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ABSTRACT 

2 decays to top quark pairs-if kinematically possible-will provide an ac- 

curate measurement of the top quark mass in e+e- collisions. We study various 

distributions of leptons and jets in the final state for semileptonic quark decays. 

Fragmentation and polarization effects are analyzed. In addition to large longi- 

tudinal and transverse polarizations, a small normal t-quark polarization is built 

up by r,Z interference and perturbative QCD corrections. We comment also 

briefly on polarization effects in the t6 decays of W  bosons that are hadronically 

produced. 
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1. Introduction 

The top quark has been searched for in many experiments in recent years and 

a lower bound on its mass of 23 GeV has been firmly established. A few prompt, 

isolated lepton events observed in proton-antiproton collisions are compatible, 

on the other hand, with the expected signatures of top decays in the mass range 

between 30 and 50 GeV.l’l Accumulating statistics and a better understanding 

of the systematics are necessary to strengthen the evidence and to narrow the 

error margin of the mass value. However, the hadronic environment in which the 

top quarks are produced and which is theoretically not well under control, will 

presumably set a limit of several GeV to the accuracy that can finally be reached. 

In e+e- collisions the accuracy should be substantially improved by the analysis 

of 2 decays to top quarks-if they are kinematically possible. An uncertainty of 

the order of one to two GeV (or even less?) can reasonably be expected from 

experiments at SLC and LEP before toponium physics will provide the ultimate 

answer, see Ref. [2] and references quoted therein. 

Depending on the detector design, several strategies can be pursued in par- 

allel to measure the properties of top quarks: (i) The branching ratio of 2 + tf 

depends sensitively on the top quark mass mt for mt .5 mz/2. Lowest order per- 

turbative QCD corrections,[3’ however, change the value predicted by the parton 

model dramatically leaving us with uncertainties from higher order corrections. 

(ii) Energy distributions and correlations of leptons and jets in events in which 

one top quark or both decay semileptonically t + blv,, are strongly affected by 

the quark mass. (iii) The dominant decay modes of top quarks are decays into 

3 jets t -+ bud, bcs of average energy - 13 GeV for mt - 40 GeV, the central 

value indicated in the top quark search of Ref. [l]. Reconstruction of these jets 

will produce mass peaks-a model independent way, in principle, to measure the 

top mass. [‘I Events in which one quark decays semileptonically, may also be of 

interest in this context since only 4 jets have to be reconstructed, easing the 

combinatorial problem due to low energy stray hadrons. The method can be ex- 
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tended to events in which both. top quarks decay semileptonically-the cleanest 

final state possible. 

In this paper we will focus our attention on semileptonic top decays. The 

majority of the distributions is of course also relevant to nonleptonic decays, with 

leptons and antileptons replaced by quarks and antiquarks appropriately. First 

we shall study these decays in the parton model (Section 2). Since the mass 

of the t quark is close to mz/2 we expect only a very small fraction of energy 

to be lost in the fragmentation process to T mesons and baryons.16’ Likewise 

the amount of energy radiated off through perturbative gluon emission should 

be small. Depolarization phenomena in the fragmentation process[G’ introduce 

some imponderables. We will find nevertheless that lepton spectra and lepton- 

lepton correlations are sensitive instruments to measure the top quark mass very 

accurately. 

The second part of the paper (Section 3) is devoted to a comprehensive dis- 

cussion of the t-quark polarization PN normal to the production plane. This 

component is generated by r,Z interference”‘s1 and the absorptive part of the 

QCD corrected Ztc vertex. The magnitude and relative size of these two contri- 

butions depends on the longitudinal beam polarization. Only for longitudinally 

polarized beams is PN found to be large. For unpolarized beams it amounts to 

10% at most and is thus far smaller than the dominant longitudinal component. 

We conclude this section by adding a few comments on polarization phenomena 

in W --$ t& decays, produced in quark-antiquark annihilation of hadron colliders. 



2. Lepton Distributions in Semileptonic t Decays 

The cross section for observing a top quark at the polar angle 0 in e+e- --+ 

2 --) tZ’ [7 exchange near 2 neglected] is given by 

da 3P -= (GFmi/2fi)2Q2 
dn 64z2 [Q2 - rni]2 + [mzI’z]2 

(vz + af ) U (14 

J/ = (vi + af)p2(1 + COS2 0) + 2$(1 - P2) (lb) 

+ 4r,vta& cos 8 . 

