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Polarized single top quark production at leptonic colliders from broken R parity interactions
incorporating CP violation
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The contribution from theR parity violating interactiomi’jkLinDﬁ in the associated production of a top
quark (antiquarl with a charm antiquarkquark is examined for high energy leptonic colliders. We concen-
trate on the reactioh” +1*—(tc) + (ct)— (bl vc) + (bl vc) 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 mo#éboson pair production background. The sensitivity to paramekRrs (
parity violating coupling constants and down-squark massstudied at the energies of the CERN LEP-II
collider and the future linear colliders. Next, we turn to a study @Rrodd 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 statesl vc andblvc. A nonvanishing asymmetry arises fromCa-odd phase,
embedded in th& parity violating coupling constants, through interference terms betweeR tieity vio-

lating amplitudes at both the tree and loop levels. The one-loop amplitude is restricted to contributions from
vertex corrections to the photon aZeboson exchange diagram. We predict unpolarized and polarized rate
asymmetries of orde®(10 %)—0(10 ?). An order of magnitude enhancement may be possible shoul the
parity violating coupling constantkei’jk exhibit a hierarchical structure in the quarks and leptons generation
spaces.

PACS numbse(s): 11.30.Er, 11.30.Hv, 12.60.Jv, 13.1Q

I. INTRODUCTION nisms involving leptoquarkfsl4], an extended Higgs doublet

The flavor nondiagonal fermion-antifermion pair produc- sector[15,16, supersymmetry based on the minimal super-
tion | 71" —f,f; , wheredJ+J’ are flavor labels, represents Symmetric standard model with an approximately broken
a class of reactions where the high energy colliders couldarity [1,17-20, quark flavor mixing[21], standard model
contribute their own share in probing new physics incorpoloops and four matter generatiofid2,23, or higher order
rating flavor changing and/o€P violation effects. As is Standard model processes with multiparticle final states,
known, the standard model contributions here are known to~1* —tcvwv [24]. A survey of the current studies is provided
be exceedingly small, whereas promising contributions ar¢n Ref.[12].
generally expected in the standard model extensi@@sn- In this work, pursuing an effort started in our previous
sult Ref.[1] for a survey of the literaturpOf special interest paper[1], we consider a test of thR parity violating (RPV)
is the case where a top quaflntiquarkf is produced in interactions aimed at top-charm quark associated production.

association with a lightefcharm or up antiquark(quark.  Our study will focus on contributions to the procedsd *
The large top quark mass entails a top quark lifetime of

Top=[1.56 GeV{n,/180 GeVy] %, significantly shorter _—>(tc)+_(tc) ,arll_sngatl:t the trge level ffm thhe tnlme\j\vr RPV
than the QCD hadronization time,Alcp, which simplifies Interactionsh;; LiQ; Dy via adyg squark exchange. We ex-
the task of jet reconstructidr2]. The top quark polarization amine the 5|gnal a§SOC|ated with thelectron and muon
effects also constitute a major attracti@-7]. The large top  charged semileptonic decay channel of the top quark,
quark mass entails a spin depolarization time of the top~bW"—bl"v. The final states il vc)+ (bl vc) (I
quark which is longer than its lifetime, rgepor  — & M) consist of an isolated energetic charggd _Iepton, ac-
=[1.7 MeV(180m,)]~*> Tiop, thus providing an easy ac- cqmpanled by a pair ob and ¢ quark hadronic jets and_
cess to top quark polarization observables. Polarization studnissing energy. The standard model background may arise
ies for the top-quark—top-antiquark pair production reactionfrom the W-boson pair production reaction’l = — W™ W~
in both production and decay, have been actively pursued iand possibly, in the case of an imperfécuark tagging,
recent yeard8-10. (An extensive literature can be con- from theb-b quark pair production reactidn’| ~—bb, fol-
sulted from these references. lowed by a semileptonic decay of one of thequarks,b

It appears worthwhile to apply similar ideas to the flavor _, o=,

nondiagonal fermion pair production process involving  The present work consists of two main parts. In the first
eral theoretical studies aimed at both leptomici(, ey, and  semileptonic decay channel. We evaluate a set of character-
v7y) and hadronic §p, pp) colliders. Exploratory theoreti- istic dynamical distributions for the signal and for the stan-
cal studies have been pursued at an implicit level, via thelard model background and obtain predictions for the effec-
consideration of higher dimension contact interactiflls= tive rates based on a judicious choice of selection cuts on the
13], and at an explicit level, via the consideration of mecha-inal state kinematical variables. Our discussion will develop
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We shall specialize henceforth to the case of electron-
positron colliders, corresponding to the choleel for the

generation index. The squared amplitude, summed over the
initial and final fermion spins, read4]

’ % 2

, Ny T 1ok
> MY 2=N,| - | 16(k-p')(K'-p). (2)
pol 2(u—makR)

The production rate for unpolarized initial leptons, integrated
over the scattering angle in the intervakOcosd|<x., is

FIG. 1. Feynman diagram for the tree level amplitude of the™, i
given by the analytic formula

procesd "1~ —ct—cbl*v.

along similar lines as in a recent work of Han and Hewett
[12], which was focused on the contributions initiated by the
dimension, D=6, four field couplings of th& boson with

fermion pairs, and the neutral Higgs boson. In the second

! rx |2
- Ncl)\lJ’k)\le

u-—uy)

647s?

u_—m?

= 2 2
part of the paper, we examine a specifi®-odd top quark +(2m*=mj—mj,)In =

S . u,—m

polarization observable which corresponds to an asymmetry

in the energy distribution of the final state charged lepton B 5 1 1

with respect to the sign of its electric charge. —(m?—m3)(m?— mﬁ,)( — = ~2) , (3)
The contents of the paper are organized into three sec- u.—m= u,—m

tions. In Sec. Il, we focus on the total and partial semilep-

tonic decay rates for both the signal and standard mode#hereu. =mj—s(E,* px;). For the top-charm quark as-
background, allowing for the case of an imperfectuark ~ sociated production case, in the linit;=m:>m; =m,
tagging. We discuss the constraints from the indirect boundsne has u+=mt2—s, u_=0. For fully polarized initial

on the RPV coupling constants, study the dependence dfeams, since the RPV amplitude selects a single helicity con-
rates on the down-squark mass parameter, and evaluate a figtiration for the initial state leptons, |5 (left-handedl ~

of relevant dynamical distributions that are of use in devisingand right-handedl *), the corresponding polarized rate
an appropriate set of selection cuts. In Sec. lll, we discuss would be still described by the same formula as above, only
test of CP violation involving top quark polarization effects. with an extra enhancement factor of 4. The predicted rates

