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We report the first measurement of the ratio R = (G+¢-— hadrons)/(Opte=oy+y-) (With
negligible T-lepton contribution) at a center-of-mass energy Vs =13 GeV and Vs =17 GeV,
from the just finished electron-positron colliding-beam facility PETRA. The detector,
MARK-J, has an approximately 47 solid angle and measures v, e, u, and charged and
neutral hadrons simultaneously. Our results yield R (Vs =17 GeV) =4.9+0.6 (statistical)
£0.7 (systematic error), and R(Vs =13 GeV) =4.6+0.5 (statistical) +0.7 (systematic er-
ror). The ratio R(Vs =17 GeV)/R(Vs =13 GeV) is 1.08=0.18.

The high-energy electron-positron colliding-
beam accelerator PETRA was finished ahead of
its schedule. In the last two months we have been
able to use the facility in a stable condition with
a luminosity between 10%° and 10* e¢m™2%/sec to
perform our experiment. The machine operates
in two-bunch mode. The lifetime is typically
three hours and the filling time has been kept to
a maximum of thirty minutes. Thus we are able
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to perform our physics experiments without much
difficulty.

The detector we used, known as MARK-J, is
shown in Fig. 1. It is a detector designed to
measure and distinguish hadrons, electrons, neu-
tral particles, and muons. It covers a solid an-
gle of ¢ =27 and 6 =9° to 171° (6 is polar angle
and ¢ is azimuthal). The detector is symmetri-
cal in both ¢ and 6 directions.
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FIG. 1. Side view of the MARK-J detector: A, B, and C, shower counters; D and E, trigger éounters; F and G,
monitor counters; K, calorimeter counters; and L, Lucite trigger counters. 1, Al ring; 2, magnet iron; 3, beam

pipe.

As shown in Fig. 1, the particles leaving the in-
tersection region pass through 32 Lucite Cheren-
kov counters, L, sixteen on each side of the in-
tersection point. These counters are used to dis-
tinguish charged particles from neutrals and are
insensitive to synchrotron radiation. They have
been tested in an energetic 7 beam at the CERN
proton synchrotron and found to be 100% efficient.
These counters cover down to an angle of 6=9° to
171°. The twenty A counters have one tube at
each end, are made out of three radiation lengths
of lead sandwhiched with 5 mm of scintillators,
and cover an angle region of 6=12° to 168°. The
24 B counters are constructed identically to the
A counters and cover an angle region of 6 =16° to
164°. The counters A and B enable us to locate
shower maxima in various 6 and ¢ directions.
The sixteen C shower counters consist of twelve
layers (twelve radiation lengths)of lead-scintilla-
tor sandwich also with one tube at each end. The
drift chambers S and T have twelve planes each
and U and V have ten planes. They are used to
sample hadron showers and measure the original
muon angles with a spatial resolution =400 ym.%?
The hadron calorimeter K consists of 192 count-
ers sandwiched with magnetized iron to measure
hadron showers. The chambers @, R, and P
have ten to sixteen planes each. The 32 D and
16 E hodoscopes have dimensions of 30 cmx 4.5
mX1cm and 80 cmX4.5 mX 1 cm, respectively.
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At each end of the D and E hodoscopes there is

a phototube. With a mean timing circuit we ob-
tained a timing resolution ¢=0.5 ns independent
of the position in which the particles enter the
counter. The D and E counters are used to trig-
ger on single- and multiple-muon events and to
reject cosmic rays and beam sprays. One quar-
ter of the complete assembly was tested and cal-
ibrated at a muon, electron, and pion beam at
CERN. The gain of all the counters was adjusted
according to the test results. For this experi-
ment the forward and backward parts of the de-
tector (i.e., the U and V chambers, the E count-
ers, etc.) as well as information on the magnetic
field were not used.

A very loose trigger was used which collects
candidates for electron pairs, single-muon events,
muon pairs, and hadron events. For electron
pairs we require that the opposite quadrant of A
and B counters be in coincidence and that each
quadrant have a minimum energy of 0.5 GeV. For
single-muon events we require at least two A
counters, two B counters, and one D counter
triggered. For muon pairs we require at least
two A counters in coincidence with a pair of op-
posite-quadrant D counters. For hadrons we re-
quire at least four A counters and three B count-
ers, and each quadrant A, B, or C to be in coin-
cidence with the opposite quadrant and at least
have two pairs of the opposite quadrant triggered.
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Cosmic-ray and accidental events were mostly
rejected by requiring the event trigger to be in
coincidence with the beam bunch signal to + 15 ns.
With a luminosity of 10%® to 10*° cm™%/sec most
of the loose trigger comes from residual cosmic
rays and beam spray. The trigger rate is typical-
ly 4-5 per second. A microprocessor is used to
require that the S and T chambers have at least
three counts for hadron triggers. This reduces
the tape-writing rate by an order of magnitude.