,O = (1 - 4m:/Q2)1/2 is the velocity of the quark. The neutral current coupling 

constants are defined as 

21, = -1 +4sin2B, vt = 1 - Sj sin2 Bm 

a, = -1 at = 1 

and 

re = 2v,ae/(v,2 + a,“) . 

The complete, general cross section including beam polarization and quark spins 

is presented in Appendix A. 

Branching ratio 2 ---) tf 

The partial width I’(2 3 tf) in the parton model can easily be derived from Eq. 

w 

Radiative QCD corrections alter the coefficients of the vector and axial vector 

couplings differently,“’ 
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The QCD coupling constant may be chosen as 

127r 
as = 25 1og4p;/lP 

with pt = @mz/2 and A k: 200 MeV. These QCD corrections introduce a signif- 

icant deviation of the branching ratio B(Z -+ tt?) from the parton model value 

if mt approaches mz/2, as shown in Fig. 1. It has been demonstrated that the 

QCD corrected cross section coincides very well with the production cross section 

for (tf) resonances when averaged over 2 100 MeV energy bins.[“’ We can thus be 

confident that the general characteristics of the mass dependence of the branching 

ratio are adequately described by Eq. (3) though additional higher order correc- 

tions jeopardize a precision measurement of the top-quark mass by this method. 

One might hope nevertheless that the potentially large higher order corrections 

sum up to modify the leading term only by a factor (1 - exp(--2zcr,/3P)) similar 

to the result in QED. 

t-quark polarization 

The top quarks are produced in e+e- -annihilation with a high degree of po- 

larization that affects the distribution of jets and leptons after the decay.‘6-81 

Neglecting 7,Z interference and QCD loop corrections the polarization vector 

lies in the t production plane. [The small normal component will be discussed 

in the next section.] The longitudinal component is large for mt not too close to 

mz/2 and slowly varying with 8, 

2vta@(l 
pL = - (v; + ai)p2(1 + 

+ ~0s~ e) + 2~+,2 + aiP2) cos 8 
~09 e) + 241 - p2) + 4r,vtatP ~0s e ’ (44 

The transverse polarization, by contrast, has a strong forward-backward asym- 
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i metry, 

mt P* = - 4sin fl(vta& cos 0 + r,ai) 
mz (v; +a~)P2(1+c0s2 d)+ 2$(1 - p2) +~~,v&Icos~ . w 

Both components are displayed in Fig. 2, for a top quark mass of 40 GeV. 

Averaged over the polar angle, the transverse polarization is very small while the 

longitudinal polarization is large and negative, 

2wtP w = -(vt” + agp2 + ; $(I- p) 

(P_L) = F 2 re Vt2 
(vf + u;p + g vf(1 -py * 

(54 

w 

The measurement of final state correlations among leptons and jets requires 

the knowledge of spin-spin correlations between t and E. Dropping terms cc 

vea,/(v~ + a:) 5 10% [they become irrelevant anyway when charges in the final 

state are summed-this will be assumed from now on for the sake of simplicity], 

the coefficients of the spin terms in the cross section 

de+, s) da 1 
d$-l =dnz 

1 + bps, + 6& + b,.ws& 1 
are given as 

b,,-$ ?Jtat[(l- pcose)kl, + (1+ pcose)k;]/U 

8, = + $ wt[(l + P cos elk, + (I - pcos e)k#u 

(6) 

b,, = [(V; - af)p2(1 - COS2 0) g,, - 4(Vf - p2U;)(kpk; i- k&)/c?2 (74 

- 4($ - a;)@ COs e(k,k; - k,k;)/Q2]/N . 

k, and k: denote the 4-momenta of the initial state electron and positron, respec- 

tively (metric + - --). Orthogonalization with respect to the quark momentum 

may be carried out if necessary. 
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QCD corrections have been proved to be large for the width I’(2 --) if(g)) 

whereas angular distributions of the top quarks are only slightly affected. This 

is a consequence of the fact that the relevant gluon states have small energies so 

that they cannot alter the direction of heavy quarks. QCD corrected distributions 

deviate typically less than - 7% from their parton values.“‘* Since heavy quark 

spins are not flipped by emission of low energy gluons, QCD corrections to the 

longitudinal and transverse polarization components will also be very small. [This 

point will be made quantitative in a forthcoming paper]. We therefore can safely 

neglect all perturbative QCD corrections in the present context. 