The CP violating observable arises through interferencesor tc production are controlled by quadratic products of the

terms between the tree and one-loop contributions to the angpy, coupling constants 4\, (k=1,2,3) and the squark
plitude and aCP-odd phase which is embodied in the RPV "\ o ﬁ(() tla& Alio’ 0 for the exd
coupling constants. Following an approach similar to one S5y rshor ’ wing XIS

used in earlier proposals,7], we describe the top quark tence in the RPV inte_ractions of an up-quark fIavo_r mixing,
production and decay by means of a factorization approxiSuch as would be induced by the transformation from
mation and examine the induced charge asymmetry in thiavor to mass basis, one may express the amplitude in
energy distribution of the final state charged leptons. Thdérms of a single RPV coupling constant and the Cabibbo-
production amplitudes are evaluated in the helicity basis. OuKobayashi-Maskawa (CKM) matrix, V, by rewriting
main conclusions are summarized in Sec. IV. the coupling constant dependence  as\iy\ix
—Nmh i k(VDw2(Vys and selecting the maximal
contribution associated with the configuratiodd=M'=2
or 3. This yields the order of magnitude estimatg\ ;
— N ad 2(VD) 2o V) 25~ 2IN 1l *N% or 2N 14|%\?, respec-
Inanl~1* collision, the tree level transition amplitude for tively, wherex~sin§.~0.22, denotes the Cabibbo angle pa-
single top quark production, as initiated by the RPV interacfameter.
tions )\i'jkLinDﬁ: proceeds via the-channel exchange of a We_ pause briefly to_recall th_e current bounds on the RPV
right-handed down-squaitk », as represented in Fig. 1. By coupling C(?nstants of |_nterest in the present st[2h]. The
use of a Fierz ordering identity, the transition amplitude forrelevaznt single coupling constant bounds arg,<4.0
the flavor nondiagonal production of an up quark-antiquark* 1072’ 7\13<<Q-37 (charged current U_n'Ve.rsaWWf\ijl<3
pair,|7(k)+|+(k’)—>u3(p)+UJr(p'), can be written in the X 10 ’ (atomlc phyS|CS parity V|0|at|gm )\12(<03
form of a Lorentz covariant vectorial coupling: —0.4,113<0.3-0.6 (neutral current universalify and
Njpp<7.0x107% N{33<3.5x10°% (neutrino  Majorana

II. TOP-CHARM QUARK ASSOCIATED PRODUCTION

A. Integrated rates

) )\I'J*k)\l’yk _ _ mas$ [26]. The superpartners scalar particles masses are set
U= — ——— v (K) Y*uL(K)u (p) o (p"). at 100 GeV. Unless otherwise stated, all the dummy flavor
2(u- mEkR) indices for quarks and leptons are understood to run over the

(1)  three generations. Using the above results for individual cou-

116004-2



POLARIZED SINGLE TOP QUARK PRODUCTION A .. .. PHYSICAL REVIEW D 61 116004

(A) (tT+ch) (B) (t+ct)

1ot 10t

—— 100 — 192
----- 200 w Lo 500 I
[ ---- soog 1 "I o 1000 .. ~Z7—. —-
¥y ———1000_ -~ — " 1 e
@ -~ o _ @ 10?2 | A
= P -~ c V4
§ Z” § 1o ,
8w 1 89t
= //__._‘\.\ 2" f
. ~ . 1w 4
=) o
10" ] A
r\ lu'l - I
1° . . 102 L

100 400 700 1000 0 200 400 600 800 1000 1200
{s [GeVl i [GeV]

FIG. 2. The total integrated rate for the RPV-induced readti’dﬁﬂ(t?)+(t_c), setting the values of the relevant coupling constants as
M2k=)\13(=0.1(51/100 GeV), is plotted in windowA) as a function of center of mass energyf? for fixed down-squark masm

=[100, 200, 500, 1000GeV and in window(B) as a function ofn for fixed 51’2=[192, 500, 1000 GeV. We integrate over an interval of
the scattering angle,9|cos#<0.9848, corresponding to an opening angle with respect to the beams axis larger than 10°.

pling constants bounds, we may deduce for the followingto the case where the RPV coupling constants are taken in-

upper bounds on the relevant quadratic produ@3]:  dependent ofn. The initial energy of the CERN" e~ col-
Mah 12<[0(107%), O(1072), O(10 %], (k=1,2,3). The lider LEP-II falls right in the regime where the cross section
indirect quadratic  product bounds )\i’jk)\i’,gk< 1.1 is sharply rising with increasing initial energy. The decrease
X103, )\i'jk)\i’,13< 1.1x10°3 (i'=1,2) (B—>Xqv7) are Wwith ingreasingﬁ_‘n is stronge_r at LEP-II energies than at the
roughly comparable to these single coupling constanfuture linear colliders energies. Note that at the largest values
bounds. We also note that using the CKM flavor mixingof the superpartner masms=1.0 TeV, the RPV coupling
along with a single dominant coupling constant in the currenconstants in our prescription enter a strong coupling regime
basis, as described at the end of the previous paragraph, mpy’=0(1)] and it is not clear then whether the tree level
not be especially beneficial in avoiding the above strongeprediction makes sense.
pair product bound. The bound on the corresponding cou- Next, we consider the process incorporating the top quark
pling constant factor, [&4]2A2<0(102), is competitive ~Ssemileptonic decay, as pictured by the Feynman diagram
for the generation indicels=1,3. shown in Fig. 1. We assume that the top quark decay is
Numerical results for the integrated rates have alreadgiominated by the electroweak semileptonic decay channel,
been reported in previous works9,1]. Setting the relevant Wwith branching fractiorB(t—b+W")~1. We also include
RPV coupling constants at the reference valle-0.1, one  the pair ofCP-conjugate final states¢c andct production,
predicts rates of order 1—10 fb, for=0(100) GeV. As the Which multiplies the rate by a factor of 2. Note, however,
center of mass energy varies in the intervalls  that we restrict ourselves to the,=c charm quark mode
=192-1000 GeV, the rates rise sharply from thresholdOnly. The numerical results for rates, including a branching
reaching smoothly a plateau arougis=400 GeV. This con- fraction factor of 2/9experimental value 21.1%) to account
trasts with the predictions from gauge-boson-mediatedor the W—lv (I=e, u) decay channels, are displayed in
higher dimension interactiorj¢2] where the rise of the rates Table I. We also show the standard model background rate
with incident energy is a more gradu~al onet. The rates are also TABLE |. Production rates for the top-charm quark production
found to have a strong dependencenarwhich weakens for  gjgnal and thew-boson pair production background. The line en-
increasing center of mass energies. One may roughly paranges give successively the total integrated rate for the reaction
etrize the dependence smndm by the approximate scaling |+~ — (tc)+(ct) using\’=0.1, m=100 GeV, the rate for signal
law o=~ (\'\’/0.01(100 GeVin)*®, where the power ex- events, bl c)+ (bl vc), associated with the top quark semileptonic
ponent is a fastly decreasing function of energy, taking thelecay, the W-boson pair production background rate|*
approximate  values x(s)~[3.65, 1.86, 0.9% at /s ~>W+W7~>(|+dej)+(|7v_djui), and the corresponding cut sig-
=[0.192, 0.5, 1.0 TeV. nal and background rates, as obtained by applying the selection cuts
Although the predicted rates seem to be severely conguoted in the text. The results include the first two generations of
strained by the above indirect bounds, one could envisage afarged leptond,=e, u.
optimistic scenario where the supersymmetry decoupling

limit m—o is realized with fixed values for the products, Enterlgy(t-revz‘b Zégg 407;21 11i38
~ . . . . I . . .
x(jk(loo GeVim)~0.1, consistently with the current indirect Sic;ial Zs)a( ) 0.68 0.91 024
bounds: Th.e results o.btamed with this prescrlptlor]~ are dIS\-N+W_ background(fb) 5076 2080 876
played in Fig. 2. The integrated rates now dependoas signal(fb) 0.54 0.74 0.21
0<(100 GeVim) ~*#"X(), which leads at high energies to an w*w- cut backgroundb) 17.0 5.0 26

enhancement by up to three orders of magnitudes, compared
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from the W-boson pair production,|™|"—(W"W") niques. If nob-quark tagging is performed at all, then the

