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ABSTRACT

Searches for events with new particle topelogies in 455 hadronic 2 decays with the
Mark 1T detector at SLC are presented. 95% confidence level lower limits of 40.7
GeV/¢? for the top quark mass and 42.0 GeV/c? for the mass of a fourth generation
charge —1/3 quark, regardless of decay mode, are obtained. For a fourth generation
sequential Dirac neutrino vy, a significant range of mixing matrix elements of v4
to other generation necutrinos is excluded for a ¥4 mass up to 43 GeV/c?. Decays
of the Z boson to a pair of non-minimal Higgs bosons (Z — HY HY), where one of
them is relatively light (<10 GeV/c?)}, are also considered. Limits are obtained on
the ZHYHY coupling as a function of the Higgs boson masses.
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INTRODUCTION

New Quarkst

We specifically search for top (t) quarks, and fourth-generation charge —1/3
(¥') quarks. We assume pair-production of the new particles through Z decay with
couplings and decay widths given by the Standard Model.

One expects { quarks to decay via the virtual-W (W*) charged current {CC)
process { — b’*, A ¥ quark may not decay 100% of the time via the CC decay
b = W* (My < M;) because of increased suppression of transitions which cross
two generations. Consequently, the flavor-changing neutral-current (FCNC) loop
dtzcanys'-2 of ¥ — bg and § — by must also be considered. Furthermore, in extensions
of the Standard Mode] with two Higgs doublets, ¢ and ' would dominantly decay
into charged Higgs particles (J{*) by t — H*bor &' — H=cif Mys < My, My.

Three types of event topologies are invesligated. Type ] is an cvent with a
high-momentum isolated charged track. The semi-leptonic decays of ¢ and ¥ or
the decays of vy will produce isolated lepions. To keep detection efficiencies high,
lepton identification is not used. The type 2 topalagy is an event with an isolated
photon. The decay ¥ — by motivates the search for this topology. Type 3 is the
topology produced by a pair of heavy objecls each decaying hadronically into two
or more jets. Massive particles decaying into jets {e.g. £,b6 — qW*; L,V — ¢H;
or ¥ — bg) tend to produce spherical events which can be characterized by large
momentum sums out of the event plane.

Massive Neutrinos®

Recently, measuremunts have been made at SLC® and LEP* 1o determine the
number of neutrino species. The results rule out al greater than 95% confidence
level (CL) the possibility of a fourth generation neutrino. These measurements,
however, assume the neutrino to be maassless and stable. Thus, we explore the
possibility of a fourth generation massive neutrino 4.

We restrict our vy scarch to a sequential fourth generation Dirac neutrino, We
assume that M,, < M- in the new lepton doublet {14, L7), and that the weak
eigenstates vy and mass eigenstate . uhe four generations of neutrinos are mixed
in analogy with the qua'' .ector: vy = ):L, Usivi. Through this mixing, vy could
decay by the weak charged current (14 — W?*; £ = e, p1, 7).

Asauming 14 mixes with only one other generation of £, 1he lifetime of the vy

1 Presented by R. Van Kooten.
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can be expressed in terms of the muon lifetime as

e~ CXY) = T

S7(u — ewd)Brivg — {~etv)
ma

el )

where m, is the mass of the neutrino, and f is a phase-space suppression factor”
for massive final state particles.

The expected characteristics of the topology of v events is different depending
on the values of the mass 5ay and the mixing matrix element Ugy. We investigate
four types of events topologies each of which corresponds to a different region
in the my - [Un|® plane. For heavy mass and large mixing (short-lived), the
topology is similar to the type 1 isolated charged track topology described above,
An invisible or semi-invisible event corresponds to a light mass and small mixing
(long-lived) region. The existence of these events would irncreace the invisible width
of the Z boson resonance. We reinterpret the Mark I invisible width measarement
(neutrino counting) analysis to obtain an exclusion region. An event with detached
vertices corresponds to an intermediate mass and mixing region. These events can
be characterized by a large fraction of charged tracks with large impact parameters
with respect to the primary vertex. Finally, an event with two charged tracks
recoiling against many tracks {2 vs. N) corresponds to a light mass and large
mixing region,

Non-Minimal Higgs Bosons Y

For simplicity the mode] considered is restricted to two Higgs doublet (not
necessarily the minimal supersymmetric model). In two doublet Higgs models
there are two physical neutral scalar (CP even) Higgs bosons HY and HJ, one
psendoscalar {CP odd) HY, and two charged Higgs bosons H+ and H1~.

