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ABSTRACT

Results from the AMY experiment at the TRISTAN ete™ collider are pre-
sented using a data sample of about 28 pb~! at center of mass energies between
50 and 60.8 GeV. The measured value of R, which is about 20 higher than the
standard model expectation for c.m. energy above 56 GeV, is presented and
several possible explanations are discussed. The results of the forward-backward
asymmetry measurement of ete~ — bb events, tests of QCD in the hadronic
jets, and the search of heavy leptons are &iso presented.
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1. Introduction

Results from the AMY experiment at the TRISTAN ete™ storage ring are
presented using a data sample of about 28pb~! at center of mass(c.m.) energies
between 50 and 60.8 GeV . We measured the e*e~ hadronic annihilation cross
section and found it to be about 20 higher than the standard model expectation
for c.m. energies above 56 CeV. Several possible explanations for the high values
of R are discussed. A measurement of the forward-backward charge asymmetry
in the hadronic process, ete~ — bb, results from the study of hadronic jets, and
the search for heavy leptons are also presented.

2. Measurements of R

We select multihadronic annihilation events by requiring five or more charged
tracks with | cos 8] <0.85 that originate from the interaction point, a total visible
energy (Eyiy) greater than half of the c.m. energy, 2 momentum imbalance along
the beam direction with a magnitude less than 0.4E,;; and more than 3(5) GeV
energy deposited in the barrel calorimeter at 50 and 52 (55 to 60.8) GeV. From
the number of observed multihadron annihilation events (Ney ), we determine the
R using the following relation

R= Nev — kag
€(1+ 6) [ Ldto,,(s)’

where Npig is the estimated number of background events remaining in the sam-
ple, €is the detection efficiency for hadronic events determined from Monte Carlo
(MC) simulations using the LUND 6.3 event generator,l 14-6 is & correction factor
for radiative effects calculated using the FKS program including full electro-weak
radiative effects up to 0(¢:|13),2 J Ldt is the integrated luminosity and o,,(s) is
the lowest order QED cross section for ete™ — ptpu~ at the same c.m. energy.
No correction is made for trigger efficiency since this is estimated by comparing
redundant triggers to be better than 99.7%.
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The overall normalization uncertainty contains energy independent system-
atic errors in the luminosity determination (~ 3.3%), the detection efficiency
estimatijon (~ 1.3%), radiative corrections (~ 1.3%), event selection (~ 1.7%j

and the background subtraction (~ 0.4%), which, when added in quadrature,
result in a total normalization error of about 4.2 %.

The R measurements from the AMY are shown in Fig. 1a. The errors in the
figure are calculated by combining in quadrature the point-to-point statistical
errors and the overall normalization errors. The solid curve indicates the predic-
tion of the five-quark standard model with Mz=92GeV/c?, sin? fy=0.230 and
Az =0.2 GeV. Also shown in the figure are the predictions of R in presence of a
t quark or a fourth generation b’ quark at a mass of 24 GeV/c?. The differences
between measured and predicted values of R are also shown in Fig. 1b, together
with the predictions for the cases of a t quark or a fourth generation b’ quark at
full production. The measured values of R are higher than the standard model

prediction above 56 GeV. The weighted average value of AR above 56 GeV is
0.4740.23, about a 20 effect.

If this effect is simply due to statistical fluctuation or systematic shift, then
the same effect would not necessarily be observed by other groups. But, as you
will hear from the TOPAZ and VENUS groups’ they also observe higher R values
above /=56 GeV. We consider possibilities that new particle productions are
the cause for the higher R values. Candidates particles are: a) t quark; b) b'
quark; c) charged and neutral heavy leptons (L*,L°); d) charged higgs (H*);
and e) spinless gauge boson (X°).

a) Pair production of t quarks

If the t quark pair is produced above 56 GeV, we expect AR to be of the
order of 1.0, which is not consistent with our measurement. Moreover, since ¢
quarks would be produced nearly at rest, the directions of decay products from

one t quark would show little correlation with those from the other t quark,
resulting in events with spherical shapes. The dimensionless variable Thrust*
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(T) has been used to parameterize the event shape. It is 0.5 for events with an
isotropic angular distribution of final state hadrons, and 1.0 for perfect back-
to-back jets. Fig. 2-a shows the thrust distribution for the events at 60 GeV.
Included in the figure are the expected distributions from a 5-flavor MC (shown
as a dashed histogram) and that from a mixture of 30% 5-flavor and 10% t quark
pair production (solid histogram). We select three regions of thrust; greater than
0.9, less than 0.8 and in between, and plot the fraction of events for each region

for all c.m. energies in Fig. 2-b; the expectation from the 5-flavor MC is shown
as a solid line.

