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Abstract. We report a study of multi-muon events produced at the Fermilab Tevatron collider and recorded
by the CDF II detector. In a data set acquired with a dedicated dimuon trigger and corresponding to an
integrated luminosity of 2100 pb™*, we isolate a significant sample of events in which at least one of the
muon candidates is produced outside of the beam pipe of radius 1.5 cm. The production cross section and
kinematics of events in which both muon candidates are produced inside the beam pipe are successfully
modeled by known QCD processes which include heavy flavor production. In contrast, we are presently
unable to fully account for the number and properties of the remaining events, in which at least one
muon candidate is produced outside of the beam pipe, in terms of the same understanding of the CDF 11
detector, trigger, and event reconstruction. Several topological and kinematic properties of these events are
presented in this paper. These events offer a plausible resolution to long-standing inconsistencies related
to bb production and decay.
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1 Introduction

This study was motivated by the presence of several in-
consistencies that affect or affected measurements of the
bb production at the Tevatron: (a) the ratio of the ob-
served bb correlated production cross section to the exact
next-to-leading-order (NLO) QCD prediction [1] is mea-
sured to be R = 1.15 + 0.21 when b quarks are selected
via secondary vertex identification, whereas this ratio is
found to be significantly larger than two when identify-
ing b quarks through their semileptonic decays [2]; (b)
sequential semileptonic decays of single b quarks are sup-
posedly the main source of dileptons with invariant mass
smaller than that of b quarks, but the observed invari-
ant mass spectrum is not well modeled by the simulation
of this process [3]; and (c) the value of ¥, the average
time-integrated mixing probability of b flavored hadrons,
derived from the ratio of muon pairs from semileptonic de-
cays of b and b quarks with same and opposite sign charge,
is measured at hadron colliders to be significantly larger
than that measured by the LEP experiments [4,5].

The first inconsistency (a) has been addressed in a re-
cent study of the CDF collaboration [6]. That study uses
a data sample acquired with a dedicated dimuon trigger
to re-measure the correlated o;,_, , ;_,,, cross section. As in
previous studies [4,7], Ref. [6] makes use of the precision
tracking provided by the CDF silicon microvertex detec-
tor to evaluate the fractions of muons due to the decays of
long-lived b- and c-hadrons, and to the other background
contributions. The new measurement is in good agreement
with theoretical expectations (R = 1.20 + 0.21), as well
as with analogous measurements that identify b quarks
via secondary vertex identification. However, it is also
substantially smaller than previous measurements of this
cross section [7,8]. The new CDF measurement [6] requires
that both trigger muons arise from particles that have de-
cayed inside the beam pipe of 1.5 cm radius. According to
the simulation, approximately 96% of the known sources
of dimuons, such as Drell-Yan, 7, Z°, and heavy flavor
production, satisfy this condition. We will show that not
only the rate, but also the kinematic properties of the
events that satisfy this condition are correctly modeled
by the simulation of known processes. This article also
identifies a large sample of events that does not satisfy
this condition. This component, which was present but

not accounted for in previous measurements in which this
decay-radius requirement was not made, will be described
and investigated at length in this article. Although we
cannot fully explain this component in terms of known
sources, the identification of this type of event provides a
plausible resolution to the set of inconsistencies mentioned
at the beginning of this section.

We utilize the same dimuon data set, simulated sam-
ples, and analysis tools described in Ref. [6]. Section 2
describes the detector systems relevant to this analysis.
The data selection and Monte Carlo simulation are briefly
summarized in Sec. 3. Section 4 investigates differences
in the experimental methods used to derive oy,_,,5_,,, in
Ref. [6] and in previous measurements, and isolates a large
sample of events in which at least one muon candidate is
produced beyond the beam pipe. Section 5 connects the
presence of these events to the discrepancy between the
observed and predicted invariant mass spectrum of lepton
pairs produced by single b quark sequential decays. The
properties of these events are explored in Secs. 6 and 7.
Our conclusions are summarized in Sec. 8.