[u the following, HY denotes either HY or HY. We consider the decay Z —
HQHY. The decay width for two doublet models is given by:®

T(Z = HIH]) = 0.5.T,05° cos’(a — b) (1

where 8 = {[s— (M, + M, ){s— (M.~ M, }?|}} /s, s = E2,. and @ and & are mixing
angles of the Higgs doubleta. Note that processes likeete™ — Z — Z°HY - ffHY
or ete™ — 2* — ZH] are not allowed, since ZHYZ coupling is forbidden at the
tree level. These processes are allowed for HY? but the rate is smaller than for
the minimal Higgs boson by a factor” of sin®(a — §). Therefore, search for the
decay Z — HJH} is complimentary to that for the decay Z — Z'HY, since
T(Z — H{HD) is proportional to cos?(a — b).

9§ Presented by S. Komamiya.



Higgs bosons are expected to decay dominantly into the heaviest available
fermion pair: H — Jf, (i = 1,2,p). If the scalar mass is more than two times
the preudoscalar mass, ) — HRHY is the dominant decay mode unless it is
suppressed by the Higgs mixing,

APPARATUS

Details of the Mark 11 detector can be found clsewhere® 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
jecosB| < 0.96, where 8 is the angle with respect to the beam axis. Barrel] lead-
liquid-argon zampling calorimeters cover the central region |cos 0| < 0.72 and the
remaining solid angle is covered by end-cap lead-propertional-tube calorimeters.
The detector is triggered by two or more charged tracks within |cos8| < 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 calorfimeter. This combination resulte
in an estimated trigger efficiency of greater than 99% for hadronic Z decays.

ANALYSIS AND RESULTS

Except for tise long-lived v4 searches, charged tracks are required to project into
a cylindrical volume of radius 1 cm and half-length of 3 cm around the nominal
collision point parallel to the beam axis. Tracks are required to be within the
angular region |cos 8| < 0.82, and to have transverse momenta with respect to the
beam axis of at least 150 MeV/e. An clectromagnetic shower is required to have
shower energy greater than 1 GeV and |cos@] < 0.G8 for the central calorimeter
and .68 < |cos #| < 0.95 for the endcap calorimeter.

The expected number of produced exotic events before cuts is normalized to
the total number of hadronic events (Ny,g) that fulfill hadronic event selection
criteria® The expected number of produced exotic events Ny, z = tI, bV, 104, or
HH? is given by
Niadl's

Ny = ————=—
£ e"[‘“ + (trz

where [yq is the partial width of the Z to u,d,s,¢, and b (udsch) quarks, ¢y
is the efficiency for udsch quarks to pass the hadronic event critena, Iy is the
partial width of the Z to the exolic particle ia que-tion, and ¢ is the efliciency
for the: exotic particle events to pass the hadronic event eriteria. First order QCD
corrections® are used when calculating T'; and T'z. The data sample corresponds
to Nyaa = 455 events and to an integrated Juminosity of 19.7 £ 0.8 nb=!,



New Quarks

All events are required to contain at least six charged tracks and the sum of
charged particle energy and shower energy ( Bvis) must be greater than 0.1 Eqpy.
To cnsure that the events are well contained within the detector, the polar angle
of the thrust axis (fn.) of each event must satisly the condition | cos ;| < 0.8 .

