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ABSTRACT

We report the observation of 21 dimuon events at the CERN pp Collider with the UAI
detector. The cvents range in invariant dimuon mass from 2 to 22 GeV/c?. The properties of
these events are given. The bulk of the events are consistent with heavy-flavour production
(mainly bb) with a few candidates for Drell-Yan production. There remain a few events which
are difficult to interpret in terms of these processes, in particular two events with isolated,
like-sign muons.
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1. INTRODUCTION

We have recently reported five examples of the muonic decay of the neutral Intermediate
Vector Boson (IVB) [1]. Since dimuon events have the experimental advantage that the
background contamination is small, the search for events with two muons has been extended to
the region where both muons have transverse momentum

pr{p) > 3 GeV/c
and . o
ipt(e1) | + | pr (2} > 10 GeV/c .

In addition to the 5 Z° events, 21 events were found (4 like-sign, 17 unlike-sign} with dimuon
masses from 2 to 22 GeV/c%,

There are several expected sources of medium-mass dileptons. The J/¢ and T resonances
decay into opposite-sign lepton pairs, with muon branching ratios of ~ 7.5% and ~ 3%,
respectively. The Drell-Yan mechanism [2]

pp— Y X~ X )

produces opposite-sign leptons with a steeply falling dilepton mass spectrum. Another source is
the associated production of heavy quark pairs via the strong interaction of quarks and glions
[3]. The quarks can then decay semileptonically:

Q=q+i+ v, 4)

where Q = ¢, b, ort, and q = s, ¢, or b. Pairs of heavy quarks can also be produced weakly
through the decay of 1VBs, i.e. '

PpoW—oth, (5)
pp — Z° = ti, bb, ¢€ . (6)

" In contrast with W and Z production cross-sections, which can be calculated reliably and
have been measured in the leptonic decay channels at the CERN pp Collider [1, 4, 5], the
cross-sections for strong QQ production are subject to various uncertainties. However, once a
threshold of pr > 3 GeV/c is applied to the leptons, different predictions [3] agree that the
dominant contribution to dileptons is expected to come from bb final states rather than ¢C. This
is due to the hard fragmentation function (z ~ 0.8) for b quarks. Whereas process (5) gives
like-sign leptons from first-gencration decays, processes (3) and (6} yield unlike-sign. leptons.
However, like-sign dileptons can also originate from process (3) either through second-generation
decays (b — ¢ ->) or B*-B® mixing. Our recent report of a large D" content in jets [6] suggests
that ¢ pair production within the same ghuon jet is significant [7]. This mechanism can produce
like- and unlike-sign dimucns. ' '

2. DETECTION AND MEASUREMENT OF MUONS, NEUTRINOS, AND JETS
2.1 Muon identification ‘ -

The UA1 apparatus has already been described elsewhere [8]. The components relevant to
the identification and measurement of muons were discussed in detail in ref. [5]. In brief, a muon
emerging from the pp interaction region traverses the Central Detector (CD), a tracking chamber
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that determines the muon momentum by its deflection in the central dipole field of 0.7 T. After
leaving the CD, the muon must penetrate the electromagnetic calorimeter, the magnetized
hadron calorimeter, and additional iron shielding (typically a total of more than 9 absorption
lengths), before reaching the muon chambers. The momentum error due to the measurement
errors in the CD is typically Ap/p ~ 0.5% X p (p in GeV/c). The muon momentum
measurements in the final event sample are such that 1/p > 3.5¢ (1/p), and thus the charges are
unambiguously determined.

2.2 Neutrino identification

The presence of neutrinos is signalled by an apparent transverse-energy imbalance when the
calorimeter measurement of missing transverse energy is combined with the muon transverse
momentum measurements. For relatively low muon momenta (p < 10 GeV/c), where the
momentum errors on the tracks are small, the accuracy of the missing transverse energy (EX*%) is
0.7 vZEy GeV, where TEr is the scalar sum of the transverse energy (in GeV) deposited in each
calorimeter cell.