— (1" vud;)+ (17 vd;u;), with one W-boson decay leptoni- above large rates may make it necessary to resort to an

cally and the other hadronically, whergj are generation analysis of isolation cuts of the type to be discussed in the

indices. The irreducible background frol~—cb or W* next subsection.

—bc is strongly suppressed, due to the small branching fac-g pjsgributions for the semileptonic top quark decay events
tor, given approximately by 0.32.,|?~5x 10" 4. It is safer,
however, to allow for the possibility where the light quark
hadronic jets could be misidentified bsjuark hadronic jets.
Accounting for the leptonic decay for one of thi¢ boson
and the hadronic decay for the oth&rboson introduces for
the total rate, which includes all the subprocesses, th
branching fraction factor 2(21#0.64)%X (67.8+1.0)%
=0.286+0.024. Our numerical results in Table | for the
standard model background rates are in qualitative agre
ment with those quoted o(=[2252, 864 fb at s*?
=[0.5, 1.9 TeV) by Han and Hewetf12]. One should be
aware of the existence of large loop corrections to th
W*W~ production rate, especially at high energies. The pre;
dictions including the electroweak and QCD standard mode
one-loop contributions red@8] o =[4624, 1647, 59pfb at
s'?=[0.192, 0.5, 1.p TeV. We conclude therefore that our
use of the tree level predictions for tNé* W~ background

In order to separate the signal from background, we con-
sider the same set of characteristic final state kinematical
variables as proposed in the study by Han and Heft&t
These are the maximum and minimum energies of the two
jets, E]'9", E°, the dijet invariant masM;; , the charged
epton energyE,, and rapidityy|=%Iog[(E|+p,H) 1(E—py)]-

The distributions in these six variables for the signal and
background, at a center of mass enekgy=0.5 TeV, are
%’Iotted in Fig. 3. These numerical results were obtained by
means of thepYTHIA [30] event generator. One notices
marked differences between signal and background. The
aximum jet energy distribution is uniformly distributed for
he background but sharply peaked for the signal, where the
eak position is determined by the top quark mass and the
incident energy am?= (mZ—s+24/sE,). The minimum jet
energy is uniformly distributed for both signal and back-
: . ground, but happily the corresponding intervals are very par-
overestimates the true cross sections 8%6,20%,32% at tially overlapping. The signal event rapidity distributions for

the three indicated energies. : X ;
Let us discuss briefly other possible sources of back:[he maximum energy jet are more central for signal than

ground. The next important contribution is that arising frombackground. A similar trend holds for the lepton rapidity

the nonresonari\-boson virtual propagation in the ampli- distributions. The dijet invariant mass is a most significant
tude with the intermediat&V" W~ bosons branching into variable in discriminating against the background due to its

) — i _ ] pronounced peak at thé&/ mass. For the signal, the dijet
four fermions (»qq’). This could be possibly estimated by jnyariant mass is uniformly spread out. Although we do not
subtracting the resonant contribution from the total backshow here the distributions for the top quark mass recon-
ground cross sections, weighted by suitable branching facsryction, this also features a strong contrast between a
tors, as independently evaluat_ed by numerical methods in th§trong|y peaked signal and a uniform background. The lep-
|17 — (4f) + (4f + ) [29], including the initial state radia- peaked at the opposite low and high energy ends of the
tion gnd Coulomb corrections, |nd|§:ate that th.e off-shell conphysical interval, respectively. This is a familiar effect asso-
tributions amount to a small relative correction lower thangjated with the correlation between thiboson spin polar-
O(10%). Alternatively, one may consider, after reconstruct-ization, which is predominantly longitudinal in the top quark
ing the neutrino momentum from the MISSINg energy, a Progecay and transverse in the dirabtboson decay, and the
cedure to impose suitable cuts on th®/ invariant mass, velocity of the emitted charged lepton. In the signal decay

aimedd at suppressing the nonresonant praduction baClé’mplitudeteblv, the fact that the left handdalquark must
grooun : th tentially i tant back diis that arisi carry the top quark polarization forces the lepton to travel
ne other potentially iImportant background IS that ansing, i+, onnosite velocity to that of top quark. In the background

from the b-b quark pair production reactioh"| ~— y*/Z decay amplitud&V~— v, the charged lepton is emitted with
—bb—b(cl"»)+b(cl"») [19]. The numerically derived 4 velocity pointing in the same direction as that of the
predictions for the rates, as obtained by means oP#®ilA  poson. Thus, the Lorentz boost effects on the emitted
generator, are=[1.631x 10", 2.12<10°, 5.35<10%] fb, at  charged leptons act in opposite ways for the signal and back-
s'2=[0.192, 0.5, 1.p TeV. It would appear desirable, in ground events.

view of these large predicted rates, to eliminate this back- hile the above distinctive features between signal and
ground by performing a double-quark tagging analysis on  packground events get further pronounced with increasing
the events sample. This can be performed at a reasonabf¢nter of mass energy opposite trends occur as the initial
low cost, given that the detection efficiency®fiuark jets is  energy is lowered. The distributions at the LEP-II center of
currently set at 50%. If one performs a singl€juark tag-  mass energy,/s=0.192 TeV, are plotted in Fig. 4. At this
ging, the rates for the corresponding events,”—y*/Z  energy, the monovalued distribution for the signal jet, which
—bb—(cl”v)b, are reduced by a branching fracti@fb  is now the softer lower energy jet, is still well separated from
—clv)=10%, but this is compensated by the probability ofthe corresponding background jet distribution. So this vari-
misidentifying a light quark jet aslquark jet, which lies at  able, along with the dijet invariant mass, stands up as useful
the small value of 0.4% with the current silicon vertex tech-a discrimation test for the signal. By contrast, the energy and
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top—charm versus W* W™ and b—B at 500 GeV
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rapidity distributions for the maximum signal jet may not be invariant mass an@-boson massg;; = | Mj;— my|, and the
easily distinguished from the background. Similarly, the lep-distance of the reconstructed top quark mass to the true mass,
ton energy distributions in the signal and background ar@t:|m{9C°“SL m,|. The assigned numerical values are all

overlapping due to the small Lorentz boost effect. expressed in GeV units. Besides the above cuts, we also
The distributions obtained with the RPV interactions arejmpose the usual detection cuts on the energies and rapidi-
rather similar to those found with the higher dimension op-jes E. >10 GeV, |7, ,|<2, aimed at removing the par-
. . . L} Jv L J' 7
':ehrat%rprc/echarll_ltsrgu]_. Th'ls.'s due t?cfthf. forn;lal str?ctur;a of ticles traveling too close to the beam pipe. We allow for the
paerticle ej&grllgeellnl?z\i/;vtlﬁg :(-?Ieecti?)(r:] I(ﬁg ;r;r;is\ézcb())/rH detection efficiency of the particle energies only in an ap-
and Hewet{12] appear to be quite appropriate also in the roximate way, namely, by accounting for the approximate