Type 1 events must have event thrust less than 0.9 and must contain at least one
isolated charged track. At isolated track is one with isolation parameter pi > 1.8
where p; is defined as follows: The Lund jet-finding algorithm is appllcd to the
charged and nentral tracks excluding the candidate track i. We then define

pi = min[(2Ei(1 = cos 8",

where E; is the track energy in GeV and §;; is the angle between the track and
each jet axis. The p value of an event is defined as the maximum value of p; of all
charged tracks in an event.

The detection efficiencies {¢p) for ¢, ¥, and vy are calculated with a
modified Lund 6 3 parton shower Monte Carlo program with Lund symmetric
l'ragmentanon Uncertainties in detection efficiency (Aep/ep) from Monte Carlo
statistics (= 3%), detector simulation and beam backgrounds (= 1%), theoretical
uncertainties in semi-leptonic bnnchmg ratios (= 2%), and fragmentation models
are calculated. The Jast error is estimated using different Monte Carlo generators

and fragmentation schemes.® For masses in the range 25 ~ 30 GeV/c? the error
can be as large as 12%, and we choose to use the value 12% for all quark masses.

The number of produced events N; has both a statistical uncertainty from N,
and a substantial systematic error (as large as 25% depending on the exotic particle
mass) due to uncertainties in higher order QCD corrections® in the calculation of
Ty if z is a 2 or & quark. The total error on the expected number of events is
calculated by summing the individual statistical and maximum systematic errors
in quadrature. Qur best estimate of the expected number of exotic events minus
the total error is used for setting mass Jimits.

There is one event satisfying the type 1 event sclection critend in our data
sample of 455 hadronic Z decays, while 0.9 events (Lund Shower with Peterson
fragmentation’?) to 1.8 events (Webber 4.1%) ate expected from QCD five-flavor
processes, To be conservative, background subtraction ia pesformed using the

smallest value (0.9 events) expected. Using a standard approach, the limits shown
in Table 1 are obiainred.

For the type 2 cvent 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
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neutral shower with p; > 3.0 where p; is defined as for a charged track. No events
were found satisfying the type 2 event selection criteria. From this obsecvation, we
obtain My > 45.4 GeV/e? (95% C.L.) if B(Y — by) > 25%.

The type 3 event topology requires Moy > 18 GeV/c? where
Moy = -Eiﬂll zl uutl

P 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. Six events are abserved in the data with Mg, > 18
GeV/e? , while 4.8 events (Lund Matrix Element!?) to 11.7 events (Webber 4.112)
are expected from QCD five-flavor processes. To be conservaiive, background
subtraction is performed using the smallest value (4.8 events) expected.

The above obzervation allows us to set the limita included in Tahle 1. The
case of the H— decaying partially into 7% is found to weaken the listed limits for
t = bH and ¥ — cll, but if B(H~ — 7%, < 70% both limits remain over 40
GeV/c? .

Table 1. Summoary of the mass limite set by searching for the three event topalogics
described in the text. For t — b+ and ¥ — cH~ limite, Mys > 25 GeV/e? | and

H — ci. The vy limits are for decays with vertices within the described eylindrical

fiducial region (i.e. decay length < 1 em).

— e

Mass Limit
Particle  Decay Products Topology (95% C.L.)
{Br = 100%) (GeV/e®)
top (115 Isolated Track 400
Y Mous 40.7
bH* Moy 42.5
¥ oW Isolated Track 447
W Mow 44.2
cH~ Mgut 45.2
by Mou 427
by, Br > 256%  Isolated Photon 45.4
vy W Isclated Track 43.7
e fsolated Track 44.0
riv Isolated Track 41.3

Finally, the analyses of the three event topologies are combined to give mass
limits on ¥ as a function of branching ratio into the CC process, assuming that
the remaining decays are only through the FCNC decays dg and by (we assume
a Higgs particie is not kinematically accessible), Detection efficiencies are found
for the possible combinations of Lhe above decays, and combined to give the result



that My > 2.0 GeV (95% C.L.) for all possible values of the branching ratio into
the CC process and all possible mixtures of bg and by in the FCNC part.