Fragmentation 

In view of the large mass of the top quark it is generally anticipated that almost 

all the original top quark energy will reside in the top meson or baryon after 

fragmentation.“‘101 This can be made transparent by analyzing the space-time 

development of the fragmentation process. The mass difference between the 

top quark and a (tq) bound state was estimated in potential models”] to be 

m(W) - mt B 400 MeV. In the t-quark’s rest frame the time r* - 3 fm is 

therefore needed to complete the binding process. In the laboratory frame the 

t-quark (mass 40 GeV) h as then traveled a distance d ti /+yr* - fr fm from 

the center so that a flux tube of length - 1 fm is stretched between t and f. 

Assuming an energy density of 1 GeV/fm in the flux tube, just enough field 

energy has been accumulated to build up two top hadrons-and hardly anything 

else! 2 bosons are therefore expected to decay into a pair of top hadrons of 

momentum /3mz/2 - 20 GeV plus at most a few pions+ of very low energy 

O(1 GeV).* A convenient parametrization of the spectrum is provided by the 

* This applies also to forward-backward asymmetries which were not plotted correctly in Ref. 
3. 

t These stray particles must balance angular momentum if the angular distribution of al- 
most exclusively produced pseudoscalar top mesons should coincide with the original quark 
distribution. 

* The energy loss through perturbative gluon bremsstrahlung is similarly small, see Ref. 11. 
Exclusive channels are discussed in the framework of perturbative QCD in Ref. 12. 
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fragmentation function’6’ 

B(z) = 
4&/r 

1 1 2 Et M 0.15(m,/mt)2 . (8) 
Et l---- 

Z l-z 

To assess the uncertainties introduced by the fragmentation process, we have var- 

ied ct between 0 and lo- 3. If not stated otherwise a value of 10s4 was employed. 

This corresponds to an average energy loss of &mz/2 k: 500 MeV. 

Fragmentation reduces the initial t quark polarization quite dramatically. We 

shall assume that a polarized t quark with S, = +i will convert into T*(Sz = l), 

T*(& = 0), T*(Sz = -1) and T(S = 0) with relative weight 2:l:O:l.' Angular 

distributions of decay products from T* (Sz = +l) will be identical to those from 

t(SZ = +i) whereas the others will be isotropic.‘G1 Hence a fraction f - 50% 

of the t quarks will remain polarized after fragmentation while the others are 

depolarized. 

Top-quark decay 

A fraction 2/3 of top quarks with mass - 40 GeV will decay into three jets 

t + bud and bca (up to radiative QCD corrections), l/9 to t + befv,, p and r 

each. The decay rate for a polarized t quark is described by 

where 

dI’(s) = dI’[l + cPsP] (94 

$ T and T* both decay weakly."" 
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i is the width for unpolarized t decay t + b.t+ve, and the vector 

11 1 
cl.c=-- 

w/2 [ G pep - 2 ptp 1 (94 

has been chosen purely spacelike in the t rest frame; xi are the energies of b and 

the charged lepton in units of mt/2. For E decays, 

11 izp=+- 
w/2 [ 

G Pe#L - ; Pt, 1 
while dI’ remains the same. 

(94 

Lepton and jet distributions 

Final state distributions in e+e- + 2 + tC after t,f fragmentation and decay 

are generated from a mixture of cross sections in which both top quarks are 

depolarized, t or E is depolarized, or no quark is depolarized. The corresponding 

probabilities are (1- f)2, f (1- f) and f2, respectively. This can be summarized 

as 

dofinal oc doDtDf{l - f[b,c,, + $,E,] + f2bpuc,&,} dI’(t) dI’(fl . (10) 

We shall now discuss in detail some distributions that are relevant to measure- 

ments of the top quark mass. 