The counters F and G are luminosity monitors.
They are designed to measure the forward-back-
ward e*e” —e*e” reaction. These F and G count-
ers are made out of scintillators in front, which
define the acceptance, and lead-glass hodoscopes
which measure the angle and energy of the elec-
tron pairs. For this experiment the luminosity
was monitored in two ways: (1) by using the for-
ward G counters, which consist of 56 lead-glass
hodoscopes® each with a dimension of 8X 8x 70
cm?® and located 5.8 m from the intersection
point, as monitors, and (2) by using the L, A,

B, and C hodoscopes which measure the forward-
angle Bhabha scattering (11.5°<6<26°). The ra-
diative correction for Bhabha scattering is +4.6%
at 6=14° and +1.3% at 6=90° for Vs =17 GeV.* It
is slightly smaller at Vs =13 GeV. The results
of measurements (1) and (2) after radiative cor-
rection agree with each other to within 10%.

The total energy of each interaction and direc-
tions of particles or groups of particles was com-
puted from the time and pulse-height information
of the shower counters and calorimeter counters.
From the difference in time between the two pho-
totubes on each shower counter and from the ra-
tio of their pulse height we obtained two indepen-
dent measurements of the position along the beam
direction at which the particles struck the count-
er. The azimuthal position was determined by
the finely segmented shower counters. The algo-
rithms used were developed from analysis of test-
beam data which were accumulated for incident
electrons and pions between 0.5 and 10 GeV. This
method enables us to determine the 6 and ¢ an
gles to <5° for e or v and < 15° for u or hadrons.

For each particle, or group of particles emitted
within a cone of 20° which were not separable in
the counters, the vector momentum was comput-
ed from pulse-height and counter-position infor-
mation using the position of the interaction re-
gion.

To eliminate the bulk of the beam-gas back-
ground, which is mainly low energy and one sid-
ed, we first require that the total energy depos-

ited in the calorimeter be greater than 5 GeV
and that the computed total p, and total of p
each be less than 50% of the observed energy.

One part in a thousand of the raw events pass
the above criteria, and pictures of each surviving
event were scanned by physicists on a videoscreen
to assure that the counter tracks are reasonably
fitted. We further demanded at least one track
in the drift chambers pointing back to the inter-
action region to distinguish hadronic events from
beam-gas events. The interaction region is de-
fined by ee — " u* events to 0=2 cm. To discrim-
inate against events of electromagnetic origin
such as ee ~ee, ee —eey, and so forth, we have
accepted three types of events with different
shower properties which are as follows:

(1) Two narrow showers penetrating into the
third and fourth layer of the hadron calorimeter
counters (K). There is a total of 33 radiation
lengths from the intersection region. To dis-
criminate against e*e” and yy final states, the
total energy in the K calorimeter counters is re-
quired to be greater than 7% of the total shower
energy in A+B+C.

(2) Two broad showers penetrating into the
first or second layer of the K calorimeter count-
ers with energy greater than 1% of the total A,
B, and C shower energy.

(3) Three or more broad showers with tracks
in the drift chambers are also considered. A
typical event is shown in Fig. 2(b).

The energy spectrum of the events passing the
cut is shown as the hatched area of Fig. 3. The
energy spectrum of beam-gas events, which are
defined by a chamber track pointing at least 15
cm from the intersection point, is shown as the
nonhatched area in Fig. 3. A comparison of those
two spectra (which were taken simultaneously)
shows that the real hadron events can be readily
separated from beam gas by requiring the total
energy of the event to be larger than 10 GeV for
Vs =17 GeV (the cut is 8 GeV for Vs =13 GeV da-
ta). This cut will exclude from our sample most
of the 7-lepton decay. The T contribution is esti-
mated to contribute 0.1 unit to R.

