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ABSTRACT 

We have searched for events with new particle topologies in 390 hadronic 2 

decays with the Mark II detector at SLC. We place 95% confidence level lower 

limits of 40.7 GeV/c2 for the top quark mass, 42.0 GeV/c2 for the mass of a fourth 

generation charge -l/3 quark, and 41.3 GeV/c2 for the mass of an unstable Dirac 

neutral lepton. 

Submitted to Physical Review Letters 
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We have searched for new quarks and leptons in 2 boson decay using data 

from the Mark II detector at the SLAC e+e- Linear Collider (SLC) operating in 

the e+e- center-of-mass energy (Ecm) range from 89.2 to 93.0 GeV. The Standard 

Model predicts the existence of the top quark and does not exclude the possibility 

of new generations of fermions. The existence and masses of these possible new 

particles may provide information to help understand the pattern of fermion masses 

and the presence of generations. 

---We specifically search for top (t) q uarks, fourth-generation charge -l/3 (b’) 

quarks, and unstable neutral Dirac leptons (LO); the small production rate of heavy 

sequential charged leptons on the 2 boson resonance prevents us from searching 

for sequential charged leptons at this time. We assume pair-production of the new 

particles through 2 decay with couplings and decay widths given by the Standard 

Model. 

-One expects t quarks to decay via the virtual-W (W”) charged current (CC) 

process t + bW*. Naively, one also expects the b’ quark to decay via the CC 

process b’ + cW* if the mass of the b’ quark is less than the mass of the t quark 

(A&,, < Mt). Assuming that a new quark decays 100% via the CC mode, the UAl 

collaboration[ll has excluded top quarks with masses less than 44 GeV/c2 and b’ 

quarks with masses less than 32 GeV/c2 . With the same assumption, the CDF 

collaboration[21 has excluded top quarks with masses between 40 and 77 GeV/c2 . 

A b’ quark may not decay 100% of the time via the CC decay because of 

increased suppression of transitions which cross two generations? Consequently, 

the flavor-changing neutral-current (FCNC) loop decaysL4’ of b’ + b + gluon and 

b’ -+ by must also be considered. Furthermore, in extensions of the Standard 

Model with two Higgs doublets, t and b’ can decay into charged Higgs particles 

(H+) by t + H+b or b’ + H-c if MH* < Mt, Mb,. This two-body decay mode 

would dominate over the CC decay. Independent of decay mode, a b’ quark has 

been excluded for masses less than 25.6 GeV/c2 by the VENUS collaboration[51 at 

the TRISTAN e+e- storage ring. 

We restrict our Lo search to, a sequential fourth generation Dirac neutral lepton. 

We assume that MLo < ML- in the new lepton doublet (Lo, L-), and that the 
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weak eigenstates ve and mass eigenstates Lf of the four generations of neutrinos 

are mixed in analogy with the quark sector: 

4 

Ue = c Ue;Lf. 
i=l 

The possible decay modes of the Lo are then Lo + f! + W*, (l = e, p, 7). Dirac 

neutral leptons which decay via Lo + e- + W* or Lo + pw- + W* have been -_- - 
excluded for masses less than 27 GeV/c2 by the AMY collaboration [61 . 

The Mark II has investigated three types of event topologies. Type 1 is an 

event with an isolated charged track. The semi-leptonic decays of t and b’ or the 

decays of Lo will produce isolated leptons. To keep detection efficiencies high, 

lepton identification is not used. The type 2 topology is an event with an isolated 

photon. The decay b’ + !FY motivates the search for this topology. Type 3 is 

the topology produced by a pair of heavy objects each decaying hadronically into 

two or more jets. Massive particles decaying into jets tend to produce spherical 

events which can be characterized by large momentum sums out of the event plane. 

The decay b’ -+ b + gluon, t decaying through H+b, with the H+ decaying 100% 

hadronically, and the CC hadronic decays of t and b’ are examples. 

Details of the Mark II detector can be found elsewhere? A cylindrical drift 

chamber in a 4.75 kG axial magnetic field measures charged particle momenta. 

Photons are detected in electromagnetic calorimeters covering the angular region 

1 cos 8 1 < 0.96, where 0 is the angle with respect to the beam axis. Barrel lead- 

liquid-argon sampling calorimeters cover the central region 1 cos 8 1 < 0.72 and the 

remaining solid angle is covered by end-cap lead-proportional-tube calorimeters. 

The detector is triggered by two or more charged tracks within I cos 19 I < 0.76 or 

by neutral-energy requirements of a single shower depositing at least 3.3 GeV in the 

barrel calorimeter or 2.2 GeV in an end-cap calorimeter. This combination results 

in an estimated trigger efficiency of greater than 99% for hadronic 2 decays. 