Leptons originating form top quark decays can be experimentally distin- 

guished from prompt secondary leptons that are decay products of bottom or 

charm quarks, by defining an isolation criterion which forbids the lepton to be 

close to any of the jets in the final state. In Fig. 3 we investigate how this charged 

lepton spectrum depends on fragmentation and polarization parameters. We il- 

lustrate the results by choosing two top quark masses, mt = 37.5 GeV and 42.5 

GeV. In Fig. 3a the shape of the spectrum does not vary much if Et is restricted 

to a reasonable range 2 lo- 3. The depolarization mechanism introduces a larger 

change in the distributions as is evident from Fig. 3b where f is varied between 
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0 and 1. Note that the shape of this spectrum is up to O(Q) described by”’ 

dN 

‘32 (z)?r’ [3 - 2 $r2(3 + jj2)] + f (PL) P (-3 + 8r2 f$) 

for 0 < $$ < + (1 - P) (11) 

= 

b (1 - 0 [( 2 1+2E)-f $9 (l-E-3PO 1 
\ for 3 (1 -P) < s < $ (I+ P) 

where 6 = a ’ mz I z (1 + P). Th e width of the band would limit the accuracy of 

a measurement of the t mass to roughly 2 GeV. However, if a value f w i is 

adopted, as suggested above, the uncertainty is reduced to less than - 1 GeV. 

[Note that f can be studied independently in lepton-antilepton correlations as 

explained in Eq. (10) .] Th is is summarized in Fig. 3c where ct is allowed to vary 

between 10v4 and 10m3, and f between l/3 and 2/3. Neutrino and jet energy 

distributions are shown in Fig. 4 for ct = 10m4 and f = i.* 

Prompt charged leptons and neutrinos are copiously produced .in the decay 

chains t --) b + c + s and Ccorrespondingly. Assuming a non-leptonic branching 

ratio for c-quark decays of - SO%, for b-quark decays of - 60% (including sec- 

ondaries) and for primordial t quark decays of 70% we find that only - 15% of 

tf decay events are nonleptonic, and only - 35% don’t have any leptonic secon- 

daries. Some more details are given in Table 1. Secondary leptons have a much 

softer spectrum than primordial leptonic decays. The electron/muon spectrum 

and the distribution of neutrino energy due to secondary lepton decays are dis- 

played in Fig. 5. A cut of - 5 GeV in the lepton energy reduces the number of 

* We approximate the invariant b-jet mass by its quark mass value mb = 5 GeV.‘l” 
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I 

these events quite efficiently while not affecting the primary signal very much. 

This cut together with the isolation criterion should give us a clear sample of 

primary semileptonic t decay events. 

A lovely class consists of events in which both t and f decay semileptonically, 

The final state contains two isolated leptons plus two jets, all with an average 

energy of - 12 GeV and well separated so that the jets should be easy to re- 

construct. In Fig. 6a we show the energy distribution of the charged leptons in 

these events, in Fig. 6b the jet energy. The distribution of the total neutrino 

energy and the neutrino momentum are displayed in Fig. 6c. Finally in Fig. 6d 

we present the distribution of the invariant mass of charged lepton pairs. Such 

events will be promising candidates for an accurate measurement of the top quark 

mass. 

Even though two non-parallel neutrinos are among the final particles, a few 

clean events of this class allow us to reconstruct the top-quark mass very nicely. 

Missing energy and momentum define the 4-momentum vector K = k, + kp 

Boosting the event into the rest frame of K, it is clear that the angular direction 

of zv = -& in this frame is arbitrary. The condition that the two masses 

reconstructed from the two sets {jet + lepton + neutrino} in an event must 

coincide, leaves us with a l-dimensional manifold of solutions for the t mass. 

Doing this repeatedly for a number of events the reconstructed masses cluster 

quickly at the true top quark mass. This is shown for N = 100 Monte Carlo 

events in Fig. 7 with an initial t mass mt = 40 GeV. [We employed a 9 x 36 grid 

in 8, and &, to cover the unit sphere of the neutrino directions, and we required 

the 2 masses to coincide within a difference of 1 GeV.] Particle losses in detectors 

can be corrected for on a statistical basis by Monte Carlo simulations. 
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3. Normal t-Quark Polarization 