RPV case, and, for convenience, we recapitulate below thgpcertaintie$E/E=40%, 10% on the je_ts and lepton ener-
cut conditions used to characterize the selected events:  9/€S: respectively, at the level of imposing the above selec-
tion cuts, rather than by the usual procedure of performing a

E}ow< 20, Ejhigh> 60, E;>0, §;>10, <5 (Vs=192), Gaussian smearing of the particle energies.
The numerically evaluated efficiencies on the signal and
EEOW>20’ E?igh>200, E,<150, ;> 10, background events ares=0.8, eg=3%10"3, with a very
weak dependence on the center of mass energy and, for the
5,<40 (\/E,: 500), signal, a weak dependence on the mass pararﬁetamich
. was set am=100 GeV in the numerical simulations. After
E{°">20, E'9">460, E; <350, §;;> 10, applying the cuts, the background rates arseg
=[17.0, 5.0, 2.0fb, and the signal rates ogeg
8,<100 (\/s=1000. =[0.68, 0.74, 0.21L.fb for /s=[192.0, 500.0, 1000GeV.

The results for the cut signal and background rates, as given
The above listed variables correspond to the minimunmin Table |, show that the background is very significantly
and maximum energy of the two jetE}OW, E]h'gh, the  reduced by the cuts. The situation is clearly far more favor-
charged lepton energf,, the distance between the dijet able for future linear colliders than for LEP-II. Nevertheless,
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top—charm versus W" W™ at 192 GeV
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the number of surviving signal events is still one order ofeters by evaluating the statistical significance ratio for a dis-

magnitude below that of the surviving background, so thakoyery, as defined byg=S/(\/S+B), S=osl, B=ogL,

the option of cutting down the background by means of §yherer denotes the integrated luminosity. Setting this at the

b-quark tagging procedure is to be preferred since the ensu- o 5=3, corresponding to a 95% confidence level, one

ing reduction would be much more drastic. An integratedd d d d t the RPV i tant

luminosity of £=100 fb~* would lead to a number of signal educes a dependence of Ine coupiing constant as a

events (\iZk)\13k/1072)XO(30)' f_unctlon of the sgperpartner mass parameters fo_r_a_ fixed ini-
We have also performed an indicative event generatopal energy and integrated luminosity. The sensitivity reach

study of the backgrounti"| ~—bb—1* +hadrons, restrict- contour plot for the relevant parametarsi " =A50k 13 and

ing consideration to the emitted charged leptons only. A jef"=Mg, is shown in Fig. 5. We note that the sensitivity
reconstruction of the partonic level distributions is a tasklimit on the product of coupling constants;\’, scales with
beyond the scope of the present work. We focus on the firghe luminosity approximately as [£. While the reach on
charged lepton emitted during the semileptonic decays of thehe RPV coupling constants producis , \ |5, <O(1071)
producedB, B mesons, since this carries the largest velocity lies well above the current indirect bounds, this covers a
As seen in Fig. 3, the distribution for the first emitted wide interval of the down-squark mass which extends out to
charged lepton energy is peaked at low energies. One expectsTeV. To compare with analogous collider physics pro-
That the most enirgﬁtlc lepton is ;hat produced in the seMicesses, we note that while the flavor diagonal fermion pair
eptonic decays of th8 mesons. The rapidity distribution is E)roduction reactions e’ —f,f, may have a higher sensi-

less central than for the signal and nearly overlaps with thatlvity reach, these are limited to information on the single
of the W"W~ background. Therefore, imposing the addi- _ ' , : Ly
coupling constants\y;, [31]. The special reactiore”e

tional lower bound cut on the lepton energy, say,Eat
>20 GeV, fors¥?=500 GeV, should be sufficient to appre- —bb, proceeding via a sneutrir@channel resonance, may

ciably suppress thb-b background without much affecting Probe quadratic products such Bgs\ 333 [32] Or 131\ 311
the signal. [33] at levels ofO(10™ %), but this is subject to the existence

We may infer the reach with respect to the free paramof a wide sneutrino resonance. THeassociated production
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1000 T y - T T amplitudes factors, the loop amplitude factor bringing a
CP-even final state interaction complex phase with the
CP-odd relative complex phase arising from the coupling

100 - constants in the product of loop and tree amplitudes.

A. Helicity basis amplitudes

10 Building on our previous work1], we shall combine the

tree-level RPV-induced amplitude discussed in Sec. Il with
the one-loop RPV-induced amplitude associated with the
photon andZ-boson exchange diagrams, restricting ourselves
to the vertex corrections in the electroweak neutral current

vertices, yf;(p)f; (p’) and Zf5(p)f, (p’). The Z-boson

0.1 = : ! : ! ’ vertex admits the general Lorentz covariant decomposition
0 200 400 600 800 1000 1200

(\'A")/0.01

m [GeV] z__ 9 L
u 2 cos&WF" (2),
FIG. 5. Sensitivity reach plot for the RPV coupling constants

producth |, \ 13/0.01 as a function of the down-squark massor

fixed center of mass energy?=[192.0, 500, 100pGeV, and Ff[] (2)= YM[AﬂJ (HPL+AY ()Pl
corresponding fixed integrated luminosityL=[2.0, 100.0,

100.0 fb~!, using an acceptancy for the backgrouney=3 1 oy

X 1073, and an acceptance for the signal=0.8, assumed to be + m,+my, UM,,(p+ p’)

independent ofn.
X (ia” + ysd™), 4
at the hadronic Fermilab Tevatrdi7,18 and the CERN
Lgrge Hadron CoII|d~e(LHC) [18] colliders can be |n|t|§t.e(.j where the vectorial vertex functionsAﬂJF'fAﬂJ,;hree
via a charged sleptog, s-channel exchange. The sensitivity 35 o - i
reach on the linear combination of quadratic coupling con-* ALRrlioop have a tree IevLeIRcontrlbuuon.glven B Rltree
stants productd/;,\ /a5 is of the order of 102-10°%. This = %araLr(f), aL,R(f)=2T3', (f)_,ZQ(f)S'”ZHW’ and the
information should prove complementary to that supplied bytensorial vertex functiona’”’, d’? are associated with the
our study aimed at the leptonic colliders. To conclude thisanomalous transition magnetic moment and ME-odd,
brief comparison, we observe that the information providedP-odd electric transition dipole moment, respectively. An
by the single top quark production reaction appears to banalogous decomposition applies for the photdd,=
rather unique in view of the very characteristic signature of (g sine\,\/Z)Ffﬂ'(y), with a__g(f)=2Q(f) determined by
the associated events. the electric charg&(f). It is convenient to work with the