2 CDF Il detector and trigger

CDF Il is a multipurpose detector, equipped with a charged
particle spectrometer and a finely segmented calorimeter.
In this section, we describe the detector components that
are relevant to this analysis. The description of these sub-
systems can be found in Refs. [9-18]. Two devices inside
the 1.4 T solenoid are used for measuring the momentum
of charged particles: the silicon vertex detector (SVXII
and ISL) and the central tracking chamber (COT). The
SVXII detector consists of microstrip sensors arranged
in six cylindrical shells with radii between 1.5 and 10.6
cm, and with a total z coverage ' of 90 cm. The first
SVXII layer, also referred to as the L0O detector, is made

! In the CDF coordinate system, 6 and ¢ are the polar
and azimuthal angles of a track, respectively, defined with
respect to the proton beam direction, z. The pseudorapid-
ity n is defined as —In tan(6/2). The transverse momentum
of a particle is pr = p sin(f). The rapidity is defined as
y=1/2-In((E+p.)/(E—p-)), where E and p. are the energy
and longitudinal momentum of the particle associated with the
track.



of single-sided sensors mounted on the beryllium beam
pipe. The remaining five SVXII layers are made of double-
sided sensors and are divided into three contiguous five-
layer sections along the beam direction z. The vertex z-
distribution for pp collisions is approximately described
by a Gaussian function with a rms of 28 cm. The trans-
verse profile of the Tevatron beam is circular and has a
rms spread of ~ 25 ym in the horizontal and vertical di-
rections. The SVXII single-hit resolution is approximately
11 pm and allows a track impact parameter ? resolution
of approximately 35 pm, when also including the effect of
the beam transverse size. The two additional silicon layers
of the ISL help to link tracks in the COT to hits in the
SVXII. The COT is a cylindrical drift chamber containing
96 sense wire layers grouped into eight alternating super-
layers of axial and stereo wires. Its active volume covers
|z| < 155 cm and 40 to 140 cm in radius. The transverse
momentum resolution of tracks reconstructed using COT
hits is o(pr)/p3 =~ 0.0017 [GeV/c]~1. The trajectory of
COT tracks is extrapolated into the SVXII detector, and
tracks are refitted with additional silicon hits consistent
with the track extrapolation.

The central muon detector (CMU) is located around

four Level 2 (L2) buffers. Events that pass the L1 and L2
selection criteria are sent to the Level 3 (L3) trigger, a
cluster of computers running speed-optimized reconstruc-
tion code.

For this study, we select events with two muon candi-
dates identified by the L1 and L2 triggers. The L1 trigger
uses tracks with pr > 1.5 GeV/c found by a fast track
processor (XFT). The XFT examines COT hits from the
four axial superlayers and provides r — ¢ information in
azimuthal sections of 1.25°. The XFT passes the track in-
formation to a set of extrapolation units that determine
the CMU towers in which a CMU stub should be found if
the track is a muon. If a stub is found, a L1 CMU primi-
tive is generated. The L1 dimuon trigger requires at least
two CMU primitives, separated by at least two CMU tow-
ers. The L2 trigger additionally requires that at least one
of the muons also has a CMP stub matched to an XFT
track with pr > 3 GeV/c. All these trigger requirements
are emulated by the detector simulation on a run-by-run
basis. The L3 trigger requires a pair of CMUP muons with
invariant mass larger than 5 GeV/c?, and |§z9| < 5 cm,
where zg is the z coordinate of the muon track at its point
of closest approach to the beam line in the r — ¢ plane.

the central electromagnetic and hadronic calorimeters, which These requirements define the dimuon trigger used in this

have a thickness of 5.5 interaction lengths at normal inci-
dence. The CMU detector covers a nominal pseudorapid-
ity range |n| < 0.63 relative to the center of the detector,
and is segmented into two barrels of 24 modules, each
covering 15° in ¢. Every module is further segmented into
three submodules, each covering 4.2° in ¢ and consisting
of four layers of drift chambers. The smallest drift unit,
called a stack, covers a 1.2° angle in ¢. Adjacent pairs of
stacks are combined together into a tower. A track seg-
ment (hits in two out of four layers of a stack) detected
in a tower is referred to as a CMU stub. A second set of
muon drift chambers (CMP) is located behind an addi-
tional steel absorber of 3.3 interaction lengths. The cham-
bers are 640 cm long and are arranged axially to form a
box around the central detector. The CMP detector cov-
ers a nominal pseudorapidity range |n| < 0.54 relative to
the center of the detector. Muons which produce a stub
in both the CMU and CMP systems are called CMUP
muons. The CMX muon detector consists of eight drift
chamber layers and scintillation counters positioned be-
hind the hadron calorimeter. The CMX detector extends
the muon coverage to |n| < 1 relative to the center of the
detector.

