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We present the dimuon mass spectrum from 102 678 three-muon final states produced
by muon interactions within a magnetized steel calorimeter. The data place a 90%-con-
fidence-level upper limit on the production of T states by muons: oc@N —~uTX)B(T—p*u")
<22x10°% em?, consistent with a photon-gluon-fusion model calculation.

PACS numbers: 13.60.Kd, 14.40.Pe

We report a limit on T production by 209-GeV
muons in the Berkeley-Fermilab-Princeton mul-
timuon spectrometer at Fermilab.! An integrated
luminosity of 0.78x 10%° cm™2, corresponding to
75% of the full data sample, has yielded 102 678
trimuon final states, including 6693 + 355 exam-
ples of J/¢ and ¥’ production. In every event, all
three outgoing muons are fully momentum ana-
lyzed and are subjected to an energy-conserving
one-constraint fit using calorimetric measure-
ment of the associated shower energy.

No limit on T production by real or virtual pho-
tons has been published. A conference report?
based on results from the Bologna-CERN-Dubna-
Munich-Saclay (BCDMS) experiment presents the
limit o(UN = TX)B(T - 't ) < (6+ 3)x 107%° cm?

(at 90% confidence level) for ~275-GeV muons,
where the error is systematic. This limit is
based on 761 multimuon events corresponding to
an integrated luminosity? of 0.7x 10*® cm™2. A
third muon was observed in 11% of these events.
No calorimetric information was available. With
48% T acceptance, the BCDMS limit corresponds
to <2 T candidates (at 90% confidence level). In
total, the experiment observed 24 events between
8 and 12 GeV/c¢? in dimuon mass. These were

compared to a calculated background of 30 elec-
tromagnetic tridents in the same region.

We have calculated the expected T rates using
a photon-gluon-fusion (yGF) model® which ac-
counts®* for most of the published features® of y
muoproduction. It uses a Bethe-Heitler diagram
for heavy-quark—pair production with the nuclear
photon replaced by a gluon. Additional soft-gluon
exchanges needed to conserve color are assumed
not to affect the kinematics. With a distribution
G(x)=3(1-x)%/x in gluon momentum fraction «,

a bottom quark mass m,=4.7 GeV/c?, a bottom
quark charge |g,| =4, and a strong-coupling
constant & =1.5/1n(4m,;2), where m,; is the
mass in GeV/c? of the produced quark pair, the
model predicts T muoproduction cross sections
of 0.13x107 3% ¢m? at 209 GeV and 0.28x1073¢ c¢m?
at 275 GeV. With B(T - u*u”)=(3.1+£0.9)%,5 the
expected values of Bo are (4.0+1.2)x10"3° and
(8.7+2.5)% 10™* e¢m?, respectively. The BCDMS
upper limit is (70+ 40)% of the latter cross sec-
tion.

Figure 1 displays the spectrum in dimuon
mass M,+,~ from this experiment. Events below
5 GeV/c? in M+~ are reconstructed and momen-
tum fitted as described in Ref. 1. Above 5 GeV/
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FIG. 1. Spectrum of 102678 dimuon masses from 75%
of the trimuon data. The background is fitted by exp(a
+bM+cM2) in the regions of the solid curve with a x% of
13.7 for 14 degrees of freedom, and is extrapolated
along the dotted curve. The “mispaired” histogram
segment illustrates the appearance of the mass spec-
trum if the alternative muon-pairing choice is made.
The background-subtracted ¢ peak is shown in the lower
corner; the expected peak from 10% times the Monte
Carlo—simulated T, T’, and T'’ sample is shown in the
upper corner, with the contribution from T’ and '’ in
black.

c?, the analysis of all events was checked by a
hand reconstruction which was blind to the in-
variant mass. At all masses the assignment of
beam-sign secondary muons either to the scat-
tered muon or to the produced muon pair is the
critical decision in the analysis. Incorrect pair-
ing of muons from ¥ or muon trident production
can cause events which properly belong in the
low-mass region to be misinterpreted as having
a higher mass. Our muon-pairing algorithm was
selected primarily to minimize this problem.
The scattered muon is chosen to be the one with
the smaller value of the square of its scattering
angle divided by its scattered energy. The algo-
rithm is 89% efficient in reconstructing T’s gene-
rated by the Monte Carlo simulation described
below. The alternative choice for the scattered
muon would produce more than a one-order-of-

magnitude exaggeration of the high-mass con-
tinuum near the T, as shown by the “mispaired”
histogram segment in Fig. 1. We emphasize that
the muon-pairing algorithm can be optimized
only if all three final-state muons are momentum
analyzed.

