expected at future leptonic colliders. These values
somewhat below the anticipated limits of observabili
However, it may be possible to obtain enhanced values
order 1021, should the RPV coupling constantsl i jk8 exhibit
large hierarchies with respect to quark or lepton generat
Future promising extensions might include analogous re
tions accessible with lepton-photon or photon-photon col
ing beams,lg→t c̄, gg→t c̄, where the expected productio
rates are substantially larger than those forl 2l 1 colliders.

This work was supported by the Laboratoire de la Dire
tion des Sciences de la Matie`re du Commissariat a` l’Energie
Atomique.

APPENDIX

Helicity Amplitudes

The helicity spin basis Dirac spinors for a fermion or
antifermion, of massm, four-momentum km5„Ek5(k2

1m2)1/2,kW…, and polar coordinateskW5(u,f), can be written
in the form of direct products of the Dirac spinor two
component space with the two-component space of Paul
11600
-
e

V
in
e

ie
.
of

n.
c-
-

-

e-

licity basis spinors,fl(kW ), satisfyingsW • k̂fl(kW )5lfl(kW ).
In the Dirac representation for the Dirac matrices,

g05b, gW 5baW , g55S 0 1

21 0D ,

the spinors read

u~kW ,l!5AekS 1

k̃l
D fl~kW !, v~kW ,l!5AekS 2 k̃l

1
D f2l~kW !,

f21~kW !5S 2sin~u/2!e2 if

cos~u/2!
D , f11~kW !5S cos~u/2!

sin~u/2!e1 ifD ,

~A1!

where ek5Ek1m, k̃5ukW u/(Ek1m), and xl (l561), are
the Pauli spinors in the basis with a fixed quantization a
identified with the spatial three-axisOz. The helicity basis
spin eigenstates with a space-parity reversed th
momentum are defined asfl(2kW )5e2 i (f1p)(l82l)/2

(e2 i [(p2u)/2]sy)l8lxl85fl(kW )u [u→p2u, f→f1p] .
The eight nonvanishing helicity amplitudes for the pr

cessl 1(k8,m8)1 l 2(k,m)→uJ(p,l)1ūJ8(p8,l8) are listed
in the formulas below:

M15M ~1212 !

54F @2~11 p̃p̃8!~X11X2!

1~ p̃1 p̃8!~X31X4!#sin2~u/2!,
4-12
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M25M ~1211 !

52F @~211 p̃p̃8!~X11X2!1~ p̃2 p̃8!X3

1~ p̃2 p̃8!X412p~ p̃1 p̃8!~X51X6!

12p~11 p̃p̃8!~X71X8!#sin~u!,

M35M ~2112 !

524F @2~11 p̃p̃8!~2X11X2!

2~ p̃1 p̃8!~X32X4!#cos2~u/2!,

M45M ~2111 !

52F @~211 p̃p̃8!~2X11X2!

1~2 p̃1 p̃8!~X32X4!

22p~ p̃1 p̃8!~X52X6!

22p~11 p̃p̃8!~X72X8!#sin~u!,

M55M ~1222 !

52F @~211 p̃p̃8!~X11X2!1~2 p̃1 p̃8!X3

1~2 p̃1 p̃8!X412p~ p̃1 p̃8!~X51X6!

22p~11 p̃p̃8!~X72X8!#sin~u!,

M65M ~1221 !

524F @~11 p̃p̃8!~X11X2!

1~ p̃1 p̃8!~X31X4!#cos2~u/2!,

M75M ~2122 !

52F @~211 p̃p̃8!~2X11X2!

1~ p̃2 p̃8!~X32X4!22p~ p̃1 p̃8!

3~X52X6!12p~11p̃p̃8!~X72X8!#sin~u!,

M85M ~2121 !

54F @2~11 p̃p̃8!~X12X2!

2~ p̃1 p̃8!~X32X4!#sin2~u/2!. ~A2!

The arguments refer to the fermions helicity in the followi
order: Mi(he1,he2,hf ,hf̄). The remaining helicity ampli-
tudes, omitted from the above list, are understood to van
identically. We denote byu the top quark scattering angl
cosu5kW•pW by @Ep ,Ep8#5(s6mJ

27mJ8
2 )/2As, the top and

charm quark energies, and use the following abbreviated

tation: p̃5p/(Ep1mJ), p̃85p/(Ep81mJ8), F 5 1
2 @s(Ep

1mJ)(Ep81mJ8)#1/2, along with the useful compact notatio

X15Ga1A1R, X25Ga2A1R, ~A3!
11600
h

o-

X35Ga1B1R, X45Ga2B1R,

X55
1

2
Ga1C, X65

1

2
Ga2C,

X75
1

2
Ga1D, X85

1

2
Ga2D,

whereGa6A, . . . are defined in Eq.~9!, R in Eq. ~7!, and
A, . . . ,D, in Eq. ~5!.

One-loop RPV vector boson vertex functions

The one-loop vertex functions, as derived in@1#, are given
by the formulas

AL
JJ85

l8 iJ8kl iJk8!

~4p!2
$aL~u!B1

(2)1a~ f L!mf
2C01a~ f̃ 8!

3@2C̃2412mJ
2~C̃122C̃211C̃232C̃11!#

1a~ f R!@B0
(1)22C242mf̃ 8

2C01mJ
2~C013C11

22C1212C2122C23!2mJ8
2 C12#%,

AR
JJ85

l8 iJ8kl iJk8!

~4p!2
mJmJ8@2a~ f̃ 8!~2C̃231C̃22!

1a~ f R!~2C111C1222C2312C22!#,

S aJJ8

2 idJJ8D 5
l8 iJ8kl iJk8!

~4p!2

mJ1mJ8
4

$6mJ@a~ f R!~C112C12

1C212C23!2a~ f̃ 8!~C̃111C̃212C̃122C̃23!#

1mJ8@a~ f R!~C222C23!1a~ f̃ 8!~C̃232C̃22!#%.

~A4!

The relevant configurations for the internal fermion and sf
mion propagating in the loop are

S f

f̃ 8D 5S dk

ẽiL
! D , S ei

c

d̃kR
D .

The notation for the Passarino-Veltman two-point and thr
point integrals, as specified in our work@1#, is defined ac-
cording to the following conventions:BA

(1)5BA(2p
2p8,mf ,mf), BA

(2)5BA(2p,mf ,mf̃ 8) (A50,1), and CA

5CA(2p,2p8,mf ,mf̃ 8 ,mf), C̃A5CA(2p,2p8,mf̃ 8 ,mf ,
mf̃ 8) (A50, 11, 12, 21, 22, 23!. The integral functions with
a tilde are associated with the one-loop diagram for the s
mion current.
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