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Search for additional muons in hadronic production of J/Q particles
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A sample of J/Q~p, +p, decays produced by a 225-GeV/c m beam on nuclear targets has been analyzed
for extra muons. Muons observed in coincidence with J/Q production could indicate either the production
of charmed particles or the production of pairs of J/Q particles. We find 90%%uo confidence limits of
o»alcrJ &0.016 for associated charm production and cr»/O. J & 0.005 for. the production of J/Q pairs.

I. INTRODUCTION

As part of our experimental program designed
to study in detail production of high-mass dimuons
by hadron beams, we have performed a sensitive
search for additional muons accompanying J/tlt
particles. The Okubo-Zweig-Iizuka (OZI) rule'
which predicts the small width of the J/tlt particle
(charm-anticharm bound state) can also be in-
terpreted to imply the copious production of pairs
of charmed particles (CC) in association with the
J/ttt. ' However, arguments have been suggested
in which the OZI-rule-allowed mechanism may be
kinematically suppressed relative to the OZI-rule-
forbidden mechanism. ' Thus a search for evidence
of associated charmed-particle production can
help resolve this question. In particular, we have
searched for multimuon events from associated
charm production in processes of the type

+nucleus —J/tlt + (C + C) +anything .

tical gap gave a transverse-momentum kick of
1.1 GeV/c. Downstream of the magnet there were
twelve planes of spark chambers, a trigger scin-
tillation-counter hodoscope I, and a second iron
absorber (2.5 m thick), followed by a scintil-
lation-counter hodoscope P.

III. DATA

Details of the event-selection techniques used
in the primary dimuon experiment have been re-
ported elsewhere. ' ' In a straightforward exten-
sion of the analysis of -415000 dimuon events,
multimuon data consisting of 9103 three-muon
events, 128 four-muon events, and 17 five-muon
events were obtained. Figure 2 shows the mass
distribution for all p. p. combinations in the three-
muon data sample. Multimuon events produced
in association with the J/alt are those containing
at least one p. 'p, combination per event with a
mass of 2.7 to 3.5 GeV/c'. This mass require-
ment is determined by the observed J/ttt mass
resolution (full width at half maximum = 325
MeV/c'). The observed numbers of 2, 3, and
4p, events containing a J/ttt are given in Table I.

II. APPARATUS

The experiment was performed using the Chicago
cyclotron magnet spectrometer~ (Fig. 1) at Fer-
milab. An incident 225-GeV/c tr beam struck
carbon, copper, and tungsten targets, each one
absorption length thick. A 3-m-thick iron ab-
sorber was placed 1.7 m downstream of the tar-
get to shield the detector from hadrons. A trig-
gering scintillation-counter hodoscope J (see
Fig. 1) and a, set of multiwire proportional cham-
bers were located immediately downstream of
this shield. The cylindrical spectrometer magnet
which is 4.2 m in diameter and has a 1.29-m ver-
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FIG. 1. Plan view of spectrometer.
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IV. BACKGROUND

In order to determine the origin of the observed
multimuon events, it is essential to understand
possible conventional sources of the events. The
obvious background sources are pions and kaons,
produced along with J/g's, which decay in the
drift space between the target and absorber. The
number of muons arising from hadron decays can
be calculated from measured m- and E-production
spectra. ' The detection efficiency for observing
the extra muons from m and K decays was calcu-
lated using a Monte Carlo computer program
which generated muons from m and K decays to-
gether with dimuons from J/g decays. The ef-
fective decay path (distance between the target
and one absorption length into the first absorber)
was 1.9 m and the minimum momentum required
to penetrate both absorbers was about 8 GeV/c.
The results of the background calculation, as
given in Table I, indicate that the majority of the

TABIE I. The number of events with J/g p+p. is
compared to events with J/g p+p +extra muons. Also
shown are the predictions for the calculated number of
events due to x and E decays.

Observed data Predictions from
events 7I and K decays

FIG. 2. Mass distribution, ~, , for tt'p pairs con-
tained in three-muon events. Each p'3(L p' event contri-
butes twice.

multimuon events originate from w and E decays.
In addition, the observed charge ratio
(p'p. p, '/p'p, p, ) for three-muon events with
J/P mass combinations is 0.80+0.07, which agrees
with the calculated value of 0.8+0.1 for incident

on a nuclear target. The errors on these back-
ground calculations are determined by uncertain-
ties in the available m- and K-production measure-
ments and in the acceptance for the lowest-ener-
gy muons. The errors on all observed numbers
are statistical.