Massive Neutri

Mass limits from the isolated track analysis for a short-lived v4 (Gyer $ 1 cm)
with different generation mixings are given in Table 1 of the previous section, and
are shown as cxclusion regions in Fig, 1. In Fig. 1, the lower bound of sensitivity

along the {Ug)? axis is due to massive nentrinos decaying at larger radii, and tracks
fading to project into the Huucial cylinder centered at the IP described catlier.

For longer w4 lifetimes, detached vertices occur, resulting in a large fraction
of tracks with large impact parameters. The dominant background of beam-gas
and beam-beampipe interaction events are usually forward-scattered, and have low
multiplicity and low total energy. To eliminate them, we require an event to have
at Jeast eight good cliarged tracks and to have total visible energy greater than 35%
of Ece. In addition, the minimum of energy visible in the forward and backward
hemispheres with respect to the electron beam disection must be greater than 7%
of Ecu. We canservatively estimate that there are less than 0.01 beam-gas and
beam-beampipe interaction events in the final 350 event data sample,

The impact parameter b in the plane perpendicular to the beam axis is defined
as the distance of closest approach to the average beam position. An event search
pacameler Ximp is then defined as the fraction of charged tracks with significance
b/} greater than 5.0, where o} is the sum in quadrature of the track position error
to the track trajectory (== 300 pm) and the error in the average beam position (200
pm).

Hadronic background events containing charm, bottom, or strange quark de-
cays rarely yield Ximp greater than 0.5, since there are many other tracks in the
event which project to the primary vertex’; however, many v events with a
reasonable lifetime would yield ximp greater than 0.5. We require xjn,p, > 0.6 for
an event for it to be tagged as a vijy eveat. No events i the data pass the selection
criteria, and Monte Carlo simulations predict less than 0.2 events. Detection effi-
ciencies including full trigger emulation are determined for simulated’! 474 events
of different masses and lifetimes. Uncertainties in detection efficiency (Acp/fep)
from Monte Carlo statistics (% 2%), detector eimulation and beam backgrounds
{= 4%), tracking efficiencies for tracks with large impact parameters (= 10%),
and different fragmentation models arc cstimated. Following the procedure of the
previous section, the 95% CL limit contour is determined and ilustrated in Fig. 1.

* The same ia true for a hadronic event with one or more particles undergoing a nuclear
interaction in the beampipe or detector materials.
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From fits to the Mark Il Z resonance data where Mz and the number of
massless neutrino generations N, in the total width I'Y = Pygees + Te + Ty +
T'r + N,T. are allowed to vary, we find N, < 3.86 at 95% CL. A massive neutrino
would contribute a fractional neutrino genesation due to the mass threshold factor.
Assuming that the neutrinos of the first threc generations are massless, that vy is
& Dirac-type neutrino, and that no other physics intervenes, we obtain a limit of
me > 19.6 GeV/c for a stable vy.

In the fits, Opeak i8 given by e = 1227, D, /M2T%, whete Il is constrained
to be the Standard Mode! prediction (3 generations, 5 quarks) far decays visible
in the detector. For an unstable vy, the region where the relation

Ly _ [% 4Ty, T
TZ (ML 4T, ) (TG + (3.86 ~ )T, )7 )

is true is excluded at 95% CL. ¢ is the cfficiency for iy eveuts to satisfly the
visible event selection criteria, and I, is the partial width (a function of my) for
vq. The values of ¢ for different my and lifetimes are delermined and the region
where eqn. (1) is satisfied is shown in Fig. 1.

109 BaCS
M

LR

L

z

%

3 5
10 % e —_—
ey Vo4

_
£ 10

.....

}_.‘\_-\'\_‘..?:L}}S‘b\\‘a AN

10

‘0'12
0 10 20 30 40 50
vy Mass  {GeVic?)
Figure 1. Swnmary of the 85% CL exclusion regions for a sequential fourth

generation Dirac neutrino vy as a funclion of mase and mixing matrix element (which
is related to [if:sime). The hatched region is the combined exclusion region for mixing

to ¢, only.