Zf;f; vertex in the alternate Lorentz covariant decomposi-

, 1

Ill. TOP QUARKFEC)S[’_TAI(?)IFZA(\:T;?/ITIOCI)_iiﬁ)R'\YABLES AND A tion Fif (2)= ’)/,U,(A_ Byg)+ E(p_ p’)M(C—Dyg,), where

. . . the vertex functionsd, B, C, D (omitting the up quarks gen-
lally Gbservable i fhe fiture, an important next step (0 (ak 120N indices J” for convenienceare related to the pre-
S L e R/lously defined vectorial and tensorial ones, E@3, as

is in examining top quark polarization observables. In this
section, we present an approximate study for the top quark
semileptonic decay signal in top-charm quark associated pro-

duction aiming at a test a€ P violation. We exploit an idea
which was developed in early studiesteff production[5,6].
Interesting extensions are currently purs(i@d1Q. The ba- 1 m—m
sic observation is that aryP-odd quantity depending on the B=Z[AY (f)—AY ()]+ A PYRAY

. . . 2 L R ’
top quark polarization, such as the difference of rates be- m;+my,
tween the pair ofCP-conjugate reactionsr(l 1" —t,c)

1 ’ ’ ’
A=SIAT (H+AR (H]+a,

—o(I"1"—=tge), can become observable by analyzing the 2 2

top quark polarization through the kinematical distributions C=———aY', p=————idV.
of its emitted decay l{-quark or charged-leptorproducts. my+my my+my

An especially interesting observable is the charged-lepton ©)

energy distribution for a polarized top quark. Any finite con-
tribution to theCP-odd observables must arise through anThe one-loofZ-boson exchange amplitude may then be writ-
interference term involving imaginary parts of loop and treeten in the form
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7 g 2 las expressing the RPV one-loop contributions to the vertex
Mi=(2)=| 3 cosﬁw> v(k',n")y,[ale)PL+a(er)Pg] functions are provided in the Appendix, quoting the results
derived in our previous workl]. The amplitudeM’?" in Eq.
- 1 — - (8) may be viewed as a4 matrix in the fermions polar-
XU(K,p) s U(PLN) - e ML (K ]
s—m5+im,I'; ization space (f(p,\)fy(p" N )[MIT (K", ")~ (k,u)).
1 The various products in E@8) for the matrix elements with
x| y7(A=Bys)+ = (p—p')° respect to the two pairs of Dirac spinors separate into eight
2 distinct terms. The calculation of the helicity amplitudes is
most conveniently performed with the help of tiveaTH-
X (C=Dys) [v(p".\). (6)  EMATICA package. Of the 16 configurations only the 8 helic-
ity off diagonal configurations in the initial fermions are non-

o . . vanishing. The explicit formulas for the helicity amplitudes
Combining the above loop amplitude with the RPV tree am-g, provided in the Appendix.

plitude, Eq.(1), which we rewrite as

A B. Charged-lepton energy distribution
’ — — 1Jk 4
MY =Roy,(1— ys)uuy*(1— ys)v, R=——r 3 ifferenti ; i
t T UV Ys) Uy Ys)U, T 8(u— m )’ The differential cross section for top quark production and
dkr decay is described in the factorization approximation. Ignor-

() ing the spin correlations, which corresponds to dropping the
spin nondiagonal contributions between the production and

one obtains decay stages, yields
e -,
O= (/7 CcOos
=[(Ga" A+R)(y,)(v*) 128ms|k|
_ + _
(Ga™ B+R)(v,)(v*s) x; M proa(1 17 —1,0)[2
—(Ga” A+R)(y.ys)(¥*)
1 xJ dp? ! dr
H(Ga B R)(7,79)(¥475) 1+ 5(p P TP rim 2
—p)*[Ga’C(y,)(1)—Ga ' D(y,)(ys) 1 g |
_ _ dF = ’ M ty,
~Ga 7, 75)(1)+Ga D(v,y5) ()], (8 = 2mBm = 1 Maedhy
—bl*v)|?dE/dE},. (10

1
whereatzi[a,_(e)iaR(e)], and we have omitted writing

the contractions of the Dirac spinors indices for the initial The production amplitude is denotéd,, .4, the top quark
and final fermions, respectively. The photon exchange condecay amplitudeM 4o, and\, \'=*1 are polarization la-
tribution can be incorporated by treating the parametérs bels, which will also be written for short as . We shall
as operators acting on the vertex functicds B, C, D by  assume a narrow resonance approximation for the top quark

means of the formal substitutions propagator|p?—m?2+im.I'y| ~2— (7/mI)) 8(p?>—m?). For
the energies of interest, all the leptons and quarks, with the
. a (e)+ar(e) [ A (=AY () , exception of the top quark , may be treated as massless. Two
Ga A=G; > > +a’ frames of interest are the laboratory {*) rest frame and
the top quark rest frame. The letters denoting momentun
2Q(f) AZJJ’(f)iAg‘]J’(f) , variables in the ~1* center of masslaboratory frame are
+Gy( 0 ) > +a’’ |, distinguished from those in the top quark rest frame by the
addition of a star. Standard kinematical meth{ig#] can be
2 1 used to transform variables between these frames. Exploiting
Z:( 9 ) — , the rotational invariance, one may conveniently choose to
2 costy/ s—mz+imzI'; work in the spatial frame where the top quark momentum

lies in thexOzplane @, ¢=0) and the charged lepton points
[ gsinby 21 in an arbitrary direction described by the spherical angles
G,= 2 s ©) 0,,¢, . The relations between angles may be obtained by use
of the spherical triangle identities; for example, the angle
Analogous formulas to the above ones hold for the othebetween lepton and top quark reads 6pscosé cosé
productsGa“ B, Ga~C, Ga~D. We have labeled the vertex +sing sinfcos¢,. The Lorentz boost from the top quark
functions for the photon current by the suffix The formu-  rest frame to the laboratory frame involves a velocity param-
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eter v=p/E,, B=p/E,, y=(1-p% Y?=E,/m;, and dry  dI'; 1+cosy

yields for the ch_arged—lepton momentum four vector and po- dEfdcosy; dE 2

lar angles relative to the top quark momentuf,= y(E,

—v-kp), IZ,*=IZ,+ yolyo -k /(y+1)—E], cosf;=(cosf, ~ Where cosji=—s(p)-k is the angle between the lepton mo-

— B)I(1—-Bcoshy). mentum and the top quark spin polarization vedgfp) in
The top quark differential semileptonic decay rate hashe top quark rest frame. Equivalently,

been thoroughly studied in the literat|i@b5]. One represen- 2

tation convenient for our purposes is the double differential d°I’, _— E 1+cosy, d COS‘{' ]

rate with respect to the final charged-lepton enejyand dxdcosgf dx 2  dcoso

the final lepton and neutrino invariant mass squaad, ) ) ) ) )