2.3 Jet identification

Jets are defined using the standard UAI1 jet algorithm [9, 10] applied to energy vectors
defined from calorimeter cells. A correction is applied to the measured energy (~ +25%) and
momentum (~ + 20%) of each jet, as a function of the pseudorapidity, azimuth, and transverse
energy of the jet, on the basis of test beam data and Monte Carlo studies. The jet energy
resolution 1s typically 18% for a calorimeter jet of Er = 15 GeV, and improves with increasing
jet transverse energy. In this paper we consider all jets with Er = 7.5 GeV and pseudorapidity ||
less than 2.5, keeping in mind, however, that the jet-finding procedure and jet energy
measurement become less reliable for Er < 15 GeV.

A jet may be too soft to pass the 7.5 GeV threshold, or sometimes a high-Er jet is emitted
close to the vertical plane where a substantial fraction of the jet energy escapes between adjoining
elements of the calorimeters. In either case the charged component of the jet remains well
measured, and jet finding is applied to the CD tracks. For the CD jets we impose a threshold of
4.0 GeV/c on the jet pr (excluding muons), and also |5| < 2.5. The resulting jet momenta
represent only a lower limit to the true value.

In this paper, the jet parameters (for both calorimeter and CD jets) include the muon(s) if
the muon(s) is associated with the jet, unless stated otherwise.

3. EVENT SELECTION AND ACCEPTANCE
3.1 Event selection

During the 1983 data-taking period about 2.5 x 10° events were recorded on tape for an
integrated luminosity of 108 nb~'. Of these, about 1.0 x 10° events were muon triggers. All the
events were passed through a fast filter program, which selected 7.2 X 10* muon candidates with
pr >3 GeV/c. These events were reconstructed by the standard UA1 programs. An automatic
selection program, which applied stricter CD track quality and CD/muon chamber matching
requirements was used to select dimuon events. Applying the muon pr cuts (1), 49 candidate
dimuon events were selected, and were scanned on a computer graphics display facility. Of these
events, 8 were identified as cosmic rays, 4 as ‘kinks’ (=, K decay) or poor matching between the
CD and the muon chamber tracks, and 11 as leakage of hadron showers through cracks in the
calorimeters, leaving 26 candidates after scanning.

Five events are Z° candidates and have been described in ref. [1]. The muon pr's of the other
21 events are shown in fig. 1a, along with the pr cuts applied in the selection.
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3.2 Acceptance for muon pairs

We have estimated the acceptance for detecting dimuons from various physical processes
using the Monte Carlo method [11, 12]. The muon chambers cover the pseudorapidity range of
lg] = 2.0, with an average azimuthal acceptance of about 70%; however, the trigger was active
for only || = 1.3. Both muons must be seen in the chambers but only one needs to have
triggered. The resulting dimuon acceptance due to the chamber geometry for bb and Drell-Yan
processes, produced in || < 2.0, is about 45%. The muon pr cuts further reduce the acceptance,
which is then process-dependent. Because of these pr cuts, the acceptance for dimuon masses
below 10 GeV/c? is heavily suppressed and rises rapidly with increasing mass. For masses above
~25 GeV/c¢?, there is almost no additional loss from the pr cut, since the low-pr muons are also
very forward and are cut by the chamber geometry. This acceptance is further reduced by 42% by
the CD track quality cuts applied to both muon tracks.

4. BACKGROUND

We have considered a number of possible backgrounds to the muon sampie. High-pr
charged hadrons can fake muons either by penetrating the calorimeters and additional iron
shiclding without interaction, or by leakage of the hadronic shower. These backgrounds have
been measured in a test beam and were found to be < 10~*, after requiring matching between .
CD and muon chamber tracks. This requirement reduces leakage-induced background to a
negligible level. The dominant background is due to pion and kaon decays. The probability
for a pion (kaon) to decay in the central region before reaching the calorimeter is ~ 0.02/pr
(~ 0.11/pr), where pr is in GeV/c. The background for the dimuon sample has been estimated
using all events with one pr > 3 GeV/c muon candidate, and at least one other charged particle
with pr > 3 GeV/c. Assuming that pions (kaons) constitute 50% (25%) of all charged particles,
we performed a detailed simulation of decays in our detector (including mismeasurements caused
by the decays), thereby obtaining a sample of ‘fake’ dimuon events [13]. Shown in fig. la are the
absolute numbers of background events integrated over the various regions enclosed by the
dashed lines (1.4 events for the total sample). A scan of the ‘fake’ events shows that most of the
background comes from configurations where both muon candidates are in jets. The background
for events where both muons are isolated is much lower: for events with both muons having
pr > 7 (10) GeV/c the background falls from 0.064 (0.012) events to 0.043 (0.003) events for two
isolated muons.