We now consider the region 2.5 § my 20 GeV/e? and 7{r4) = 18 psec which
is not excluded by any prior direct searchies by other collaborations for the case
of vy mixing to vy. The search topology is two charged tracks recoiling against
many (2 versus &, N 2 2). For the mass range considered, Br(vs — 2 prong)R, %,
resulting in high detection efficiencies.

Events are divided inio two hemispheres with respect to the thrust axis, and the
two versus N charged track topology selected. Additianal cuts are | cos Oy, | < 0.8;
E2_ > 6 GeV, where ESL_ is the total charged energy in the hemisphere with
the minimum charged energy; and sphericity § > 0.4 for my 2> 10 GeV/c?. Four
masses (2.5, 5.0, 10.0, and 22.0 GeV/c®) of 1y cvents are simulated at values of
[Uraf? rcsulting in vy lifetimes long enough to fie in regions excluded by other
experiments. These are the mosl conservative cases in the search region since
detection efficiencies are always higher for larger values of |Uri|? (i.e. shorter
lifetimes), Results are shown in Table 2 and as an exclusian region in Fig. 1.

Table 2. Results of applying the selection criteria for the 2 versus N topology
for data and simulated v4i4 cvents and the resultant exclusion levels (ne background

subtraction).
my No. of Expected No. of Data  Confidence Level
(Gev/c?) Eveats = Events for Fxelusion
2.5 ae 4 >99.99%
50 155 4 >99.84%
10.0 4.9 l 25.0%
22.0 58 1 97.9%

Non-Minimal Neutral Higgs Bosons

We concentrate on the case in which one of the produced Higgs bosons (H)" is
relatively light (less than 2M;). We siudy four typical cases: [A] Mys < 2M,, [B]
2My < Myp < 2M, and H} decays into ff, and [C] 2M, < Myy < 2M, and Ii}
decays into H} H]. We also investigatc the case in which [D) 2M, < Mpyo < 2M,
and HY decays into 7+7~,

In case [A] (Z — H?Hg, H? — ete” or vy, HE — bb, cf or TH77), HP is
sufficiently long lived to escape detection. If thie heavier Higgs bason (H]) decays
into a heavy fermion pair (b, ¢t or r*r~) and the mass is smaller than about
the beam energy, the signature of Z — HDHY events is a monojet topology. If
the mass of the heavier Higgs basua is about equal to or greater than the beam
energy, the momentum of the unseen HJ is small and hence the event topology

» We also use notations HP and Hf, where H{ ia defined to be lighter than HJ and the two
have opposite CP eigenvalues.


http://ffjf-tW.ee

is two jets with a large angle between their axes {acoplanar two-jet events). The
monojet. events are selected with the following criteria; (M1) |cosOy| < 0.7 and
{M2) the sum of the charged and neutral energy in the lower encrgy hemisphere
{defined by the event thrust axis), Elagy, is smaller than 3.0 GeV. The acaplanar
two-jet events are selected by the following culs; (P1) Jcosdy] < 0.7, (P2) Pr
of the event must be larger than 15 GeV and (P3) the acoplanarity angle $ucop
mus! be greater than 40 degrees. Alter applying cuts ((M1-2) or {P1-3)), no events
stirvive. The expected number of background events from ordinary quark (udsch)
production is estimated to be 0.3 to 0.7 using QCD-based Monte Cario model<.'?
In Fig. 2(a), the 95% C.L. contour for the excluded region is shown in the plane of
the suppression factor (cos®(a — b)) vs. Mys, assuming H) is light (Mpe < 2M,)
and stable for the case that HJ decays inte bb or ¢ [t*7~].

