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Search for Top Quark and a Test of Models without Top Quark up to 38.54 GeVat PETRA
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With a PETRA energy scan in &30-MeV steps, the continuum production of open top quark
up to 38.54 GeV is excluded. Over regions of energy scan from 29.90 to 38.63 GeV limits
are set on the product of hadronic branching ratio and electronic width BI,I'« for toponium
to be less than 2.0 keV at the 95%%up confidence level. By a search for flavor-changiog neutral
currents in b decay, models without a top quark are excluded.

PACS numbers: 14.80.Dq, 12.35.Eq, 13.20.Jf, 13.65.+i

With the discovery of J (Ref. 1) and T (Ref. 2)
quark-antiquark states and the resulting increase
in understanding of high-energy physics, there is
great interest in the possibility of the existence
of a new quark flavor, called top, associated with
a heavy quark of charge —,'e. Measurements up to
36.72 GeV have not revealed either the bound top-
onium state or the open top threshold. '4 There
are now many theoretical models explaining why

top has not been found at such high energies.
These models can be classified into two groups:
(1) Top exists at heavier mass. Included in some
of these models' is the prediction that the open
top threshold should exist around 38 GeV. (2) Top
does not exist. In these models' the bottom quark
is in a weak isospin singlet (or an isospin triplet)
and decays weakly by a flavor-changing neutral
current to another charge-3e quark plus a fermi-
on-antifermion pair.

We report the results of a search for the open
top threshold up to PETRA center-of-mass en-
ergy fs = 38.54 GeV. We also report on the search
for flavor-changing neutral current of the b quark
by looking for its p'p. + X decay.

Since the increase in the maximum energy of

PETRA, the MARK-J detector' has taken data in
an energy scan up to 38.63 GeV in ~(/s) & 30 MeV
steps (compatible with PETRA machine energy
resolution) in a search for enhancements of cross
section in the process

e'e —(y) - hadrons.

Events from reaction (1) are selected' by re-
tluiring that (a) the total visible energy E, is
more than 50% of the c.m. energy; (b) the meas-
ured energy is balanced within 60% of F.„,in both
longitudinal and transverse directions with re-
spect to the beam line; and (c) the shape of the
shower development in the layer structure of the
detector is incompatible with a purely electro-
magnetic nature for the final state.

The acceptance for reaction (1) has been calcu-
lated with a Monte Carlo simulation which pro-
vides a phenomenological model of hadron produc-
tion processes based on perturbative quantum
chromodynamics (QCD). ' The model incorpo-
rates q' evolution and weak decays of heavy
quarks in the fragmentation process and also in-
cludes the effects of initial-state photon brems--
strahlung corrections to order n'. ' The accep-
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FIG. 1. The relative hadronic cross section R as a function of ~s with range 29.90 to 36.72 QeV. The dashed
line shows the QCD prediction with continuum production of u, d, s, c, b, and charge=3 top quarks. The solid
line is the mean value of R calculated from the data points.

tance is about 87fo and is independent of ~~.
The quantity R, defined as the ratio of the total

hadron production cross section to the pointlike
QED cross section,

R = o (e+e —hadrons)/v

has been measured by use of the number of had-
ron events which remain after application of all
corrections and background subtractions.

Background contributions from the two-photon
process

e+e - e+e +hadrons

and from ~ decays,

e+e - 7'7 -hadrons+X,

were calculated by use of Monte Carlo techniques.
The total subtraction was AR = 0.2.

Figure 1 summarizes the measurements of R
during the first energy scan covering the ranges
29.90 to 31.46 GeV and 33.0 to 36.72 GeV. With
an average luminosity of -40 nb ' per point we
obtain a mean value of R = 3.76+0.05. Figure 2

shows the results from the second scan from
37.94 GeV to the maximum PETRA energy of
38.63 GeV with an average luminosity of -60 nb '
per point and a mean value of R = 3.91+0.19 at an
average energy of 38.29 GeV. The errors shown
are statistical and we estimate a systematic er-
ror of 6% due to the model dependence of the ac-
ceptance, event selection criteria, and measure-
ment of luminosity. The data are consistent with
the prediction of QCD for u, d, s, c, and b

quarks, namely R-3.88. Figure 3 shows the
normalized thrust distribution N 'dN/dT for the
data in the range 37.94 to 38.63 GeV. The thrust
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FIG. 2. The relative hadronic cross section R as a
function of ~s in the range 37 to 38.63 GeV. The curve
is the best Qt to the largest deviations found in the
entire scan.