The Thrust distribution of the data in Fig. 2-a is not consistent with the
expectations for t quark production. In Fig. 2-b, the fraction of lower thrust
(T<0.8) events is also consistent with the expectation from the 5-flavor MC.
Therefore, the t quark can not account for the observed higher R values.

b) Pair production of b’ quarks

For the case of pair production of b’ quarks, AR is expected to be about 0.5,
consistent with our measured results. If b’ quarks are produced, we expect the
event shape to be different from that for ordinary multi-hadronic events. In order
to select the events originating from b’ quarks, we have developed event selection
cuts using MC simulated events. If the b' quark decays via a charged current (CC)
as in the case of the t quark, we expect spherical event shape, which is sometimes
accompanied by an isolated lepton. However, Hou and Stuart’ have recently
pointed out that if b’ is lighter than t, the b’ quark would decay predominantly
via one-loop-induced neuntral currents (FCNC): b’ —bg, b’ — bg*, and b’ — by.
Since b' —bg (or by) is a two body decay, experimental signatures for these
neutral current decays would differ from those of the charged current decay. Just
above threshold, the events will be planar and pancakelike and, occasionally
have an isolated photon with half of beam energy.

We have applied three separate event shapes, Thrust (T), Ac:oplz:.tm.l'it)"s
(A), which reflects the extent to which the momentum vectors of the final state

— 217 —



hadrons from a common plane, and ‘Lesser-Bi-Width’" (LBW) which is obtained
by computing (3 Pt)./Eyis, where (3" Pr)s is the transverse momentum sum in
each hemisphere divided by the plane normal to the thrust axis and taking =
smaller value of the two. If we assume that all of 10% increase in R is due to
the pair production of b’ quarks, we can estimate how many events are selected
for various cuts using a sample MC simulated b’ events, In order to have good
detection efficiency for pair produced b’ events, we use loose conditions for each
variable; T<0.82, A>0.14, and LBW>0.17. We listed the number of events se-
lected from data in Table 1, together with expectations from the 5-flavor MC
and from a mixture of 90% 5-flavor and 10% pair production of b’ quark for both
decay modes, normalized to the observed number of hadronic events at c.m. en-
ergies between 56 and 60.8 GeV. As shown in the table, the number of selected
events are consistent with those expected from 5-flavor MC hadronic events and
inconsistent with the MC estimate including b’. Therefore, a 10% increase in R
due to b’ production is unlikely for both the CC and FCNC decay modes.

[Table 1] The number of events selected from data , 5-flavor MC hadrons(5F)
and both decay modes of b' MC

CUTS SF 5F+CC 5F+FCNC Data
(100%) | (90%) (10%) | (90%) (10%) |(\/5=56-60.8)
T<.82 211 }190+148=338 | 190+128=318 205
A>.14 157 |141+4110=251]1414110=251 162
LBW>.17| 109 98+96=194 | 98+133=231 111

c) Pair production of charged or neutral heavy leptons (L%, L°)

We consider here the possibility of a sequential fourth generation charged
heavy leptons that decays to a massless neutrino and virtual W boson. In addi-
tion, we consider neutral heavy leptons that are massive and decay via mixing

with light neutrinos. In both cases the expected increases in R are not enough
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to explain the observed higher R values in our data. However, if we assume that
a 10% increase in R is due to the pair production of charged or neutral heavy
leptons, a number of events should pass the dedicated selection criteria’® used
in charged or neutral heavy lepton searches. The number of selected events are
listed in Table 2, together with expectations from the 5-flavor M.C. and from
a mixture of 90% 5-flavor MC and 10% charged or neutral heavy leptons, us-
ing the selection criteria for charged or neutral heavy leptons. All numbers are
normalized to the observed number of hadronic events at c.m. energies between
56 and 60.8 GeV. The observed number of events are consistent with those ex-
pected from the 5-flavor MC. We can not attribute the excess events to the pair
production of charged or neutral heavy leptons.

[Table 2] The number of events selected from charged (CHL) or neutral heavy
lepton (NHL) selection cuts

CUTS MC(5F) | MC(5F)+HL Data
(100%) | (90%) (10%) | (\/s=56-60.8 GeV)
CHL selection| 2.9 2 +129 =131 2
NHL c-lection 1. 1.+ 92=93 0

d) Pair production of charged Higgs (H*)

Charged Higgs bosons, motivated by extended standard models or super-
symmetry, are assumed to be produced via the reaction ete~ — H+H™~ with the
cross section, Rg+n- = 1/4/33. They are assumed to decay rapidly to the heaviest
fermions possible, either heavy quarks or the heavy lepton 7 and its neutrino.
However, we studied only one decay process, HY — c5; here HYH™ events would
result in four-jets of hadrons.

Again, we have examined how many events identified as low thrust and four-
jets would be observed in the data if higher R values were due to the pair pro-
duction of charged Higgs. As shown in Table 3, the observed numbers in the
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data are consistent with those expected in 5-flavor MC, and inconsistent with

expectation from pair production of charged Higgs scalars.