=(k,+k,)2 The result for the unpolarized rate carries noAs it turns out, this representation remains valid to a good

dependence on the scattering angles and reads, quoting frd®RProximation when one-loop QCD corrections are included
Ref. [35], [36]. We choose to describe the top quark polarization in the

spin helicity formalism, using techniques familiar from pre-
vious workg[5,37]. The definition for the helicity basis Dirac
spinors is provided in the Appendix. Since the polarization
axis coincides then with the top quark momentum, the de-
2 5 _ pendence ony; can also be simply rewritten as (1
:N'Gpmt 2 X(xm—x) +cosy)/2=(1+\ cos#)/2, such that =[ —1,+1] corre-

ar _NGEmY ] X\ (X = X))
T 1er ) Yasyer 2

167° my  yé spond to[ L,R] helicity, respectively.
X (X —X1) The helicity amplitudes associated to the pair of
X tan ! YRIM T dE]. CP-conjugate processes are related by the actio@ Bfas

1+ v?)(1— X)) — €X;(Xy — X - _ .= _ .
(14 ¥ (L =x) = £40m=x) (LML) —(F T IM[I7,17,.). Unlike the pro-

cess| I~ —tt, where both the initial and final states are

) _ _ _ self-conjugate unde€ P, here only the initial state is self-
The kinematical variables for the emitted charged lepton an@onjugate, while the action o€ P relates the different final

. . _ * _ 2 2 — —
neutrino are defined asq=2Ej/m, y=W/mg (W=K  giateqc andct. Let us express the amplitudes for the pair of
+k,), with the bounds &x<xy, 0<y<x(xu—X)/(1  cp-conjugate processes as sums of tree and loop terms,
—¥%;), and we employ the following notation®\, for the MY —a+S b f (stie) MY —a*+S b*f (s+ie)

—ao aVa'la ’ - 4o aMa'la '

glin;?z(/arrnz ofX Lglhi - liit?: /mﬂaV(:;Sn,—lz;l;%t/;?hva\i where the loop term,f,(s+i€) are linear combinations

v M . br Tt . with  real coefficients of the vertex functions
+m6(—A). Recall that the number of light lepton flavors, ;5 55 50 550
Ny, is set toN;=2 in our analysis. A useful trick to obtain AL+ AR » &, id™", with the energy-dependent complex
the distribution with respect to the laboratory frame leptonfunctionsf,(s+ie) representing the factors in loop ampli-
energyE; is to choose the top quark momentum along thetudes which include the absorpuve pa_rts. In t(_arms of this
Oz axis fixed frame and introduce the top quark rest framghotation, aCP asymmetry associated with the difference of
electron energy by means of the change of variabld@es for the pair o€ P-conjugate processes in some given
(E, ,cos6)—(E, E), associated with the Lorentz boost be- CP-conjugate configurations of the particles polarizations
tween the top quark rest frame and the laboratory frape, Can be written schematically as

=yE[(1+ B cos#). The result read , / / /
YE[(1+ B cost) sult reads [OW M )= [(= N =M= = )2

11

drt +1 dzrt OCE * .
1 U Im(agh,)Im[f (s+ie)]
dE, ffl dcosé dE,d cos6; @ °
2
_ 2 [xdx dT y 12 — > Im(b,b’ ) Im[f(s+ie)f (s+ie)].
myypB X X dX|dC0$0| a<a'

(13
where the integration interval over is bounded atx;”

Thus, the necessary conditions for a nonvanishing polarized
= 2E,/[myy(1% B)]. Y 9P

asymmetry to arise from the tree-loop interference term are a
relative complexCP-odd phase between the tree and loop
C. Top quark polarization observables coupling constants and an absorptive part from the loop

An essential use will be made of the factorization prop-€'Ms- The angle-integrated production rates for the
erty of the double differential distribution for the top quark CP-conjugate reactions "I~ —tc and I "I~ —ct for the
decay semileptonic rate with respect to the emitted lepto§ase of polarized top quarks and top antiquarks, respectively,
energy and angle relative to the top quark spin polarizatiorare obtained by summing over the polarization of the
vector. This distribution is described at the tree level as  quarks as
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FIG. 6. TheCP-odd production rate asymmetries as a function of the center of mass es¥fgfor fixed values of the down squark
massm=[100,200, 500, 100Q GeV. The left-hand plotA) gives the unpolarized asymmetpy=(oavf;av)/(aaﬁ;av). The upper
bounds for the absolute values of the statistical errors on the asymmetries, as evaluatef,With=0.1, m=100 GeV, and integrated
luminosities £=100.0 fo'%, are shown as solid circles. The right-hand piB} gives the spin-polarization-dependent asymmedr'
=(80=50)/(Tay+ 0ay).-

o(t)=o(t .cr)+o(t, c ), o(tr)=o(tgc, )+ o(trCr), configurationsg(t t, ) — o(tgrtr). A nonvanishing value for
the corresponding difference of polarized rates can only arise
_ _ _ _ _ _ via tree-loop interference terms involving the absorptive part
o(ty)=o(t cr)+o(ticy), o(tr)=o(tre) +o(trCr). of the top quark electric dipole moment, Ich) [6,7]. One
(14 should note here that the one-loop contribution of the RPV
N\’ interactions to Imde) vanishes. Two closely related pro-
cesses, which are amenable to an analogous treatment, are
bb-quark paif{38] and =" 7~ -lepton pair production. Double
spin correlation observables for the latter reaction™
— 7~ 7" have been examined in a recent wpd®]. We note
that the RPV\ interactions can give a nonvanishing contri-
bution to Im@?’’).
— o — The results for the rate asymmetries are displayed in Fig.
p= T T T Tte ApoI:M, (15) 6. The numerical results for the unpolarized caséndow
OaptOay Ot o Oapt Tap (A) in Fig. 6] update the results presented in Rdf] since
the present calculation includes the contributions from the
which will be deSignated as Unp0|arized and pOlarized inte‘LorentZ covariant tensoriak](uy) Coup”ng which were |g_
grated rate asymmetries. The above definition for the unponored in our previous workl]. The asymmetry for the po-
larized asymmetryA is identical to the one studied in our |arized cas¢window (B) in Fig. 6] involves the difference of
previous work[1]. The asymmetries depend on the RPVthe spin helicity asymmetry in the total production cross sec-
coupling constants through the ratio of loop to tree amplitions for the CP mirror conjugate top quark and top anti-
tudes as IM{/ N5/ /N 130N 1y00) > SiNg, where the depen-  quark mirror reactions. While thi€ P-odd polarized asym-
dence on theCP violation angle parametey reflects the metry is not directly observable, it enters as an important
particular prescription adopted in this study to include theintermediate quantity in evaluating the measurable kinematic
CP-odd phase. The indelk’ refers to thed-squark genera- distributions of the top quark decay products dependent on
tion in the tree amplitude and the indicek to the fermion-  the top quark spin. We have assumed all the relevant RPV
sfermion generations for the internal fermion-sfermion pairscoupling constants to be equal and set @R-odd phase at
. sing=1. The rapid change in slope for the=200 GeV
dy € case is due to the threshold effect from the imaginary part in
("éi*L>’ (~ ) the superpartner one-loop contributions, which are sefsat
=400 GeV. Aside from this large discontinuous contribu-
in the loop amplitude. tion, one sees that both asymmetries comprise another con-
It is important not to confuse the above analysis with thatribution which is nearly independent @h and increases
of the top-quark—top-antiquark pair productidn,l " —tt, smoothly with the initial energy. Both asymmetrigk and
where aCP-odd asymmetry observable for a single final AP°' take values of the order of a few 18 reaching
state may be defined in terms of the difference of helicityO(10 ?) at the highest incident energies.