We have argued that top quarks are produced with a high degree of polar- 

ization in e+e- collisions. For the dominating mechanism e+e- + 2 + tf the 

polarization vector lies in the production plane spanned by the momentum vec- 

tors of e- and t. The nonvanishing correlations s’. n’,- and s’s n’t between spin 

and momentum vectors reflect the parity violation of the neutral current inter- 

actions. A normal component of the polarization vector (parallel to ?&- x i;t) 

is, on the other hand, odd under a time reversal transformation. Such a polar- 

ization state can be generated by violation of time reversal invariance as well as 

interference effects between various production amplitudes. While the standard 

model does not allow for breaking of time reversal invariance in diagonal neutral 

current interactions, interference between non-real 2 exchange and real 7 ex- 

change amplitudes,i”81 and between Born amplitudes and non-real vertex QCD 

corrections (perturbative final state interactions) will generate a finite normal po- 

larization of the t quark. These terms (and only these) will lead to parity/charge 

conjugation odd terms in the lepton distributions after t decay.* For energies 
close to the 2 mass the 7 amplitude is small compared to the 2 amplitude. We 

therefore expect QCD loop corrections of the 2 amplitude to be as important as 

r,Z interference, Fig. 8a-c, 

PN = pN(@) + PN(QCD) . (12) 

The contribution to PN due to r,Z interference is easily evaluated. In the 

same notation as used in the preceding section, we find 

pN(7z) = - 
167rcx mzrz mt 

GFrn;j2fi &2 z ~sine[e~aeetatl/N - (13) 

The normalization U is defined in Eq. (lb), and ee = -1, et = 2/3 are the 

charges of electron and top quark. As anticipated, the normal polarization is 

* Note that P~,l(f) = -P~,l(t) but Pry = +PN(~). 
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a consequence of the relative phase between the 7 and the 2 propagator, cx 

W/Q2 - l/[Q2 - mi + imzrz]), non-real due to the finite width of 2. 

The QCD vertex correction in Fig. 8c alters the top quark current rlc(vt - 

at7s). As we are only interested in the absorptive, infrared finite part of the form 

factors, this amounts to the substitutions 

7p j 7,[1 + dmf] - z iImf (144 

7~75 =+ 7~75[1 - iImf] . (144 

p, is the 4-momentum of the top quark. The absorptive part of the magnetic 

form factorfS’ 

4a, rnf 1 Imf = - - - 
3 Q2P 

shows the characteristic ,P’ singularity at threshold [this gives rise to the large 

QCD correction of the 2 + tF width, rendered finite only by shrinking phase 

space o( p]. The resulting polarization can be written as’ 

PN(QCD) = -* ~sinO[(v~ + +&?cosO + 2veaevtat(2 - p2)]/U . (16) 
3lAF 

Before evaluating these expressions numerically, it should be pointed out that 

they can easily be generalized for the case of longitudinally polarized electrons 

and positrons by substituting 

aeat eeet (Pve + ae)at 
vz + a: ---) eeet (?I,2 + a:) + 2pVeU, 

2Veae 
wt 

vz + a: 
--) vtat Ve(ae + Pve) + (Ve + Pa8)ae 

(V,2 + a$) + 2pVeUe 

where p is given in terms of electron and positron polarizations zr- and ?r+ by 

p = (z+ - r-)/(1 - z+7rr_). PN(72) and PN (QCD) are dramatically enhanced 

t Replacing the weak charges by the electric charges, this expression approaches the formula 
of Ref. 15 in the relativistic limit. 
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for longitudinally polarized beams- albeit in angular regions of small production 

rate. For p = +l the two contributions act cumulatively, for p = -1 they nearly 

cancel (Fig. 9). 

The preceding discussion of polarization phenomena applies equally well to 

2 --) tf produced in colliding quark beams of hadron machines. In addition 

to Fig. 8c, two more QCD diagrams could in principle contribute to the normal 

polarization. However, the infrared finite, absorptive part of the light-quark form 

factor vanishes for mq + 0, as evident from Eq. (15). The box diagram in which 

2 and a gluon propagate parallel qq + 2 + g + tf, does not interfere with the 

Born term since the quarks in the former diagram are in a color octet state while 

being in a color singlet state in the latter diagrams. The t polarization vector 

thus follows form the previous formulae by the appropriate substitutions of the 

electroweak charges. 

The same procedure can be followed for t decays from W bosons produced 

in quark-antiquark collisions, ud + W+ + t6. If the 6 quark mass is neglected, 

the effective, QCD corrected charged quark current can be cast into the form 

2P, * 
7p(l - 75) -+ 7& - 75) - mt ZImf 

where”” 

Imf=S 4 
3 &2’ (18) 

Interference between the Born amplitude and QCD vertex correction results in 

the following normal polarization of the t quark 

pN(QCD) = - 2a, mt psine 
3 fl l+pc0se (19) 

where 8 denotes the angle between u and t quark in the W+ rest frame. The 

velocity of the t quark is given by p = ( Q2 - mf)/(Q2 + mf). 
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i Longitudinal and transverse polarization are easily obtained by substituting 

Pt * Pt - mtst in the spin averaged cross section which is 0: (p,p~)(p~pt) in Born 

approximation, 

p_L _ dl -P2sin8 - 
1+pcose * cw 

t quarks with mass mt = mw/2, i.e. /3 w 3/5, have large longitudinal and 

transverse polarizations, as is evident from the average over 8, 

(PL) = -P 

(P_L)=% Jc-p. 