Despite the care exercised in muon pairing,
Monte Carlo studies show that there remains a
significant contribution in the region 4.7 <M -
<8.4 GeV/c? from incorrectly analyzed lower-
mass events. Allowance for these effects is most
reliably made by use of an empirical fit to the
mass continuum. This mass region, together with
the range 1.5 <M+~ <2.3 GeV/c?, was chosen for
the fit in order to exclude regions complicated by
charmonium production or rapid variations in
low-mass acceptance. After subtraction of the
fit continuum, the ¢ peak in Fig. 1 exhibits an
8.5% rms resolution, = 1% larger than the Monte
Carlo prediction.! The extrapolated continuum
contains 1.8+ 1.0 background events in the T re-
gion 8.4 <M+, <11.1 GeV/c?, which in fact in-
cludes two observed events. The additional event
at 11.5 GeV/c? is interpreted as continuum back-
ground with 65% probabiltiy, or as part of the
peak corresponding to known T states with 1%
probability. With 90% confidence, there are
fewer than 3.8 events above the extrapolated back-
ground.

The Monte Carlo program used to simulate T
muoproduction is based on a routine which suc-
cessfully parametrizes our i data.! It is adapted
to T simulation by appropriately scaling the
vector-meson-mass—dependent parameters.
Simulated T mass resolution and detection effi-
ciency are 9% (rms) and 22%, respectively. The
T cross section is normalized to the yGF value
described above. T, T/, and T’/ states are
generated in the ratio 1:0.39:0.32 in agreement
with recent measurements of I',, (T):T",, (T'):

T, (1/’).° T’ and T/’ production suffer an addi-
tional =~ 30% suppression relative to T production
because of threshold kinematics. The recon-
structed peak corresponding to 10* times the ex-
pected signal is shown in Fig. 1; 1.0 events from
all T states are expected in the data.

Our 3.8-event limit, integrated luminosity, and
detection efficiency combine to set the 90%-con-
fidence-level upper limit” o(UN -~ pYX)B(T - 1 i”)
<22x10°% em?, With B(T - p* ") =(3.1£0.9)%,°
we obtain the 90%-confidence-level cross-section
upper limit o(uN ~ uTX) <0.79% 10" % c¢m?, includ-
ing the error in the branching ratio. This limit
lies above published predictions which use either

687



VOLUME 45, NUMBER 9

PHYSICAL REVIEW LETTERS

1 SEPTEMBER 1980

the vector-meson dominance®'® or the yGF*°
models. If one ignores any yGF-model uncer-
tainty, this result rules out the choice |gq,| =%
with 85% confidence. With 67% confidence, the
data disfavor the existence of similar bound
states of a second charge-% quark in the T mass
region.
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It is argued that the ratio I'((QQ)’ — (?Q) 1) /T{(QQ)’ —(Q)7) of hadronic transition
rates between heavy quarkonium states is calculable within quantum chromodynamies in
terms of triangle anomalies in the divergence of the axial current and in the trace of the
energy-momentum tensor. In the case of transitions between ¢’ and J/¥ the present anal-
ysis is consistent with the data. More reliable test can be provided by experimental study

of the transitions between T’/ and T.
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Hadronic transitions between quarkonium levels,
like ¢’ = (J /¥ )rm and ¥’ ~ (J /P)n decays, can pro-
vide an insight into gluonic physics. Indeed, the
transition can be viewed as a two-step process:
first, emission of soft gluons by heavy quarks,
and then conversion of the gluons into light had-
rons.! As realized first by Gottfried,? the gluon
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emission can be described by the gluon multipole
expansion.?”* The point is that heavy quarkonium
is a rather compact object in the typical hadronic
scale. On the other hand, gluon conversion which
effectively measures the gluon admixture in ordi-
nary hadrons is a large-distance process and is
most difficult to trace theoretically.

© 1980 The American Physical Society