The acceptance for ¢ *e” -~ hadrons via one-pho-
ton annihilation was computed using the Monte
Carlo program. The program generates two jet
events according to the Feynman-Field Ansatz®
which includes only #, d, and s quarks. Each
final-state track is then traced through a simulat-
ed representation of the detector which includes
all the geometric details [as shown in Figs. 1(a)
and 1(b)] of the magnet, scintillation counters,
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FIG. 2. A typical hadronic event as seen from the
end view. The vectors which are drawn are along the
direction of the identified showers in the A, B, C, and
K counters. The numbers on the counters are propor-
tional to the measured energy. The total energy seen
in this event is 13.6 GeV. The circles are hits in the
S and T chambers. Three tracks are visible and they
point to the vertex.

and drift chambers. The digitized drift times in
the chambers are generated after considering the
nonlinearities of the relation between the position
in the chamber and the drift time and effects of
multiparticle hits in the chamber on the digitiz-
ing electronics. The pulse heights in each scin-
tillation counter are produced using tables of the
penetration probability of hadrons as a function
of momentum and absorber depth as well as ma-
trices representing the mean value and rms fluc-
tuation of energy deposited in each counter as a
function of incoming hadron energy and angle.
The tables were produced using our test-beam
data obtained at CERN as well as of an experi-
ment by Sander® and the results of the Monte
Carlo program (CALOR).” The resulting counter
pulse heights and digitized chamber hits are then
subjected to a set of cuts approximating those of
the analysis program. With use of these methods,
and of Feynman-Field jet events with average p ,
=350 MeV, the acceptance as a fraction of 47 is
0.79 both at Vs =17 GeV and at Vs = 13 GeV. Chang-
ing the average p , to 600 MeV increases these
numbers by less than 5% which is included in the
systematic errors of our results. The two-pho-
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FIG. 3. Hatched area: energy spectrum of the events
passing the criteria as defined in the text. Nonhatched
area: energy spectrum of the beam-gas events.

ton contribution has been calculated and found to
be <5% in this experiment.®
We have obtained the following:

Vs =17 GeV Vs =13 GeV
JLdt (b1 60 53
Events 68 98
R 4.9+0.6 4.6%0.5
where
_o(hadrons) _events 1 1

o(u) [ Ldt acceptance o(py)’

We have assigned a rather conservative system-
atic error of £0.7 on R at each energy for the fol-
lowing reasons: (1) uncertainties due to models
used in the Monte Carlo calculation of acceptance
(+ 10%), (2) the error in luminosity measurement
(+ 6%), and (3) the possibility of confusion in
event selection (+5%).

The ratio of R, which is insensitive to system-
atic errors, is then

R(Vs =17 GeV)/R(Vs =13 GeV) = 1.08+0.18.

Our relative ratio R implies that there is no high-
yield production of new particles in this energy
region.
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Possible new hadrons containing massive stable quarks (e.g., color-sextet quarks) sur-
viving as relics of the early stages of the big bang should be present in Z > 1 nuclei at lev-
els accessible to experiment (~10°19). Grand unified theories that explain the observed
baryon asymmetry of the universe should not contain these new stable quarks unless they
are prevented from evolving asymmetrically, Otherwise, the new hadrons would be as
common as nucleons, which is clearly not the case.

Existing bounds on anomalously heavy stable
isotopes of hydrogen are exceedingly low, ~10718
relative to ordinary hydrogen for masses less
than 16 GeV.! In contrast, bounds on anomalous
stable isotopes of nuclei with Z >1 are much less
severe.? A new heavy quark prevented from de-
caying by a new conserved quantum number would,
along with the usual light quarks, form a stable
heavy hadron. In terrestrial material, such
heavy hadrons may reside preferentially in Z >1
nuclei. There is, moreover, no reason to ex-
pect that a nucleus containing such a new, heavy
object would have an integral atomic mass.

The limit on anomalous nuclei of arbitrary
mass comes simply from comparisons of the
masses of elements determined chemically with
those determined physically by averaging the
known isotopes.? In contrast, techniques to de-
tect specific stable isotopes® can have sensitivi-
ties as great as one nucleus in 10, Experiments
designed specifically to search for anomalous
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heavy nuclei should therefore easily eliminate
the new heavy hadrons—or find them if they exist.
The possibility that there exist new, heavy,
stable quarks (for our purposes the lifetime
should exceed the age of the Universe ~10%° yr)
has been suggested recently by several authors,*””
The negative results of searches at accelerators?®
suggest that it is unlikely that the ~5-GeV b quark
(constituent of the upsilon)® is stable as was orig-
inally suggested by Cahn.® Indeed, these experi-
ments eliminate long-lived (7 = 5x10~8 sec) had-
rons (production cross section >3 0,) with mass
<5-10 GeV. There is, however, no evidence at
present against the existence of a stable hadron
with mass =210 GeV. There is, however, no evi-
dence at present against the existence of a stable
hadron with mass 210 GeV. For example, the
color-sextet quark of charge +3 that arises na-
turally in the theory of supergravity® based on
SO(8) could be sufficiently massive to have es-
caped detection. A color-sextet quark would be
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