5. GENERAL FEATURES OF THE EVENTS

We first describe the general features of the 21 events which survive the selection criteria
(detailed event parameters are in table 1). There are 17 unlike-sign muon pairs and 4 like-sign
pairs. The transverse momenta of the individual muons range from the 3 GeV/c cut up to
15 GeV/c (fig. la), with a distribution much flatter than expected from background such as
7, K — u decays. It is remarkable that the event with the highest transverse muon momentumn
(pr > 10 GeV/c for both muons) has a like-sign pair.

From the bias due to the muon pr cuts (1) we expect high-mass pairs (masses above
~ 10 GeV/c?), with the two muons opposite in azimuth, or low-mass pairs with considerable
dimuon transverse momenta. This behaviour is illustrated in fig. 1b, where we show the
correlation between the dimuon mass and the opening angle in the transverse plane; fig. 1¢ shows
the correlation between the mass and the pr of the dimuon system. In most of the events the
muons are approximately back-to-back, and in only six events are both muons in the same
hemisphere. However, events in the region roughly bounded by



(P4 + (™)' < 10 GeV (7)

are heavily suppressed by the muon pr cuts (1).

The isolation of the muons is an important tool for distinguishing between the Drell-Yan
process and heavy-flavour decays. Muons arising from a process such as the Drell-Yan one
should not be embedded in significant hadronic activity, in contrast with ¢ or b quark decays.
The overall activity observed in the dimuon events covers a very wide range of transverse
energies. Some events have several accompanying jets in the central region, with transverse
energies up to 60 GeV/c; others are completely quiet. We classify the muon isolation by
calculating the ZEr around the muon, i.e. the sum of the transverse energy of all the calorimeter
cells within a cone of AR < 0.7 about the muon in pseudorapidity (y)-azimuth (¢)” space, where

AR = (an® + A¢%)'2. (8)

The average energy deposition due to the muon itself is subtracted from the sum {10]. The sum
LEr for the muons in each event is plotted in fig. 2a, which shows that there is a class of events
where both muons are clearly in jets. Taking an isolated muon to be one with ZEy < 4 GeV, we
find 9 (3) unlike- (like-) sign events with both muons isolated, 3 (0) events with one isolated
muon, and 5 (1) events with neither muon isolated. The dotted curve in fig. 2b is deduced from
minimum-bias events in which the AR cone was randomly distributed in pseudorapidity and
azimuth, and the fluctuations in the energy loss of the muon [10] have been folded into the
distribution. It indicates the level of activity present from the underlying event. The dashed curve
is a Monte Carlo simulation for bb and ¢€ production [12]. The heavy-flavour curve is
normalized to 9.9 events (according to subsection 6.2), and the minimum-bias curve to 1].1
events, so that the sum of the two curves (solid line) corresponds to 21 events.

Heavy-flavour decays are often accompanied by strange particles. We have searched for
K%s, A’s, and A's by identifying V*s. A constrained fit was done on candidate V®’s for each
hypothesis (including a v fit for conversions). A x* cut and a minimum decay length of 0.5 cm
were required for consideration. Table 1 contains the results for the hypothesis of the best fit,
restricted to the kinematic range pr > 0.3 GeV/c and |5 < 2. The number of V%5 produced per
minimum-bias event for this rapidity range is 0.15 + 0.04 (0.45 + 0.09) for A/A (K) [14].

Heavy-flavour production of dimuons will also yield two neutrinos, which in principle
should give rise to missing energy. However, the neutrinos will generally have low pr because of
the bias from the muon pr cuts. Furthermore, if the neutrinos are back-to-back their transverse
momenta will tend to cancel out in the missing Et . The observed missing energy is, in general,
small (see table 1). Because of the poor resolution at small EF*, it is not surprising that the
average deviation from zero is in fact only 1.40.