Confidence in our technique of calculating the
m- and K-decay background can be obtained by
comparing calculations of this background with
two event samples: (1) low-mass pairs with ex-
tra muons, and (2) pairs of the same charge
(P'p'+p p ). Since the OZl mechanism is not
expected to enhance charm production in associa-
tion with p -pair events with masses below the
J/g, the probability of a third muon due to ha-
dron decay can be determined by attributing three-
muon events with all p 'p mass combinations
below 2.0 GeV/c' to v and K decays. This leads
to a probability of 0.011+0.004. Then, of the
65 900 J/tI events, we expect 725+250 to contain
a third muon in reasonable agreement with the
487 three-muon events observed. The charge
ratio (p. 'p p, '/p'g p, ) observed for the low-mass
three-muon data is 0.77+0.01, which is consistent
with the charge ratios obtained earlier for the
observed three-muon events with J/g masses and
the predictions from the m and E calculations.

The "like-sign" dimuon events (g'p, '+ p. p. ) are
predominantly the result of muonic decay of a pair
of hadrons. (We expect a few percent of the like-
sign pairs to originate from the observation of a
single muon from a p, 'p, pair and another muon
from v or K decay. ) Assuming hadronic decay
accounts for all like-sign pairs above a mass of
1.5 GeV/c', we predict p'p, '/p, y, =0.5+0.15 and
(p, "p, '+p. p )/p. 'p, =0.07+0.03, which are to be
compared with the observed values of p'p '/p p
=0.58+0.01 and (p, 'p'+ p, p. )/p'p. =0.105+0.004.
Thus, we find that our ~- and E-decay calcula-
tions are consistent with both the observed low-
mass multimuon events and the observed like-
sign events. Therefore, our comparison with the
number of observed J/g events with extra muons
implies they can be accounted for on the basis of
m and E decay.

The ratio of observed three-muon events to
two-muon events for J/g production is shown as
a function of the Feynman x of the J/|tt in Fig. 3.

J/0 (-p'p )
JA+ p'
J/P +2p,

65 900
487
ll

450+135
7+3

No difference is seen between the x distributions
for j'/$ events with and without an extra muon,
again consistent with the extra muon originating
from n' and E decay.
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FIG. 3. The ratio of observed three-muon events to
dimuon events for &/g prod@.ction as a function of the
Feynman x of the J/g.
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V. MOMENTUM DISTRIBUTION OF ADDITIONAL
MUONS

In Fig. 4 we plot the observed momentum spec-
tra of the additional muon produced in association
with J/p events. For comparison with the cal-
culated momentum spectrum of muons resulting
from m and K deca.ys, we restrict ourselves to
p„&10GeV/c so as to avoid regions of rapidly
varying acceptance for three -muon events. This
requirement reduces the 487 three-muon events

associated with the J/g to 390 events. Also shown
in Fig. 4 are the expected momentum spectrum
calculated from r- and K-production data and the
observed momentum spectrum of the muons oc-
curring in like-sign events. P good fit is found
to the form dN'r/dP, -e '~& for the calculated
m and E. decays where b =0.135+0.016. There B.re
23 events observed with P„&40 GeV/c. The ob-
served like-sign events predict 18 events while a
calculation based on the m- and E-production data
predicts 7 events.

To calculate the properties of muons from as-
sociated charm production (J/g+CC) we take C
to be the charmed D meson. We assume the D de-
cays to be an equal mixture of Kij, v and K*(892)p, v

(Ref. 7) with V—A coupling, ' although as dis
cussed below, other assumptions have been
tried. A Monte Carlo calculation generates J/g
particles with Feynman x and transverse mo-
mentum (p r) according to observed J/g- p. 'p.
data. The D is generated with dN/dp -pre '~r
and with rapidity (y~) such that the D to J/g ra-
pidity gap is distributed as exp(-2ly~ -yn

~

). In
addition, the total Feynman x, x~/&+xD, was re-
quired to be less than 0.7. The resulting muon
momentum distribution (Fig. 4) decreases much
more slowly with increasing momentum than the
data and the expectations for w and K decays.