[Table 3] The number of events with low thrust and 4-jets

CUTS MC(5F) | MC(5F)+Higgs Data
(100%) | (90%) (10%) |(/5=56-60.8 GeV)
T<0.8and 4jets| 19 | 17 + 52 =69 20

e) Spinless gauge boson (X°)

The spinless gauge boson was originally proposed to explain an excess of
radiative Z° decay events at the CERN pp collider? In some type of the composite
models, the Z° is not elementary and the existence of a lighter spin zero partner
X° is expeci:ed.1 0 Thus, radiative transitions Z° — X°v could conceivably take
place, followed by subsequent decays of X° into lepton, quark or photon pairs. If
the mass of the X° boson is within the energy range attainable with TRISTAN,
we could observe the effects of X° to the processes’" ; ete~ — 1¥1~, qq, and 77.
In addition to the observed higher R values, AMY has also observed that the cross
section for ete™ — v is higher than the QED prediction for c.m. energies of 56
GeV and higher. This is shown in Fig. 3. The total cross sections for e*e™, v,
and 7 were fitted to the corresponding electroweak predictions plus an additional
X°-boson contribution allowing 4 free parameters: Mx, Tee, 'qq, and I'y,. We
get a best fit ( x2=23.8 for 27 degrees of freedom ) for Mx = 58.2GeV/c?,

ee = 8.5 x 1078 GeV, I'y;=0.43GeV, and T',,=1.2GeV. Results of the fit are
shown in Fig. 4.

If this exciting possibility has any connection with reality, some effect might
be seen in high energy pp collisions. Fig. 5 shows the distribution of the invariant
mass of di-jet events from UA2? In this figure, we can clearly see a bump due
to the W and Z gauge boson. Our solution would add another bump around 58
GeV. It would be interesting to know what values of I'qy and 'y, for a spinless

— 220 —



particle near 60 GeV can be ruled out by existing data from the CERN and
TEVATRON pp colliders.

As discussed above, we find no simple explanation for the higher R values in
terms of new particle production. We now examine the theoretical predictions

for R from the standard model. In the standard model
R=3) QX1+ Cew)- (1+ Cqcp),
q

where Cqcp and Cgw are the QCD and electro-weak correction terms. At TRIS-
TAN energies, these are about 5% and 25% respectively. Since the electro-weak
correction term depends on My and sin? 8y, the predicted values for R depend
strongly on the mass of Z°. We determine the Z° mass by fitting the R mea-
surements leaving Mz and sin’ § as free parameters, fixing Agz at 0.15GeV,
using an error matrix method suggested by CELLO group:ﬂ Here, we have in-
cluded in the fit previous measurements of R by VENUS and TOPAZ at 50
and 52 GeV'™ as well as those from PEP, PETRA, CESR and DORIS at
lower energies.1 ® Details of this analysis are described elsewhere! ® We ob-
tained Mz = 88.1317GeV/c?, and sin?8y = 0.238¥093] as plotted in Fig.
6, with the combined value from two direct production measurements of UAl
and UA2 groups at the CERN pp collider,” Mz = 91.9 + 1.8GeV/c?, and
sin? @ = 0.228 + 0.007. The fitted results for Mz are lower than those from
direct production measurements. The new CDF measurement of the Z° mass,
Mg = 90.4 + 1.9GeV/c?, using the invariant mass of ete™ pa.irs,1 8 presented at
this conference, is also plotted in Fig. 6.

If Mz is about 2 GeV/c? lower than currently accepted value, what could we
expect at SLC ? Fig. 7 shows the total cross sections for ete™ — Z° — utu~ as
a function of v/ — Mz.1 ® From this figure, we can see that the production rate
at /5 — Mz=2 GeV is reduced to about half of the peak rate. If SLC runs at

V5= 92 GeV and Mz = 88GeV/c?, the production rate would be about 25% of
the peak rate.
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3. Forward-Backward Asymmetry for ete— — bb

While there is still no direct evidence for the sixth quark (t quark), the scheme
with three families of of lepton and quark doublets, including the t quark as a
counterpart of the b quark, has been successful in explaining a wide range of
experimental phenomena. It is therefore generally accepted that the t ouark will
eventually be found as higher energy accelerators become operational. Until then,
it is important to check that the properties of the b quark are consistent with the
interpretation of the b quark as a T3 = —1/2 member of a (t b), weak isospin
doublet, where T3 is the third component of weak isospin. The forward-backward

asymmetry of the process ete~ — bb is sensitive to T;.

We extracted the forward-backward asymmetry of the ete~ — bb process
using 123 multihadronic inclusive muon events accumulated at c.m. energies
between 52 and 57 GeV>" The inclusive muon events are selected from the multi-
hadronic annihilation events by requiring the presence of at least one muon hit in
an event. The details of the muon identification have been described previously.z !
The overall detection efficiency for muons above 3 GeV/c in the angular region
of | cos 8| <0.74 is 82%.

Backgrounds to the muon signal (hadron fakes) arise principally from hadrons
formed from u, d, s, c, and b quarks, either from hadron showers in the hadron
filter, where the debris reaches the muon chamber (punchthroughs), or by mesons

that decay, before interacting in the hadron filter, to a muon that reaches the
muon chamber (decay).