6. INTERPRETATION
6.1 Drell-Yan production

We have carried out extensive Monte Carlo simulations of Drell-Yan and heavy flavour (bb
and cT) production [11, 12]. Drell-Yan events should be characterized by two unlike-sign muons
that are isolated, e.g. ZEr < 4.0 GeV in AR < 0.7. This isolation criterion is fulfilled for both
muons in nine ¢vents with unlike-sign pairs. Five of these events (F, G, H, J, X) have the two
muons approximately back-to-back in azimuth, with a mass range from 10 GeV/c? to 17 GeV/c2.

" The azimuthal angle about the beam axis is measured in radians.
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The other four events (I, O, M, Z) have the muons in the same hemisphere, and hence with a
large p%* (table 1b). In these events the large pr of the muon pair is balanced by one or more jets.
One event (I) is a J/¢ candidate. Note that these four events are well separated from the
boundary of the kinematically suppressed region (7). Events from the Drell-Yan Monte Carlo
populate a region at lower p4* close to the boundary; however, this depends critically on how
steeply the p4* distribution falls at large pi*.

Two of the events with back-to-back muons (J, X) are found to have soft jets. The high-pt”
events have at least one jet to balance the muons; but two events (M, Z) have more than one jet.
Event M is shown schematically in fig. 3.

Assuming that all five events with masses above 10 GeV/c? are from Drell-Yan production,
we find that the total Drell-Yan cross-section for dimuon masses above 10 GeV/c?is 0.6 = 0.3
nb. This agrees with a recent calculation that yields 0.35 nb for masses above 10 Gev/c? [15].
However, we remind the reader that this sample may be contaminated by the T resonances as well
as by heavy-flavour production (see subsection 6.2), and no correction for this has been applied
to the cross-section.

6.2 Production of bb and cc

In another class of events the muons come from heavy-flavour decays and hence are
expected to be accompanied by hadronic activity. If we consider the events with at least one
non-isolated (EEr > 4 GeV) muon as being a relatively clean sample of heavy-flavour events,
then we have nine such events (fig. 2a). The calculated isolation distribution for bb/cc production
[12] is compared with the data in fig. 2b, the theoretical distribution being normalized relative to
the nine non-isolated events. The two distributions are consistent. With this normalization, heavy
flavours are estimated to contribute about one event where both muons are isolated. From the
Monte Carlo we find that bb is the dominant component with our cuts (¢C contributes ~ 10%),
and the cross-section for producing bb with both quarks having pr > 5 GeV/c and 3| < 21is
2.1 + 0.8 ub with the above normalization.

There is one like-sign event among the nine non-isolated events. Like-sign events can be
produced in the cascade process from bb, tt, and tb final states, and also from the primary bb
quarks with B°-B° mixing. The ratio of like- to unlike-sign events is consistent with the
expectations of Monte Carlo simulated bb events including the cascade processes, without
invoking B°-B° mixing. Many events have additional high-pr strange particles (table 1); this
favours the heavy-flavour interpretation.

We can form a p-u-jet-jet system from the jet associated with each muon, or, when both
muons are associated with the same jet, by using the largest opposite jet as the second jet (i.e. jet:
and jet, of table 1)?. The mass of the p-p—jet-jet system is shown in fig. 4 , along with QCD
calculations (smeared by jet resolution) of heavy flavours, predominantly bb {12]. The
calculations show a rapidly falling mass distribution, in contrast with a flat distribution for the
data. There are three events (R, W, and V) with muons in jets, and a very large mass of the
u-p—jct-jet system. These events with masses around 100 GeV are compatible with Z° decay to
heavy flavours, where we expect of the order of one event. These events are characterized by very
large additional jet activity. They are less likely to arise from conventional QCD processes, as is
also shown in fig. 2b. In particular the like-sign event R is possibly a Z° — bb decay, where one
muon comes from a first-géneration decay and the other from a second-generation decay (see
fig. 5).

*} Event N has no associated jet for one muon; in this case we use the AR < 0.7 cone around the muons for the
u-p-jet-jet system.