The luminosity is measured using gaseous Cherenkov
counters (CLC) that monitor the rate of inelastic pp col-
lisions. The inelastic pp cross section at /s = 1960 GeV
is scaled from measurements at /s = 1800 GeV using
the calculations in Ref. [19]. The integrated luminosity is
determined with a 6% systematic uncertainty [20].

CDF uses a three-level trigger system. At Level 1 (L1),
data from every beam crossing are stored in a pipeline ca-
pable of buffering data from 42 beam crossings. The L1
trigger either rejects events or copies them into one of the

2 The impact parameter d is the distance of closest approach
of a track to the primary event vertex in the transverse plane.

analysis.

Two other triggers are also utilized to acquire calibra-
tion samples used in this analysis. We use events acquired
requiring a L1 CMUP primitive with pr > 4 GeV/c ac-
companied by a L2 requirement of an additional track with
pr > 2 GeV/c and impact parameter 0.12 < d < 1 mm as
measured by the Silicon Vertex Trigger (SVT) [21]. The
SVT calculates the impact parameter of each XFT track,
with respect to the beam line, with a 50 pm resolution
that includes the 25 pm contribution of the beam trans-
verse width. Events selected with this trigger, referred to
as u—SVT, are used to verify the muon detector accep-
tance and the muon reconstruction efficiency. We use an
additional trigger, referred to as CHARM, that acquires
events with two SVT tracks with pr > 2 GeV/c and with
impact parameter 0.12 < d < 1.00 mm. In this data sam-
ple, we reconstruct D° — K~ 7t decays to measure the
probability that the punchthrough of a charged hadron
mimics a muon signal.

3 Data selection and Monte Carlo simulations

This study starts using the same data set and analysis
selection criteria employed in the measurement of the cor-
related bb cross section [6], that corresponds to an inte-
grated luminosity of 742 pb~!. When extending our study
to the smaller subsets of events containing multi muons,
we will use larger data sets corresponding to integrated
luminosities of 1426 and 2100 pb~'. The correlated bb
cross section measurement selects events acquired with
the dimuon trigger and which contain at least two CMUP
muons with same or opposite sign charge. If events con-
tain more than two muons that pass the trigger require-
ments and analysis selection, the two with the highest
transverse momenta are considered as trigger (or primary)



muons. Events are reconstructed offline taking advantage
of more refined calibration constants and reconstruction
algorithms than those used by the L3 trigger. COT tracks
are extrapolated into the SVXII detector, and refitted
adding hits consistent with the track extrapolation. Stubs
reconstructed in the CMU and CMP detectors are matched
to tracks with pr > 3 GeV/c. A track is identified as a
CMUP muon if Arg¢, the distance in the r — ¢ plane be-
tween the track projected to the CMU (CMP) chambers
and a CMU (CMP) stub, is less than 30 (40) cm. We re-
quire that muon-candidate stubs correspond to a L1 CMU
primitive, and correct the muon momentum for energy
losses in the detector. We also require the zg distance be-
tween two muon candidates to be smaller than 1.5 cm. We
reconstruct primary vertices using all tracks with SVXII
hits that are consistent with originating from a common
vertex. In events in which more than one interaction ver-
tex has been reconstructed, we use the one closest in z to
the average of the muon track zg-positions and within a
6 cm distance. We evaluate the impact parameter of each
muon track with respect to the primary vertex. The pri-
mary vertex coordinates transverse to the beam direction
are measured with an accuracy of approximately 3 ym [6].
Cosmic rays are removed by requiring that the azimuthal
angle between muons with opposite charge is smaller than
3.135 radians. Muon pairs arising from cascade decays of
a single b quark are removed by selecting dimuon can-
didates with invariant mass greater than 5 GeV/c?. We
also reject muon pairs with invariant mass larger than 80
GeV/c? that are mostly contributed by Z° decays. The
data sample that survives these selection criteria consists
of 743006 events.