For the determination of the forward-backward asymmetry for ete™ — bb,
we assume that the decays of ¢ and b quarks to muons is known. This is justified
because these quantities depend only on the decay kinematics of the parent quark
and not on the dynamics of the qq pair production. We used the Lund 6.3 MC to
estimate the distributions in transverse moinentum relative to the Thrust axis for

cc, bb, hadron fakes, and bb cascade decays. The muons from the semileptonic
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decays of b flavor hadrons tend to have larger Pt values, reflecting the fact that
b-flavored hadrons are heavier than those of other flavors. The cascade decay
produces muons with charge opposite to those produced by direct decay, and
thus contributes oppositely to the asymmetry. The MC study indicates that we

can maximize the fraction of b quarks by only using events with muons with Py
greater than 0.7 GeV/e.

We extracted the forward-backward asymmetry after subtracting the effect
of backgrounds estimated from the Monte Carlo study. We fitted the angular
distribution, in the region of | cos 8] < 0.6, to the standard model expectation for
ete~ — bb;

de _152_

8
tt—— 2 -
Tosd = 5 Ry (1 + cos 0+3A|,<:050)

where a and s are the fine structure constant and the square of the c.m. energy,
8 is defined as the angle of the outgoing b with respect to the incoming e~
direction, Ry, is the ratio of the total cross section for ete~ — bb to the QED
result for mu-pair, and Ay, is the forward-backward asymmetry. From the fitting
Ay = —0.72 £ 0.31 and Ry, = 0.57 £ 0.19 were obtained at an average c.m.
energy of /s = 55.2 GeV, as shown in Fig. 8a, which are consistent with the
standard model predictions of Ay, = —0.56 and Ry, = 0.55. Fig. 8b compares
our result for Ay, with those from previous measurements at lower energies:.2  In
addition to the asymmetries for hadronic processes we showed those for leptonic
processes ete~ — ptu~ and ete~ — 7+~ in Fig. 9 together with those
from previous measurements’* Overall agreement between the measurements
and the standard model is good throughout the entire energy region explored
so far. Thus, it confirms that the axial-vector coupling of the bb to the Z° is
consistent with being g = —1/2. This in turn is consistent with the weak
isospin asignment T31, = —1/2 and T3g = 0 for the b quark, therefore requiring
the existence of the t quark.
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4. Study of Hadronic Jeis

Studies of the properties of jets produced in ete™ annihilations have provided
much information regarding the nature of quarks and gluons and of the theory of
their interactions, Quantum Chromodynamics (QCD).2 5 We report the evidence
for the non-Abelian nature of QCD and the properties of quark-induced and

gluon-induced jets from measurements of multi-jet events.

In order to identify the jet multiplicity in the multi-hadronic event sample,
we have adopted the jet clustering algorithm which was first employed by the
JADE group.2 % In this algorithm, the minimum scaled invariant mass squared
yij = mf/EZ, where mf, = 2F;E;j(1—cos ;) is calculated for each pair of particles.
If the smallest value of yjj is smaller than a predetermined parameter, ycut, they
are combined into a cluster by summing the 4-momenta. This process is repeated
using all combinations of clusters and remaining particles, until all of the y;; values

exceed ycue. The number of clusters remaining at this stage is the jet multiplicity.

In Fig. 10, the values of the jet multiplicities as a function of ycu from data
are compared with the LUND 6.3 parton shower model’ and the second order
matrix element calculation of Gutbrod, Kramer and Schierholz (GKS) " which
was used in LUND 6.2 MC.

4.1 Evidence for the Non-Abelian nature of QCD

Due to the non-Abelian nature of QCD, the gluons themselves carry color
charge and, thus, couple to themselves. As a result, the QCD coupling strength,
@, decreases with increasing Q? and the triple gluon vertex contributes to the

production of four-jet events in ete™ annihilations.

We report here evidence for the non-Abelian nature of QCD from a study
of multi-jet events observed at c.m. energies between 50 and 57 GeV. A com-

parison of the fraction of three-jet events with those from lower energy PETRA

— 224 —



experiments provides evidence for the Q? variation of a,, while measurements of

the angular distributions of four-jet events provide evidence for the triple gluon
vertex.

In QCD, the fraction of three-jet events, R, is given by the relation”®

Rz = Cl(}'min)as + Cz(Ymin)aE

where ypmim i8 the minimum scaled parton-pair invariant mass which is similar to
the parameter ycyt in the jet-cluster algorithm. Since the only Q? dependence

is contained in a,, with ymi, fixed, the Q? dependence of R3 reflects the Q2
dependence of a,.