In the next section we set upper limits on as-
sociated charm production with the J/g using the
observed and predicted momentum spectra for
the third muon. This method takes full advantage
of the information contained in our measurements
without relying on the absolute number of back-
ground events predicted.

VI. RESULTS
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FIG. 4. The momentum spectrum for the extra muon
(i.e. , in addition to the &/g p p pair) for three-muon
events (data points) is compared to the spectra for cal-
culated m- and E'-decay muons (solid curve) for observed
like-sign events (histogram) and for D decay muons
(dashed curve). The momentum spectra of the like-sign
events and predicted curves are normalized to the num-
ber of three-muon events (J/g+ p ) observed with p~
&10 GeV/c.

To set upper limits for J/g +DD production, the
momentum spectrum of the additional muon from
three-muon events (p, &10 GeV/c) was fitted to a
combination of the momentum spectra calculated
for muons from m and K decays and D decays:

dN "~ dND
(1 —n) +n

The fit gives o. =0,0+0.2 with a X' of 15.4 for 22
degrees of freedom. We obtain 90/o confidence
limits by allowing n to increase un.til the pro-
bability of the resulting y' is less than 10%%uq

(X' =30.8); this gives o. (90/p C.i .) =0.18. This
corresponds to an upper limit of 70 three-muon
events from J/P+DD production. Folding in the
detection efficiency for observing the extra muon
from D decay, we find an upper limit of 212 char-
med meson events in our sample of 65900 J/g

events. Taking a 10% branching ratio
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TABLE II. Sensitivity of fT~DD/0 J- upper limits to assumptions for D-meson production and
decay.

Model ~ZDD/~Z

Using assumptions discussed in text:

~(D Kp&) = I (D —K*@&),

p~ given by dN/dpz - e 2', b =2 (GeV/c)

SD+x J'» 0 7y

yo correlated with y J, exp(-2(y J yD~)

D Ep& only

D &*@@ only

5 =1 (6)

~, +~ - 0.5 (1.0)

yD and y J uncorrelated,

xD and pz distr ibutions

same as J/P's

0.016

0.014

0.017

0.015 (0.018)

0.020 (0.010)

0.035

for D- p, + v+X (Ref. 7) gives a~»/a~ &0.016 (90 1o

confidence limit). This limit can be recalculated
for different intervals of the Feynman x of the
J/P. The resulting 90 jo confidence limits are
oz»/oz&(0. 033, 0.027, 0.040) for (x =0.0-0.2,
0.2-0.4, 0.4 —0.7).

The sensitivity of our upper limits to the details
of D production and decay are given in Table II.
The x distribution chosen for D production is the
most sensitive parameter. This reflects the de-
pendence of our acceptance on the minimum mo-
mentum required for the muon from D decay. In
a model where the D is produced uncorrelated
with the J/g, and with the same x~ as observed
for the J/g, we find vzD&/oz &0.035 (90/o con-
fidence limit).

Another potential source of extra muons ob-
served in association with J/g-p, 'p. is the pro-
duction of a pair of J/g particles. Our four-muon
data sample can be used to obtain an upper limit
on double J/g production. We observe no four-

muon events consistent with J/g pair production.
In calculating the acceptance for such events, we
assume the two J/g's are produced uncorrelated
with x~ and Pr of observed J/g-it'p events Un-.
der this assumption we find o«/0~&0. 005 (90%%uo

C.L.).
Qur results can be compared with two earlier

Fermilab experiments. Qne used a broad-band
neutron beam ((E„)=300 GeV). ' The second ex-
periment" used 225- GeV /c n' and proton beams
in a different configuration of the apparatus used
in this experiment.

These results are compared in Table III. Such
a comparison is meaningful in that similar pro-
duction models were used in the analysis of all
three experiments. In conclusion, it appears tha. t
at Fermilab energies the QZI-rule-allowed me-
chanism can account for at most a few percent
of the total hadronic production of J/g particles.

J'DD

Beam J/g —pp, 0.~

This experiment

CP-II (Ref. 10)

CFHI (Ref. 9)

7r

7r

vr+

protons
neutrons

65 907
434
471

1 195
2 500

0.016
0.041
0.028
0.040
0.030

0.005
0.079
0.052
0.072
0.12

TABLE III. Comparison of experiments searching for
extra muons in conjunction with hadronic J/p production.
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