For case [B] (Z — HPH], HP — xta~ or ptp~, H} — bb,ct or v+77), the
event Lopology is an isolated particle pair with opposite charge (for instance, p* ™,
xtx~ or K+ K~) which recoils against jets. We require that v, be greater than
0.5y/5 and that there be at least one isolated particle pair with opposite charge. An
isolated pair of charged particles (i, 7} is defined as two oppositely charged particles
with momentum sum (|5 + §;|) larger than 20 GeV, individeal momenta greater
than 2 GeV, and isolation parameter p;; > 4.0 GeV?, The isolation parameter
pis is defined as follows: The Lund jet-finding algorithm is applied to all charged
tracks in the event {except the candidate pair ¢7) and neutral tracks with energy
greater than 1.5 GeV. We then define

pij = min, \/ 2E;(1 — co8 xij),

where E;; is the pair energy assuming the pair to be #¥»x~ and x;;7 is the angle
between the pair momentum direclion and the jet axis. For Hfﬂg events, a peak
is seen at |B; + Pyl = (/3/2)(1 — MH.,ls) Events are selected if 0.75 {\/3/2)(1 -
m/s) < |pi + Pl < 1.25 (5/2)(1 - M,?,g/s) for an assumed value for M. No
events survive the selection criteria, The number of expected background events
increases with Myo from 0.1 (Mys = 5 GeV) to 0.5 (Myo = 60 GeV), and is
estimated using Monte Carlo models.'? The limits are shown in Fig. 2(b).

For case |C] (2 — HIH]) — H)HMHY, HY — ptyp~), the event topology
is three pairs of oppasitely charged particles. The HS — u*p~ decay mode is
dominant since 7x ot x7wx modes are suppressed for the HY decay. We require
that the total eharged particle energy Egy, be greater than 0.5,/ and that exactly
threc jets are found using the Lund jot-finding algorithm. We require for each jet
that the energy be larger than 4 GeV, the invariant mass be smaller than 4 GeV,



and the total charge of each jet be ~1, 0 or 1. We further require that the maximum
charged multiplicity of the jets be either 2 or 3 and the minimum is either 1 or 2.
No cvents survive the selection criteria. The excluded region is shown in Fig. 2{c).

M{H}) (Gev)

A

MakR(SLC)
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M(HD) 0.5 atepn  M(HR)=10 7
0.0 T 3 N T N -__I_i_l [ Y T O I
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M(HZ) (Gev) M(HR) (Gev)

Figure 2. The 95% C.L, contours for the excluded region in the plare of the suppression
factor (cos?(a — b)) vs Mpyp for: (a) HP is light (My; < 2M,) and stable; (b) Hf decays into a
particle pair of oppasite charges and i} decays into bb, e& (solid curve) or v+7~ (dashed curve)
{asuming that My = 0.5 GeV, but the limit is va¥id for Myp amaller than a few GeV aa long as
it decays dominently into a particle puir of opposite charges); (¢) Z — HY — HIHD ~ 8(u*p~)
or 3(e*e™) and assuming that My = 0.5 GeV, but the limit is valid for Ao smaller than a few
GeV as iong as it decaya dominantly into a particle pair of oppasite charges; and (d) H) decays
into r+r= with 100% branching fraction and M2 dccays into 88, cz or 7+ 7=,

For case D] (Z — AQH) — 7+7~ 4 jets), the Lund jet-finding algorithm is
applied. We select events with only two jets in either of the hemispheres defined
by the plane perpeadicular to the event thrust axis. Further, we require that the
two jets be consistent with a tau pair (the invariant mass of each jet is smaller
than 2 GeV, the number of charged particles in each jet is one, and charge of the
two jets is opposite). Since a 7 decay invalves miesing neutrinos, we cannot look
for an invariant mass peak of r+r=, We look for the peak in the 77~ apening
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angle. Events are selected between 75% and 150% of the Jacobian peak of the
opening angle (24 degrees at Myo = 10 GeV and 31 degrees al Myo = 45 GeV).
After the cuts no events survive in the angular region and the expected number of
background events is 0.3-0.5. The excluded region is shown in Fig,2(d) assuming
the H} decays into 7+~ with 100% branching fraction.

SUMMARY

The study of Z decays provides an ideal laboratory to search for new particles.
The presented results significantly extend limits from ete™ annihilation before
the advent of Z physice at SLC and LEP. Due to space considerations, detailed
comparisons with new limits from LEP with a larger data sample presented in

these proceedings are not made; however, our results are consistent with the LEP
limits,
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