The measured value of R; is affected by initial state radiation, event selection
cuts, and detector acceptance. We have found that ymi, = Ycut=0.08, where the
correction to Rj is negligible, from MC studies” In Fig. 11, we plot the value
of R3 with ycot=0.08 froin AMY together with previousely published values at
lower energies from JADE® and TASSG®® as a function of E%y- Over this
range, the measured values of Ry decrease with increasing Q2. The x? for a fit
to constant a, is 23.3 for 6 degrees of freedom. The x? for a fit to a second order
calculation of Kramer and La.mpe31 with Q2 = E%,;, shown in the figure, is 6.1
for 6 degrees of freedom.

A further manifestation of colored gluons is the contribution of the triple-
gluon vertex, corresponding to the diagram shown in Fig. 12a, to the production
of four-jet events. In QCD, the dominant contribution, corresponding to 66% of
the total, to the four-jet cross section is from the triple-gluon vertex corresponding
to the diagram in Fig. 12a, with the diagram in Fig. 12b contributing only 4%.
In the Abelian model, the diagram in Fig. 1la is forbidden while the diagram
in Fig. 12b contributes 51%. The remaining second order process contributing
to four-jet production is double gluon bremsstrahlung, shown in the diagrams in

Fig. 12c, and is common to both models.
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Bremsstrahlung gluons are polarized in the qdg pla.ne? ? When these gluons
couple to two quarks, as in Fig. 12b, the direction of the quarks tends to be
perpendicular to the direction of this polmiza.i:ionfi ? On the other hand, when

the coupling is to a pair of gluons as in Fig. 12a, the two gluons have a slight
preference for being along the line of the polarization.

In order to see this effect, we look at two kinds of angle distributions for
four jet—eventsi“ one is the angle between the plane defined by the two highest
energy jets and that defined by the two lowest energy ones, 8pz, and the other
is the angle between the vector difference of the momentum of the two highest
energy jets and that of the two lowest energy jets, 8} p. Fig. 13a and 13b shows
the distribution of 8pz and | cos 6|, respectively, for the data and for the MC
prediction for both QCD and the Abelian model. In both cases, the LUND 6.2
MC with the second order Calculation of GKS>' was used to generate the events.
In both distributions, the data show a clear preference for QCD.

4.2 The properties of Quark and Gluon jets

In QCD, gluons have a color factor that is larger than that of quarks by a
factor of 9/4, leading one to expect gluon jets to differ from quark jets of the same
energy? 5 In particular, the higher color factor should result in gluons radiating
more soft gluons and thus fragmenting into more particles than quarks, resulting
in softer and fatter jets.3 3 We report on an experimental comparison of the
characteristics of quark-induced and gluon-induced jets based on an analysis of
three-jet events selected from hadronic events observed at c.m. energies between
50 and 60.8 GeV>*

The jets are ordered according to the angles between jets: jet 1 is defined
as the jet opposite to the two jets that have the smallest opening »zgle, jet
3 is opposite to those with the largest opening angle. Since gluon radiation
is a brehmstrahlung-like process, the gluon is typically emitted close to one of
the quarks and is usually the lowest energy parton in the final state. Thus, it
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is expected that the jet 3 sample will be gluon enriched relative to the jet 1
and jet 2 samples, which are expected to be quark enriched. We determine the
“calculated” energy of each jet, E’;’_‘l, by using energy-momentum conservaiion
and the opening angles between the three jets.

Two different QCD-motivated MC event generators were used to study the
effectiveness of our selection procedures: the LUND 6.2 matrix element model®’
with the independent fragmentation scheme of Hoyer et al.:i ® and the LUND
6.3 parton shower model with string fragmentation !. The LUND 6.2 matrix
element calculation uses terms up to second order in the QCD coupling strength,
o,. In the LUND 6.3 parton shower calculation, the partons are made to branch
into other partons of less virtuality via a recursive scheme using a leading log-
arithm approximation (LLA). The results indicate that for visible jet energies
in the range 10< E":: <16 GeV, approximately two-thirds of the jet 3 sample

corresponds to gluon-induced jets.

Since in our jet identification procedure the gluon-enriched jet sample corre-
sponds to the jets with the lowest value of E’::l in each event, there is little energy
overlap with jets in the quark-enriched sample. Thus, comparisons are best done
using variables that have little variation with Ei*}. Also, since the particle-jet
correspondence is most reliable for the higher energy particles in a jet, we chose
variables that are dominated by the leading particles in the jet. Specifically, we
use the rapidity relative to the jet axis of the most energetic particle (leading
particle) in each et (n = %lngg-:, where E is the leading particle’s energy and
p| is its momentum component parallel to the jet direction), and the fraction of
E"fl; that is contained in a cone of half angle 769; that is coaxial with the jet

EL
direction (£). (The E":,: denominator is motivated by the expectation that the
widths of hadron jets decrease with the jet energy? )

In Figs. 14a and 14b, we show the distributions of the mean values of 7 and
£ as a function of the visible jet energy (E’:,:) for the quark-enriched and gluon-
enriched jet samples. The figures indicate that that the leading particles in the
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quark-enriched jet sample tend to have a higher rapidity than its counterpart in
the gluon-enriched jet sample and that the energy in quark-enriched jets is more

concentrated in the core of the jet. In both cases, the behavior is not strongly
dependent on the energy of the jet.