Forming the half differences and sums of ratedy
=ilot)-o(tr)],  do=ilo(tl—o(t)], o
=1[o(t)+0(tr)], oa,=3[o(tr) +o(t)], such that
o(t  R) =04, 00, 0(tg)=04,* 6o, One can define the
following two CP-odd combinations:

dyr
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The statistical uncertainties in the asymmetry may bex cosé) and the brackets stand for the angular integration.
evaluated in terms of the signal cross sections and the intéFhe occurrence of angular correlation factors of opposite
grated luminosity by considering the approximate definitionsigns in thet production case accounts for the kinematical
8A=1L(a+ o7c) "2 Using the same input value for the fact that the top antiquark is oriented in space with a momen-

. . . —1 i -
Igménfgétybg—foo_l._o\l;b | at thg rt\hr;ze c.m. .enelrg|esl§ . tum —p. A CP-odd charge asymmetry observable with re-
=10 » 0.5, 1.0TeV, along with the cut signal rates in pect to the charged lepton energy distribution may be de-

Table I, W(_elobtam statistical €rrors on the asymmetries Ofqq by considering the following normalized difference of
orderO(10 *). These values lie nearly two order of magni- distributions:

tudes above the value obtained for the signal. At this point, it

is important to observe that in getting the above estimates for (ety—(c7)
the rates we have been using somewhat conservative assign- AAPO=———— =
ments for the RPV coupling constants. As already noted, the (o7)+{o7)

single top quark production cross sections could possibly be (0,— O, )+{(So— sa)(f—f )
two order of magnitudes larger if we were to use coupling - & L R/ a7
constants values of ordevj,\;3=10"1. Such values are (0t 0qy) +((60+ d0)(f ~fRr))

compatible with the indirect bounds only for the extreme . L
The numerical results for the charged lepton energy distribu-

down-squark massi=O(1 TeV) range. In the hypothetical yj,¢ ang for the above-defined charge asymmetry in the lep-

case where th_e production rates would b? enhanced by 8n energy distributions are displayed in Fig.[Rlote that
order of magnitudes, the statistical errors in the asymmetrieg o ¢ ansverse energy distribution, in the plane orthogonal

}/\r/]oulclijcorresr?_ondmgly get redéjcedfby a fa_ltctgrQ(flot:), . with respect to the top quark momentum, may be simply
ereby reaching the same order of magnitude as the signgly . ine agir/d = (dI'/dE ) (1/sind}). The distribution

asymmetries. Nevgrtheless, as plotte(_j in windéivof Fig. in the plane orthogonal to the collision axis is less trivial to
6, the corresponding errors would still be somewhat larger

. -~ Y~ evaluate since this requires an additional integration over the
than the signals. V‘.’e should npte here that the contr|but|qn tPepton azimuthal anglgéThe energy distributions for the un-
the one-loop amplitude from internal sfermion and fermion

lines belonging to the third generation is controlled by thepoIarized cross section essentially reproduce the results

. . , S found in our above-quoted event generator predictions, Fig.
coupling constant quadratic produci,asss, which is sub- 3. The energy distributions for the polarized asymmetry lie at

ject to weak constraints. Should the RPV coupling constants. | \es of order of magnitud@(10~3), always retaining the

exhibit a hle_rarch|cal structure with respect to qu.qu and lepg, o positive sign as the lepton energy varies. For a fixed
ton generations, one cannot exclude the possibility of a fac

. , vl energy of the emitted lepton, the asymmetry increases with
tor of 10 enhancement from the ratio INga\ 339N 129\ 139 the initial energy, reaching values of ord@¢10"2). In win-

Such an order of magnitude gain in this ratio would raise they,, (B) of Fig. 7 we have plotted the experimental uncer-
: RN S .
asymmetries up t®(10 ), bringing them well above the yinties using the same inputs for the luminosities and the
experimental uncertainties. Last, we observe that a MOrgyeq a5 in the discussion of the unpolarized asymmetries
complete formula for the uncertainties in the asymmetrlesgiven above. To ease the comparison with experiment, we
2__ 2rq 2 — —\2 L. ) . . L
reads  6A)"=2(50e)T1-C+(1+C) A ]((‘thﬂftc) , divide the charged-lepton energy interval into three bins of
where we used equal standard deviations for thgyigth 100 GeV, each centered at the three lepton energies
CP-conjugate reactions ratafoi= o7 and denotedzthe E,= (50, 150, 250) GeV. The statistical errors in the asym-
correlated error in these two rates @s-(So:d0c)/doy;.  metries in the energy distributions lie at the same level as
Qea_rly, an improvement in the statistical treatment of thethose associated with the total asymmetries, so that similar

tc+tc events sample, allowing for a positive nonvanishingconclusions should apply. Setting ourselves within the same
value of the error correlation associated with the identifica-optimistic scenario by using\jz\jg=10"" and £
tion of isolated single negatively and positively charged-=100 fo~ !, we obtain expected errors of ord&(10 2).
lepton events, should greatly help in reducing the experimenthese values are insufficient for a comfortable identification
tal uncertainties caused by the small event rates. of a signal asymmetry. However, we reiterate, as in the

The energy distribution for the negatively and positively above discussion, that an enhancement of the signal asym-
charged leptons in the pair of CP-conjugate reactions may beetries to an observable level 6107 1), due to a hierar-
defined as chical structure in the generation dependence of\m@ isa

real possibility.
L do™
(o7)= dE, =(a(t)fL+o(tr)fr)

IV. CONCLUSIONS

do~ . o We have demonstrated that single top quark production
<a‘>E<d—E> =(o(tp)fL+o(t)fR), through the RPV interactions could be observed at future
! (16) linear colliders or else be used to set bounds on the RPV

coupling constanta j,\ 13 <O(10"?) over a wide interval

where the correlations between the top quark spin leptofor the down-squark massg <1.0 TeV. Theb-quark tag-
momentum are described by the factofg g=73 (1 ging would help greatly to overcome the background. Even
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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 mass energy
s*2=[192, 500, 100D GeV. The parameters are set\dt=0.1, m=100 GeV. The left-hand platA) gives the differential lepton energy
distribution do/dE,. The right-hand plot(B) gives the asymmetry in the energy distribution for leptons of opposite charges in the
CP-conjugate final state channelﬂ?} and (CT)Z AAPY'=[do"/dE,—do /dE]/[dot/dE +do/dE]. The upper bounds for the abso-
lute values of the statistical errors on the asymmetries, as evaluated it 5, =0.1 and with integrated luminositied=100.0 fo %, are
shown for three energy bins of width 100 GeV, each centered at the charged lepton eBerdi®8, 150, 250) GeV. The results for three
values of the center of mass eneg}{f=[192, 500, 100D GeV are displayed by solid triangles, squares, and circles.