(214 

w 

However, the average normal polarization 

is rather small for all mass values. 

4. Conclusion 

Semileptonic decays of top quarks which presumably can be studied in 2 

decays at SLC and LEP, allow a determination of the top quark mass with an 

accuracy of l-2 GeV if mt N 40 GeV. Energy distributions of leptons and jets 

in semileptonic decays as well as correlations between the two leptons in events 

where the t and &quark both decay semileptonically, turn out to be strongly 

affected by the mass of the top quark. Uncertainties due to fragmentation and 

polarization effects will restrict measurements of mt to the error margin discussed 

above. 
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APPENDIX A 

The general matrix element for the production of t and I? quarks in e+e- 

annihilation involving vector and axial vector currents can be written as 

i, k = O(1) standing for vector (axial vector) couplings. [The discussion closely 

follows Ref. 17.1 

We allow for longitudinally polarized electron and positron beams of polar- 

ization degree z- and z+ respectively. The differential cross section is then given 

by 

da a2P T 2 -- 
E- 4s Cl 1 

Cl I T2= 1 -7r+7rT- 1 
52 2 [Dv(F: - Ff) + DA(Fi + Ff) + 2ReQ,rAFJ 

W) 

-I- 2Re&AF! + 2Irn&AF! . -. 1 
D and E are given by a combination of coupling constants and p G (7r+ -z-)/(1- 

7r+L) as follows 

DV = /zVV I2 i- 12~~1’ i- 2pRe ZvvZ~, , 

DA = 12~~1~ + 12~~1~ + 2pRe.&AZ~A , 

&A = ZVAZCV + ZAAZfiv -b P(&AZ~V -k ZAAZGV) , 
643) 

EV = P((&v~~ + ~ZAV 12) + 2Re Zvv.Z& , 

EA = P(IZVAI~ + 12~~1~) + 2Re zVAZ~~A , 

&A = J@i’AZ ;v + ZAAZAV) + (ZVAzlfiv + ZAA$v) - 
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The F$. are functions of the 4-momenta P G p,- + p,+, l G  pe- - p,+, q E pt - pf 

and of the top quark (antiquark) spin vectors s+ (s-). 

F: = i (s2 + (fZq)2) + 2m2(ls+ . f?s- - Ps+ . Ps-) 

Ff = sm(Ps- - Ps+) + mlq(-es- - es+) 

Ff = -2sm2 + 4 [(.tq)2 - s2 + 4m2s] s+s- 

+ (s - 2m2) [Ps+ . Ps- - es+ . ls-] 

- eq [Ps- * es, - es- . Ps+] 

-. J’: = -3 [es-c(l, P, q, s+) + ls+& P, q, s-) - lq@, q, s-, s+)] 

F! + F! = 2lqm[ -Ps- + Ps+] 

F! - F! = 2sm(.fL + es+) 

F! = -tqs - 2m2(h . Ps+ - es+ . Ps-) 

-. 
F! = -mc(s+,t,q, P) - mE(s-,l, q, P) . 

In the standard model the constants & are given by 

Zvv = vevtd - et 

&A = veatd 

ZAV = a,vtd 

ZAA = a,atd 

d= 
S 

s - rnb -I- imzl?z 

vf = 2&J- 4ef sin2 ew 

19 
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For the constants D and E one finds 

DV = IdI2 [e~/ld12 + (vz + af + 2pv,a,)vf - Zetvt(v, + pa,)Re l/d*] 

DA = ldl2 [vf + af + 2pveae] at” 

&A = IdI [vt(v,” + a: + @~,a,) - et(v, + pa,) l/d*] at 

EV = IdI2 [pef/ld12 + @(vi + a:) + 2v,ae)vf - Zetvt(pv, + a,)Re l/d*] 

EA = ldl2 [p(v,2 + a;) + 2v,ae] a; 

EVA = IdI2 [Vt(p($ + a:) + flveue) - et(pv, + a,) l/d*] at . 