For a more detailed comparison, we compare the quark and gluon jets that
have the same E'lei:, in the range between 13 and 16 GeV, the highest visible energy
range where there are a reasonable number of jets in the jet 3 sample. In Fig. 15a
(15b) we show the distributions of 5 for the quark- (gluon-)enriched jets. The
7 distribution for the gluon-enriched jet sample is clearly different from that for
the quark-enriched jets. As a check that the observed difference between quark
and gluon jets is not an artifact of our jet clustering and identification precedure,
we performed the same anealysis on simulated events that were generated using
the matrix element generator with independent fragmentation, where gluons and
quarks are made to fragment in the same way. The results of this simulation for
jets 1 and 2 (jet 3) are shown in Fig. 15a (15b) as the dashed histogram. The
independent fragmentation model gives reasonable agreement with the observed
distributions for ihe quark-enriched jets. As expected, the model predicts the
7 distribution for jet 3 to be similar to that for jets 1 and 2, in disagreement
with our observations. This indicates that the differences observed in the data
reflect genuine differences in the fragmentation process for the two jet samples.
The results of the LLA model, shown as dotted lines in the figures, show a
different behaviour for quarks and gluons, reproducing the meass -+d distributions
reasonably well.

Fig. 16a (16b) shows the distributions of £ for the quark- (gluon-)enriched
jet samples for E’:: between 13 and 16 GeV. The quark-enriched sample shows
a peaking towards 100% while the distribution for the gluon-enriched sample is
much broader; many of the jets having little or none of its energy in the core.
The dashed histogram in both figures shows the results of the same analysis
on the simulated independently fragmented events, which clearly disagrees with
our measurements for the gluon-enriched sample. The LLA model (dotted line)
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shows better agreement with the data.

5. Search for New Heavy Leptons

We report results from searches for new heavy leptons at the c.m. energies
between 50 and 60.8 GeV. The search is based on the analysis of event shape and
the lepton identification in the events. Both charged and neutral heavy leptons

are considered. These analyses are also applicable to searches for leptoquarks
and colored leptons.

5.1 Search for Charged Heavy Leptons (L%)

We have searched for charged heavy fourth-generation lepton, allowing for
the possibility that the associated neutrino (L°) is massive but stable. A pair
of charged heavy leptons is produced via ete~ — LtL~ with cross section o =

o uuB(3 — A2)/2, where f=v/c, and v is the velocity of the charged heavy lepton.

When §, the mass difference between L* and L°, is greater than pion mass,
charged heavy lepton decays into its own neutrino and any of the lower mass lep-
ton or quark doublets. From lepton universality and quark flavor independence,
we expect the probabilities for decay to each fermion doublet (3 leptons and 2x3
colored quarks) to be equal with branching ratios of one-ninth for decays to each
of the three known lepton doublets, and a branching ratio of two-thirds for de-
cays into hadrons. The experimental signatures, we have searched for, are: (i)
acoplanar jets with large missing energy momentum due to two or three missing
neutrinos (hadronic mode, corresponding to 8/9 of the decays); and (ii) acopla-
nar jets, an isolated electron or muon and large missing energy momentum due
to three missing neutrinos (lepton-hadron mode, corresponding to 8/27 of the

deacys). Details of this analysis are described eleswhere?

The detection efficiency for the hadronic mode (the lepton-hudron mode), in
the massless neutrino case, ranges from 20% (10%) for 8 < 0.3 to 4% (2%) at
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p=0.8. The efficiency does not depend strongly on the assumed neutrino mass
up to & of about 7GeV/c?, and rapidly drops for smeller é. 3 (3) events survive
the hadronic (lepton-hadron) mode selection cuts, while about 4 (2) are expected
from the background processes at the c.m. energies between 50 to 60.5(57) GeV.

The 95% CL excluded region in the charged heavy lepton mass and neutrino
mass plane is shown in Fig. 17. It has been extracted using the 8(3 — %)/2
threshold factor, corrected for the effects of initial state radiation'® The region
excluded by the lepton-hadron mode analysis is contained entirely within the
region excluded by the hadronic mode. Nevertheless, the combination of the

two modes makes our limits insensitive to the uncertainty of decay branching
fractions.

If 4 is less than pion mass, the charged heavy lepton would be stable. The
experimental signature for pair production of stable charged heavy leptons is
an excess of collinear two charged particle events. For cherged heavy lepton
masses for § <0.614, the lepton penetrates the magnet iron and passes the muon
identification criteria. If the charged heavy lepton mass corresponds to a 8 <0.65,
they do not penetrate the iron yoke, and are identified as neither muons nor
electrons. We have looked for the excesses from the mu-pair events and collinear
non-mu and non-electron charged pair events. Combining both searches, a 95%
CL lower mass limit of 30.1 GeV/c? is set. The excluded regjor for stable charged

heavy leptons is also indicated in Fig.17. Alsa shown are the results from previous
experiments.‘ 1

5.2 Search for Neutral Heavy Leptons (L°)

In the search for charged heavy leptons, the associated neutrino was assumed
to be stable, even in the case where it was considered to be massive. Here we
assume the massive neutrino (L°: neutral heavy lepton) is unstable and lhighter
than its charged partner; we examine both the possibilty of Dirac- or Majorana-

type neutrinos.
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Neutral heavy leptons can be pair produced through s-channel annihilation
via the Z°, with the cross section:

o = oy x T(A).