6.3 Isolated same-sign events

Three events with like-sign dimuons are observed (Q, S, T) in which both muons are isolated
according to our criterion XEr < 4.0 GeV. In all these events the muon momenta are 6 standard
deviations or more from infinite momenta; hence the charges are very well determined. Event T
may come from a second-generation decay of a b quark, since one muon is with an identified CD
Jet. Also one muon pr is small (the muons are near the kinematical cuts), as would be expected to
result from a second-generation decay of a b quark. About one event with two isolated muons is
expected from heavy flavours, as discussed in subsection 6.2. Events Q (fig. 6) and S have no jets,
and the higher muon pr’s make second-generation bb decay unlikely. Both events have a similar
topology. In event Q (S) the u* * (1~ p ) are back-to-back, and a A (A) is found at about 90° to
both muons in the transverse plane (fig. 6b). In event Q, both muons have very high transverse
momenta (larger than 10 GeV); as a consequence the background is small (< 3 x 10™3 events).
Calculations have failed to reproduce events with characteristics of event Q from bb production
with or without B°-B’ mixing. We expect that requiring both muons to have pr > 9 GeV/c will
give about 0.2 events with unlike signs and about 0.03 with like signs. We estimate of the order of
10~* events with two isolated like-sign muons. The corresponding rates are about a factor of 10
larger for event S. By invoking mixing, the like-sign rate can be increased by about a factor of 2.

7. SUMMARY

We have observed 21 dimuon events in the mass range 2-22 GeV/c® The bulk of these
events appear consistent with Drell-Yan or heavy-rﬂavour production. Within the context of the
obvious statistical limitations of our event sample, as well as the difficulty of event classification,
we find gior [Mu, > 10 GeV/c?] ~ 0.6 nb for Drell-Yan, and a1 [pr(b,b) > 5 GeV; [5(b,b)| < 2)
~ 2 gb for QCD bb production.

In addition, there are three classes of events having characteristics that are not expected
from simple Drell-Yan or QCD bb/ct production. Two of the categories are the isolated, high-pr
dimuons with multijets (M,Z), and the high-mass p-u-jet-jet systems of R, V, and W. The third
group is composed of isolated like-sign events (Q and S), which are hard to interpret in terms of
conventional bb production. Event Q is particularly outstanding by virtue of the high muon pr’s.

A complete discussion of dielectron or muon-electron events is not within the scope of this
paper; however, we remark that we have found no discrepancies in our dilepton data.
Confirmation of the dimuon results in the ee or e channel is hampered because of the higher pr
cut (typically pr > 12 GeV/c) and the implicit isolation requirements applied to electrons.
Fruitful comparison awaits higher statistics.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

a) The scatter plot of the pr of the faster muon versus the pr of the slower muon, with
the kinematic boundary of the cuts (solid line). In addition, the number of expected
background events integrated over the regions enclosed by the dashed line is indicated
(see section 4). ' :

b) The scatter plot of the dimuon mass versus the opening angle between the two muons
in the transverse plane .

c) The scatter plot of the dimuon mass versus the dimuon transverse momentum. The
positions of the J/y and the T resonances are indicated for reference.

The scatter plot (a) shows the transverse energy in a AR cone of 0.7 around the fast
muon versus the slow muon. The lower plot (b) is the transverse energy in a AR cone of
0.7 around each muon [10]. Curves show the distributions for the expectation from
bb/cE production (dashed line) [12], and for a randomly orientated cone in minimum-
bias events (dotted line). The sum of the two curves (solid line) corresponds to 42 muons
(see text for normalizations). '

Configuration of event M (7375/26) in the plane transverse to the beam axis, and in

~ pseudorapidity (y). Muons are drawn with dashed lines, and jets with solid lines. Jet

numbers are those of table 1.

The mass distribution of the u-p—jet-jet system for non-isolated events: a) data,
b) Monte Carlo calculation [12] of the expected u-u-jet-jet mass distribution from bb,
cc — pu production. (Jets are chosen according to subsection 6.2.)

a} The calorimeter energy flow in ¢—n space for event R (8098/269). The arrows (length
proportional to pr) indicate the position of the muons.

b) Event configuration for R as in Fig. 3. For this figure the muons are not included in
the jet parameters.

a) The event picture for event Q (8029/31). The two muons are indicated by arrows.
Only charged tracks with a pr > 0.5 GeV/c and calorimeter cells with Ex > 0.5 GeV are
shown. _

b) Transverse view of the CD for event Q, showing all charged tracks with pr >
0.5 GeV/c and the =~ track from the A%, which is only 0.2 GeV/c. The sign of the pr

indicates the particle’s charge.
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