All three types of event topologies share the following event selection criteria: 

Charged tracks are required to project into a cylindrical volume of radius 1 cm and 
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half-length of 3 cm around the nominal collision point parallel to the beam axis, 

to be within the angular region ] cos 6 I < 0.85, and to have transverse momenta 

with respect to the beam axis of at least 150 MeV/c. An electromagnetic shower 

is required to have shower energy greater than 1 GeV and I cos 6 I < 0.68 for the 

central calorimeter and 0.68 < I cos 8 I < 0.95 for the endcap calorimeter. All 

events are required to contain at least six charged tracks and the sum of charged 

particle energy and shower energy (&is) must be greater than 0.1 IS,-,. To ensure 

that the events are well contained within the detector, the polar angle of the thrust 

axis (&,,) of each event must satisfy the condition ] cos Othr] < 0.8 . 

The expected number of produced exotic events before cuts is normalized to 

the total number of hadronic events (Nh) that fulfill the hadronic event selection 

criteria described in a previous Letter. 8 The expected number of produced exotic 

events N,, x = t, b’, or Lo, is given by 

where I’* is the partial width of the 2 to u, d, s, c, and b (udscb) quarks, cq = 0.953 

is the efficiency for udscb quarks to pass the hadronic event criteria, rZ is the 

partial width of the 2 to the exotic particle in question, and cZ is the efficiency 

for the exotic particle events to pass the hadronic event criteria. First order QCD 

corrections[‘l are used when calculating rq and rZ. The data sample consists of 

Nh = 390 events, corresponding to an integrated luminosity of 16.7 f 0.8 nb-‘. 

Type 1 events must have event thrust less than 0.9 and must contain at least one 

isolated charged track. An isolated track is one with isolation parameter p; > 1.8 

where p; is defined as follows: The Lund jet-finding algorithm is applied[l” to the 

charged and neutral tracks excluding the candidate track i. We then define 

p; 3 J2j[(2E,(1 - cos &j))‘/2], 

where Ei is the track energy in GeV and 8;j is the angle between the track and 

each jet axis. The distribution of p, the maximum value of ~a of all charged tracks 
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in an event, is shown in Fig. 1 for our data sample, for a five-flavor QCD Monte 

[“I Carlo, and for a 35 GeV/c2 t quark (CC decay). 

The detection efficiencies (6~) for t, b’, and Lo are calculated with the Lund 

6.3 parton shower Monte Carlo program with Lund symmetric fragmentationl’ . 

Uncertainties in detection efficiency (Ace/co) from Monte Carlo statistics (M 3%), 

detector simulation and beam backgrounds (z l%), theoretical uncertainties WI in 

semi-leptonic branching ratios (M 2%), and fragmentation models are calculated. 

The last error is estimated using different Monte Carlo generators and fragmenta- 

tion schemes13, and is found to vary strongly with heavy quark mass. For masses 

approaching the beam energy the error is negligible, while for masses in the range 

25 - 30 GeV/c2 the error can be as large as 12%. We choose to use the value 12% 

for all quark masses. 

The number of produced events N, has both a statistical uncertainty from Nh, 

and a substantial systematic error (as large as 25% depending on the exotic particle 

mass) due to uncertainties in higher order QCD corrections9 in the calculation of 

Pz if x is a t or b’ quark. 

The total error on the expected number of events is calculated by summing the 

individual statistical and maximum systematic errors in quadrature. The lower 

solid curve of Fig. 2 shows our best estimate of the expected number of top events 

with at least one isolated track as a function of the top quark mass. The dashed 

curve is our best estimate minus the total error and is used for setting mass limits. 

The corresponding curves for b’ + cW* are also shown. 

There is one event satisfying the type 1 event selection criteria in our data 

sample of 390 hadronic 2 decays, while 0.9 events (Lund Shower with Peterson 

fragmentation13) to 1.8 events (Webber 4.113) are expected from QCD five-flavor 

processes. To be conservative, background subtraction is performed using the 

smallest value (0.9 events) expected. Using a standard approachf14] we find the 

upper limit at 95% C.L. to be 4.2 events for one observed event and 0.9 expected 

background events. 

From the above observation, we conclude that &It > 40.0 GeV/c2 and Mb, > 
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44.7 GeV/c2 at the 95% confidence level (C.L.) if t and b’ decay 100% via the CC 

process. 

Limits on Lo production are sensitive to the mixing parameter ULoe. For small 

enough values of the sum C IULoe12 for e = e, p, 7, the lifetimen5’ of the Lo will be 

sufficiently long that it will decay outside our fiducial vertex region. Such decays 

may produce spectacular signatures, but they are not the subject of this Letter. 

We therefore obtain the Lo mass limits shown in Fig. 3. 
-_- - 

For the type 2 event topology we require that the event thrust not exceed 0.9 

-and that there be at least one isolated photon. An isolated photon is defined as a 

neutral shower with p; > 3.0 where p; is defined as for a charged track. A larger p 

cut is required because the calorimeters cannot resolve closely-spaced TO’S as well 

as the drift chamber can resolve closely-spaced charged pions. 