Here o, is the cross section for massless neutrino pair production and the thresh-
old factor T(8) = B(3 + #%)/4 for Dirac L° and T(8) = #* for Majorana L°.
There is more suppression near threshold for Majorana L° compared to Dirac
L°, and the cross sections become the same at high energy. There are two kinds
of decay models for neutral heavy leptons: one is the L° decays via the weak
charged current (CC) through a virtual W, assuming that L° mixes with one
of the known lepton doublets, and the other is via the fiavor-changing neutral
current (FCNC) through a virtual Z°,

Here we report on searches for CC decay mode of L° for both Dirac and

Majorana cases and for FCNC decay mode of L° for Dirac case.

a) Charged Current decay mode of L°

Since neutral heavy leptons are expected to decay into a lepton plus hadrons
with a branching ratio of 2/3, we consider the case where at least one of the W’s
decays hadronically, which should occur approximately 8/9 of the time. Such
event are expected to have the following signatures: (i) at least two leptons (e
or p) should appear in the event; (ii) the leptons tend to be isolated from other
particles and have rather high momentum; (iii) since the search is confined to
rather massive neutrinos, the event shape should be rather spherical.

To ensure high trigger and track reconstruction efficiencies, the search is
restricted to L°s decaying within 5cm of the interaction point. This places a
lower limit on the sensitivity to the mixing level. We also assume mixing with
the tau-neutrino is small compared with electron or muon neutrino so that neutral
heavy lepton decays to either electrons or muons with hadrons. Details of this

analysis are described eleswhere, 2

— 231 —



In order to obtain the limits we assume that the L are short lived (cyfm. —
0), so that all decays are within 5em of the interaction point, excluded regions of
8.2 < Mr.,,,. < 26.5 GeV/c? and 8.3 < Mr.,,,,..... < 224 GeV/c? at 95% C.L.
for mixing to electron neutrinos are obtained. Corresponding limits for mixing
to muon neutrinos are 7.8 < Mr.,,,, < 28.1 GeV/c? and 8.1 < Mp.,,.... <
24.9 GeV/c?. Limits for equal mixing are 8.0 < Mf.,,. < 27.2 GeV/c? and 8.1
< MLe,,.,..... < 23.6 GeV/c2.

Taking into account the probability for both L¢ to decay within 5cm of the
interaction point, we obtain limits on the mixing parametsr Uy |2 vs My.. Mixing
to electron and muon neutrinos excluded regions at 95% C.L. for LY, ,_ are shown
in Fig. 18a. Corresponding limits for L}y, oraqs &re shown in Fig. 18b. Limits
on (|UeLl? + [UuL?) v8 My for equal mixing (|UeL|? = [U,L[?) are shown in Fig.
18c.

b) Flavor Changing Neutral Current decay mode of L°

Since, in this case, the neutral heavy lepton decays into a neutrino and a
virtual Z°, at least two ne itrinos are included in the final states. The expected
event signatures are (i) two acoplanar jets with large missing energy momentum
(~ 50%) and (ii) mono-jet events (~ 30%). We searched for mono-jet events,

which were originally suggested to explain the unusall mono-jet events observed
at CERN pp collider:”

In order to select mono-jet events, the following selection criteria have been
developed: (1) a4 least five charged tracks with |cosé| < 0.85 and more than 3
GeV energy deposited in the barrel calorimeter; (2) 0.25< E,i,/+/5 <0.65; (3)
the polar angle of thrust axis satisfies |cosf@r| <0.7; (4) the total transverse
momentum: of the event is greater than 0.2,/5; (5) one hemisphere defined by the
plane normal to the thrust axis must contain energy deposition less than 0.05Ey;s;
(6) No more than 0.125./s of energy deposited in the endcap calorimeters.

The selection efficiency for L° pair production is maximum at Mi. = 15GeV/c?
(10.4% with mono-jet branching fractions). The efficiency decreases to 2.3% at
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My = 25GeV/c? and 7.1% at My. = 5GeV /c?. No candidate events survive the
selection at c.m. energies between 50 and 60.8 GeV. We obtain the 95% C.L. ex-

cluded mass region, 6.9 GeV/c? < My. < 20.1GeV/c?, which extends previously
obtained limits by MAC*

5.3 Search for Leptoquarks and Colored Leptons

a) Leptoquarks

Leptoquarks that couple to lepton-quark pairs arise in various theoretical
models such as technicolor®” and composite schemes® Here, we consider only
second generation leptoquarks of charge 2/3 and spin zero based on the specific
model by B. and F. S(:hlrempp.4 ® Since generation quantum number is conserved

in this model, a second generation leptoquark x, can only decay into either ci,

or sut.