W) 
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FIGURE CAPTIONS 

1. The branching ratio B( Z” -+ tf) in Born approximation and with first order 

QCD corrections. The shaded area indicates how an uncertainty of 30% of 

the QCD correction due to higher orders would affect the result. 

2. The longitudinal polarization PL, transverse polarization P_L and normal 

polarization PN of the top-quarks in e+e- --) tfon Z” for unpolarized beams 

as functions of the scattering angle 8. (PN, built up from 7 - Z interference 

and higher order QCD corrections and shown here for comparison, is more 

extensively discussed in Section 3). 

3. Energy distribution of the charged lepton in e+e- -+ Z” + tf where only 

the t or c-quark decays semileptonically. 

a) Dependence on the fragmentation parameter (no polarization). The re- 

sult is shown for a top-mass value of mt = 42.5 GeV and Et varying between 

0 and 10m3. 

b) Dependence on polarization effects. Results for 3 different values of the 

depolarization parameters f = 0,0.5,1 for a top-quark mass of mt = 42.5 

GeV and a fragmentation parameter Et = 10v4. f = 0 indicates complete 

depolarization, f = 1 no depolarization. 

c) Dependence on polarization and fragmentation effects for two top-mass 

values mt = 37.5 GeV and 42.5 GeV. The shaded areas indicate bounds of 

the energy distribution for depolarization parameters in the expected range 

113 I f I 213 and fragmentation parameters in the range 10v4 5 et 5 

10-s. 

4. Distribution of the jet energies (a) and neutrino energies (b) in the process 

e+e- + Z” --) tf where only the t or f-quark decays semileptonically. 

The results are given for a top-mass value mt = 42.5 GeV, depolarization 

parameter f = 0.5 and fragmentation parameter et = 10W4. 

5. Energy distribution of prompt charged leptons (e,p) due to secondary de- 

cays and distribution of the missing energy in the process e+e- -+ Z” --) tE 
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where the primary t and E-quark decays are nonleptonic or r decays (produc- 

ing the long tail in the neutrino energy distribution). The results are given 

for the following parameter values: mt = 42.5 GeV, f = 0.5, et = 10F4. 

6. Energy distribution of the two charged leptons (e, p) (a) and jets (b), distri- 

bution of the missing energy and missing momentum (c), and the invariant 

mass of the charged lepton pairs (d) in the process e+e- + Z” ---) tf, 

where the t and C-quark both decay semileptonically. The results are given 

for top-quark masses mt = 37.5 GeV and mt = 42.5 GeV, depolarization 

parameter f = 0.5 and fragmentation parameter Et = 10v4. 

7. Reconstructed masses of the charged lepton-jet-neutrino systems for a top 

quark mass mt = 42.5 GeV, depolarization parameters f = 0 and fragmen- 

tation parameter E = 10S4. The result is given for a 9 x 36 grid in 8,, &, to 

cover the unit sphere of the neutrino direction in the VP ems, and allowing 

a maximal difference of 1 GeV for the 2 reconstructed masses. 

8. Feynman diagrams contributing to the normal polarization PN of the top- 

quark in e+e- + Z” 7 + , tf . 

a) Z”-exchange Born graph; 

b) r-exchange Born graph; 

c) Z”-exchange including QCD vertex correction. 

9. Polarization PN of the top quark, normal to the production plane in e+e- + 

tf on the Z’. The polarization is separately shown for various beam polar- 

izations. The top quark mass was chosen to be 40 GeV. PN is broken down 

into contributions from r-z-interference and QCD vertex corrections. The 

angular dependence of the cross section is indicated by the - - .* lines. 
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TABLE 1 
Probability for observing a given number of prompt e’s/p’s and 

neutrinos in the decay products of t and F (including secondary 

decays) in the process e+e- + tf. 

Charged Leptons Probability 

0 0.141 

1 0.326 

2 0.320 

3 0.160 

4 0.047 

5 0.006 

6 0.0003 

(#t) = 1.67 

Neutrinos Probability 

0 0.103 

1 0.237 

2 0.268 

3 0.193 

4 0.114 

5 0.055 

6 0.020 

7 0.007 

8 0.002 

9 0.0004 

10 0.0002 

(#v) = 2.27 I 
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