with an imperfecb-quark tagging, it is still possible to dras- |icity basis spinors,, (K), satisfyinga- ke, (K) =\ ¢, (K).
tically reduce the background, froM/W and bb, without In the Dirac representation for the Dirac matrices,
much harming the signal. The analysis of top quark polariza-

tion observables via the semileptonic decay channel of the - - [0 1

top quark allows us to test for the presence @R violating V=B, y=Ba, vs=| _ 1 0/

complex phase, embedded in quadratic products of the RPV

coupling constants. We have focused on the asymmetry
the energy distributions of the charged leptons in th

CP-conjugate pair of final statdsl* vc andbl ~ vc, obtain- L .
ing asymmetries of order 16—10 2 for the incident ener- . . - — kA .
9asy u(k,x)=€( )wk), v(k,x>=¢e_k( L | ea,

i :
e{he spinors read

gies expected at future leptonic colliders. These values lie K\
somewhat below the anticipated limits of observability.
However, it may be possible to obtain enhanced values of
order 10'%, should the RPV coupling constar?t%k exhibit & _

large hierarchies with respect to quark or lepton generation.” 3" cog 6/2)
Future promising extensions might include analogous reac-

tions accessible with lepton-photon or photon-photon collid-

ing beams| y—tc, yy—te, where the expec+ted production where e,=E,+m, k=|K|/(Ex+m), and x, (A\==1), are
rates are substantially larger than thoselfdr™ colliders.  the pauli spinors in the basis with a fixed quantization axis
This work was supported by the Laboratoire de la Direcdentified with the spatial three-axi@z. The helicity basis

tion des Sciences de la Matiedu Commissariat BEnergie spin eigenstates  with a space-earity lrevers,ed three-
Atomique. momentum are defined asp,(—k)=e (¢TMN =N

(efi[(ral)m]ay)wx)(w': d"x(‘z)hﬁ_ﬂra, ¢t -
The eight nonvanishing helicity amplitudes for the pro-
APPENDIX cessl " (k',u")+17(k,u)—us(p,\)+uy (p’,\’") are listed
Helicity Amplitudes in the formulas below:

—sir(alz)e—i¢) *_( cog 6/2) )
’ ¢+l(k)_ S|r(0/2)e+l¢ y
(A1)

The helicity spin basis Dirac spinors for a fermion or an

antifermion, of massm, four-momentum k= (Ey= (k Mi=M(+-+-)

+m?)¥2 k), and polar coordinatels= (6, $), can be written —4F[—(1+Pp") (X +X,)
in the form of direct products of the Dirac spinor two- o
component space with the two-component space of Pauli he- +(p+p")(Xz+X,)]sir?(6/2),
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Mo,=M(+—++) X3=Ga'B+R, X,=Ga B+R,
=2F[(—=1+Pp ) (X1+Xp) +(P—P") X3 . )
+ (BB Xat+2p(P+B')(Xs+Xo) Xs=306a'C Xs=30a G,
+2p(1+pp’)(X7+ Xg)sin( 6),
Mg=M(—++—) X7=%Ga+D, X8=%Ga‘D,

= —4F[—(1+pp)(— X1+ Xy)
- whereGa™ 4, ... are defined in Eq9), R in Eq. (7), and
—(P+p')(Xg—X4)]cos(612), A, ... D, in Eq.(5).

Ms;=M(—+++)
One-loop RPV vector boson vertex functions

=27[(=1+pp") (= X1 +Xo) The one-loop vertex functions, as derived 11}, are given

(PP (Xa—Xy) by the formulas
— "L’ — ’ }\,'/)\',* _
2p(p+p")(Xs—Xe) AV = —('i k)z'Jk{aL(u)B(lz)+a(fL)mfZCO+a(f’)
—~— . m
—2p(1+pp")(X7—Xg)Isin(0),

X[2C24+2m§(012_C21+C23_C11)]
Mg=M(+———) i i
. o +a(fr)[B{Y—2C,4—my 2Co+m3(Cy+3Cy,y
=2F[(—1+pp" ) (X1 + X))+ (—p+p')X; )
- - - - —2C15+2Cy—2Cp3) — M3, Cyol},
+(=p+p")Xs+2p(p+p’)(Xs+Xe)

—2p(1+pp’)(X;—Xg)Isin(6), o Nk o
R = mymy[2a(f’)(—CytCy)
Mg=M(+——+) (4m)

— _4}-[(14_55,)()(14' X5) +a(fr)(—Cq1+C1—2C3+2C) ],

+(p+p')(X3+X4)]coS(612), 27\ Nl mymy,
M= M (= +——) (_idJJ’): (4m)? 2 {xmjla(fr)(C11—Cy»
=2F[(=1+Pp') (= X1+ X) +Ca1~Ca9)—a(F')(C11+ Coy— C1o~ Co9)]
+(P=P")(Xs=X4) —2p(P+P’) +my[a(fr)(Car— Cog) +a(f')(Cos~Coo) 1}
X (Xs=Xg) +2P(1+PP’) (X7~ Xg)IsiN(6), (Ad)
Mg=M(—+—+) The relevant configurations for the internal fermion and sfer-

~—, mion propagating in the loop are
=4F[—(1+pp")(X1—X2)

—(p+P)(Xe=Xg)Isin?(0/2).  (A2) ( f )_( dk> ( ef)

The arguments refer to the fermions helicity in the following
order: M;(hg+,he-,h;¢,h7). The remaining helicity ampli-
tudes, omitted from the above list, are understood to vanisiThe notation for the Passarino-Veltman two-point and three-
identically. We denote by the top quark scattering angle point integrals, as specified in our wofk], is defined ac-
cosb=k-p by [E, Ej]=(s=m3=m})/2\s, the top and cording to the following conventions:BS’=Ba(—p
charm quark energies, and use the following abbreviated no=p’,m¢,m;), B =Ba(—p.m;,m;)) (A=0,1), and Cu
tation:  p=p/(Ep+my), p'=p/(Ep+my), F=3[s(E,  =Ca(=p,—p".m¢,mi,mg), Ca=Ca(=p,—p",mz,,mg,
+m;)(E)+mjy) ]2 along with the useful compact notation, M) (A=0, 11, 12, 21, 22, 23The integral functions with

a tilde are associated with the one-loop diagram for the sfer-

X;=Ga" A+R, X,=Ga A+R, (A3)  mion current.
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