The differential cross section for pair production of charged color triplet spin-
less bosons in ete™ annihilation is proportional to 3Q?83sin? 8, where 8 is the
c.m. velocity of the x,, m,, is the leptoquark mass, Q=2/3 and @ is the produc-
tion angle with respect to the beam direction.

The distinctive event topologies for leptoquark pair production are clasi-
fied into three: 1) two acoplanar jets with large missing energy momentum
(ete™ — xu Xu — c¥u &); 2) two jets with an isolated muon and miss-
ing momentum (ete™ — x, Xy — ci#u8u~ or ¢y, spt); 3) two jets with two
isolated muons (ete™ — x, Xu — spt 8p7).

Events of class 1) and 2) are similar to the signatures of hadronic mode and
lepton-hadron modes of charged heavy lepton pair production, respectively. The
experimental signature of class 3) is similar to that of neutral heavy leptons
mixing with the muon generation. Therefore, we just applied the selection cuts
for charged and neutral heavy leptons to leptoquarks. The detection efficiencies
for 1), 2) and 3) classes at §=0.745 are 21.1, 24.5 and 47.9 %, respectively
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The 95% C.L. mass Limits for leptoquarks, obtained as a function of mass

and branching ratio x, — c¥,, are shown in Fig. 19. Also shown are previous
results from PETRAY

b) Colored Leptons

In some composite models,“ color octet leptons [z are introduced and ex-
pected to be produced at present accelerators. They decay into a gluon and their

color singlet partner, the ordinary lepton. The total cross secton for the pair
production of colored leptons is

o, =8- F(qz) .o

where 8 is the color factor, and F(q?) is form factor to account for the compos-

iteness of these objects; o; is the cross section for the production of ordinary
leptons.

Considered here are the pair production of colored neutrios (3) and colored
muons (pg). The signatures of colored neutrino pairs are acoplanar jets with

large missing energy momentum, and those of colored muon pairs are two g and
two-jet events.

If we neglect the differences in quark and gluon fragmentation and assume
the lifetime of colored leptons is short enough so that they decay promptly at the
interaction point, the topologies of vsiis and pgfis events are the same as those
of classes 1) ( ¢, &év,) and 3) (spt 3p™) for leptoquark pair events. Therefore,
limits on vg and ug productions can be set using the selection efficiencies of
classes 1) and 3) for the leptoquark pair events described in previous section.
The resulting 95% C.L. limits for the form factors and masses are shown in Fig.
20 together with previous results’’



6. Conclusion

We have measured the e*e™ hadronic annihilation cross section at the c.m.
energies from 50 to 60.8 GeV and found to be about 2¢ higher than the S.M.
expectation for c.m. energies above 56 GeV. We could not find any simple ex-
planations for this in terms of the pair production of several new particles. Our
measured total cross sections for Bhabha, vy and hadrons(R) were well fitted to
the corresponding predictions with S.M. and an additional spinless gauge boson
with mass My = 58.2GeV/c? (x?=23.8 for 27 degrees of freedom). The higher
R values are also accomodated in the S.M. if the Z° mass is lower than currently
accepted value. We have measured a bb charge asymmetry using inclusive muon
events and found it to be consistent with the S.M. predictions, implying the ex-
istence of the t quark. We have observed the evidence of non-Abelian natures of

QCD and a difference between quark and gluon jets. No new heavy leptons have
been observed up to 1/5=60.8 GeV.
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Figure 12. Diagrams that yield four-parton states.
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Figure 17. Region in the cherged heavy lepton mass and neutrino mass plane ex-
cluded with 95% C.L. together with limits from other experiments.
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Figure 18, Mixing parameter [Ug|? vs L® mass excluded regions at 95% C.L. for (a)

Dirac, (b) Majorana neutrinos. Dashed [solid] line gives limits for dominant
coupling to electrons [muons]. Dotted lines give CELLO limits.
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Figure 18. (c) Mixing parameter (|Uy[]? + |U,L|?) vs L? mass excluded regions at
95% C.L. for Br(L® — eff") = Br(L® — pff’) = 0.5. Solid [dashed] line gives
limits for Dirac [Majorana] neutrinos.
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Figure 19. The 95% C.L. limit for leptoquark mass as a function of the branching
fraction for ¥ — c#. The solid, dashed, and doted lines represents acoplanar jets,
isolated muons, and isolated dimuon selections, respectively. The dot-dashed line
indicates the CELLO and JADE results.
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Figure 20. Limits on form factor F(s) for colored muon (solid line) and colored neu-

trino (dashed line) production. The JADE limits for colored muon (dotted line)
and colored neutrino (dot-dashed line) are also <aown.

— 260 —