FIG. 3. The thrust distributions for events in the
range 37.94~ ~s & 38.63 GeV and in the range 38.54
~ +s & 38.63 GeV. The solid curve is the expectation
for five quark Qavors and the dashed curve is that
for six flavors.
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R =R, +R„,(B„r„), (5)

where R, represents the constant continuum pro-
duction, R„,(B„I'„)is the function which de-
scribes the expected toponium resonance after
corrections for machine energy resolution and
radiative effects, "I

„

is the width for decay into
e'e, and B„is the hadronic branching ratio. We
find that the largest value of B„I'„consistent
with the data occurs at Ks = 38.343 GeV and the
resulting excitation curve from Eq. (5) is shown

in Fig. 2. The corresponding upper limit on the
radiatively corrected resonance cross section in-
tegrated over energy is 20+ 8 MeV-nb. Since in
lowest order this integrated cross section is

we obtain a limit on B„r„(2.0 keV at 95% con-
fidence. " On the basis of the experimental fact
that I'„/e,' is approximately 10 keV" for the
vector-meson ground states p, co, y, J, and T
and the expectation that B„is of order 80%%uo,

" the
production of a ground-state vector particle con-
sisting of a qq bound state where the quark has
charge —.e should give B„l„of3.5 keV and is
therefore excluded by our scanning data of Figs.
1 and 2.

To study the p "p. +X decay of the 5 quark we
search for events in which both p,

' and p are in
the same hemisphere (forward or backward) as
defined by the event thrust axis. We accept events
with opening angle between the two muons & 15

distribution is consistent with predictions of QCD
Monte Carlo for five-flavor production.

If massive open top-quark pairs were produced
we would expect to observe an enhancement of the
number of events at low thrust' as well as an in-
crease in P by ~ units to R = 5.3. The highest en-
ergy points in our energy scan, 38.54- Xs ( 38.63
GeV, give an average R = 3.75+ 0.51. Independent-

ly, the thrust distribution in this energy region is
shown (Fig. 3) to be consistent with the lower-en-
ergy data and with five-flavor QCD Monte Carlo
prediction and inconsistent with six-flavor produc-
tion where top quarks are included. We observed
five events with thrust (0.75 in agreement with
the five-flavor prediction of 3.5 events and in dis-
agreement with the six-flavor prediction of fifteen
events. In conclusion, the independent measure-
ments of R and thrust each rule out open top pro-
duction with 99%%uo confidence up to v"s = 38.54 GeV.

An upper limit on the production cross section
for a narrow resonance in the data of Figs. 1 and
2 was obtained by fitting the function

and each muon momentum larger than 1.5 GeV.
This procedure reduces significantly the back-
ground without noticeable reduction in the signal.
With this cut our acceptance for the p. 'p, +X de-
cay of the 5 quark is 17%%uo. Using a sample of
30 000 hadron events at v s ) 30 GeV we then ex-
pect 1.5 events from background and 18 events
from the flavor-changing neutral current if the
branching ratio to p'tt +X is 2%%uc as in the mod-
els. ' We find only two events in the data and thus
put a 95%%uo-confidence-level upper limit on the
tt'tt +X decay of B mesons to be less than O. v%%uo.

'4

We conclude that the five-quark model in which
bottom is in a weak isospin singlet (or triplet) is
ruled out by our data, making it likely that the b

quark is in a doublet with the t quark.
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The analyzing power, A, was measured in proton-proton elastic scattering with use of
a polarized proton target and 28-GeV/c primary protons from the alternating-gradient
synchrotron. Over the P~ range of 0.5 to 2.8 (GeV/c), the data show interesting struc-
ture. There is a rather sharp dip at P~ =:0.8 (GeV jc) corresponding to the break in the
elastic differential cross section at the end of the diffraction peak.

PAC8 numbers: 13.85.Dz

Scattering experiments with polarized proton
beams and targets allow the study of spin effects
in high-energy strong interactions. Any serious
theory of strong interactions must now attempt to
explain recently discovered unexpected spin ef-
fects such as the very large spin-spin for ces in
high-P&' proton-proton elastic scattering. ' We
recently studied P + f -P + P at 28 GeV and made
a high-precision measurement of the analyzing

power, A, which is sometimes called the polari-
zation. This one-spin experiment gives informa-
tion about the spin-orbit interaction in the diffrac-
tion scattering region and the medium-I'&' re-
gion. We scattered a 28-GeV/c, high-intensity,
unpolarized proton beam from our polarized pro-
ton target and measured the P-P elastic-scatter-
ing cross section in the two possible initial trans-
verse spin. states. We detected the elastic-scat-

802 1983 The American Physical Society