.No events were found satisfying the type 2 event selection criteria. From this 

observation, we obtain Mb’ > 45.4 GeV/c2 (95% C.L.) if B.R.(b’ + by) 2 25%. 

The type 3 event topology requires A&t > 18 GeV/c2 where 

pFt is the momentum component of a charged track or neutral shower out of the 

event plane defined by the sphericity tensor, and the sum is over all charged tracks 

and neutral showers. The distribution of M out is shown in Fig. 4 for the data 

sample, for a five-flavor QCD Monte Carlo, and for the process b’ + cH- + czs 

for a 35 GeV/c2 b’. 

Six events are observed in the data with &&t > 18 GeV/c2 , while 4.8 events 

(Lund Matrix Element13) to 11.7 events (Webber 4.113) are expected from QCD 

five-flavor processes. The tail of the QCD Mout distribution is very model de- 

pendent because of the different ways in which multiple-hard-gluon radiation is 

handled13 . To be conservative, background subtraction is performed using the 

smallest value (4.8 events) expected. We find the upper limit14 at 95% C.L. to be 

7.4 events for 6 observed events and 4.8 expected background events. 
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The above observation allows us to set the following limits. If t and b’ decay 

100% via the CC process, Mt > 40.7 GeV/c2 and Mb! > 44.2 GeV/c2 at 95% 

C.L. Note that these limits are more sensitive to the hadronic decays of t and b’, 

while the type 1 event limits are sensitive to the semi-leptonic decays. If b’ decays 

100% into b + gluon, then i&1 > 42.7 GeV/ c2 at 95% C.L. If t and b’ decay 100 % 

through a charged Higgs boson of mass > 25 GeV/c2 , which in turn decays 100% 

hadronically into cS, then Mt > 42.5 GeV/c2 and Mb’ > 45.2 GeV/c2 at 95% C.L. 

The case of the H- decaying partially into TV is found to weaken the above limits, 

but if B.R.(H- + 7~7) < 70% both limits remain over 40 GeV/c2 . 

The various mass limits obtained with the three event topologies are summa- 

rized in Table I. Finally, the analyses of the three event topologies can be combined 

to give mass limits on b’ as a function of branching ratio into the CC process, as- 

suming that the remaining decays are only through the FCNC decays b + gluon 

and- by (we assume a Higgs particle is not kinematically accessible). Detection effi- 

ciencies are found for the possible combinations of the above decays, and combined 

to give the result that Mb’ > 42.0 GeV (95% C.L.) for all possible values of the 

branching ratio into the CC process and all possible mixtures of b + gluon and by 

in the FCNC part. 

We express our appreciation to the dedicated efforts of the staff of SLAC and 

collaborating universities who made the SLC and these results possible. 
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TABLE CAPTIONS 

1: TABLE I: Summary of the mass limits set by searching for the three event 

topologies described in the text. For t + bH+ and b’ + cH- limits, &l~& 2 

25 GeV/c2 . The Lo limits are for decays with vertices within the described 

cylindrical fiducial region (i.e. decay length less than x 1 cm). 

Mass Limit 

Particle Decay Products Topology (95% C.L.) 

(B.R. 100%) (GeV/c2 ) 

top bW* Isolated Track 40.0 

bW* M out 40.7 

bH+ M out 42.5 

b’ cw* Isolated Track 44.7 

cw* M out 44.2 

cH- M out 45.2 

b + gluon AL? out 42.7 

by, B.R.2 25% Isolated Photon 45.4 

LO eW* Isolated Track 43.7 

Pw* Isolated Track 44.0 

TW* Isolated Track 41.3 
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FIGURE CAPTIONS 

1) Maximum isolation parameter p of all the tracks in an event for data (cir- 

cles, with statistical errors), udscb QCD Monte Carlo (solid line), and a 35 

GeV/c2 top quark (hatched area, normalized to data). The Monte Carlo 

simulation includes detector and beam background effects. 

2) Expected number of top and b’ (decaying 100% via CC process) quark events 

_-- with at least one isolated (p; > 1.8) t rack as a function of the quark mass 

(solid curves). The dashed curves indicate the central value minus the un- 

certainty from statistical and systematic errors. The dotted line is the upper 

bound at the 95% C.L. with background subtracted for the observed number 

of events. 

3) 95% C.L. mass limits for an unstable neutral heavy lepton Lo as a function 

of mass and mixing matrix element JU~oel~ for B.R.(L’ + TW*) = lOO%, 

B.R.(L’t eW*) = lOO%, and B.R.(L’ t pW*) = lOO%, as indicated. 

4) Mass out of the event plane &lout for data (circles, with statistical errors), 

udscb QCD Monte Carlo (solid line), and for a 35 GeV/c2 b’ quark decaying 

into cH- (hatched area), with MH- = 25 GeV/c2 and the H- decaying 

100% into Zs. 
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