In this study, data are compared to different simulated
samples. The heavy flavor production is simulated with
the HERWIG Monte Carlo program [22], the settings of
which are described in Appendix A of Ref. [6]. Hadrons
with heavy flavors are subsequently decayed using the
EVTGEN Monte Carlo program [23]. The detector response
to particles produced by the above generators is modeled
with the CDF II detector simulation that in turn is based
on the GEANT Monte Carlo program [24].

4 Study of the data sample composition

The procedure to extract o,_,,;_,, from the data is to
fit the observed impact parameter distributions of the se-
lected muon pairs with the expected impact parameter
distributions of muons from various sources. The domi-
nant sources of reconstructed muons are believed to be

semileptonic decays of bottom and charmed hadrons, promp

decays of quarkonia, Drell-Yan production, and muons

mimicked by prompt hadrons or hadrons arising from heavy

flavor decays 3. In the following, the sum of these contri-

3 We follow the methodology pionereed in previous mea-
surements. For example, muon tracks from pion and kaon in-
flight-decays inside the tracking volume are regarded as prompt
tracks because the track reconstruction algorithms are believed
to remove decay muons with large kinks.

Table 1. Number of events attributed to the different dimuon
sources by the fit to the muon impact-parameter distribution
in the range 0 — 0.2 cm. The fit parameters BB, CC, and
PP represent the bb, ¢¢, and prompt dimuon contributions,
respectively. The component BC represents events containing
b and ¢ quarks. The fit parameter BP (CP) estimates the
number of events in which there is only one b (¢) quark in
the detector acceptance and the second muon is produced by
prompt hadrons in the recoiling light jet that mimick a muon
signzlml. The data correspond to an integrated luminosity of 742
pb~ .

Component  No. of Events
BB 54583 + 678
cc 24458 + 1565
PP 41556 £ 651
BP 10598 + 744
CP 10024 £+ 1308
BC 2165 + 693

butions will be referred to as prompt plus heavy flavor
(P+HF) production. Monte Carlo simulations are used
to model the impact parameter distributions of muons
from b- and c-hadron decays. The impact parameter dis-
tribution of muons from prompt sources, such as quarko-
nia decays and Drell-Yan production, is constructed using
muons from Y'(1S5) decays. To ensure an accurate impact
parameter measurement, analyses performed by the CDF
collaboration customarily require that each muon track is
reconstructed using silicon hits in at least three out of the
eight layers of the SVXII and ISL detectors (referred to as
standard SVX selection in the following). However, in or-
der to properly model the data with the templates of the
different P+HF contributions mentioned above, Ref. [6]
has used stricter selection criteria, referred to as tight SVX
selection in the following, by requiring muon tracks with
hits in the first two layers of the SVXII detector, and at
least in two of the remaining four outer layers.

The tight SVX requirements reduce the data sample
to 143743 events. The sample composition determined by
the fit is shown in Table 1. The projection of the two-
dimensional impact parameter distribution is compared
to the fit result in Fig. 1. After removing the small con-
tribution of muons mimicked by hadrons from heavy fla-
vor decays, the study in Ref. [6] determines the size of
bb production to be 52400 4 2747 events. For muons with
pr > 3 GeV/c and |n| < 0.7, Ref. [6] reports oy,_, , 5., =
1549 + 133 pb. The ratio of this cross section to the NLO
prediction (1.20+0.21) is appreciably smaller than that re-

tported in previous measurements [7,8], and in agreement
with what obtained with secondary vertex identification
(1.154+0.21) [26,27]. This result mitigates previous incon-
sistencies between measurements and theoretical predic-
tions of the correlated bb cross section.

However, since the shape of the impact parameter tem-
plates for the various P+HF components does not depend
on the type (standard or tight) of SVX selection, a new
problem arises that concerns the data sample composition
prior to any SVX requirements. The tight SVX require-
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Fig. 1. The projection of the two-dimensional impact param-
eter distribution of muon pairs onto one of the two axes is
compared to the fit result (histogram).

ment selects muon parent particles which decayed within
a distance of ~ 1.5 cm from the nominal beam line, or
in other words inside the beam pipe. According to the
simulation, approximately 96% of dimuons due to known
P+HF processes satisfy this condition. The standard SVX
selection accepts muons from parent particles with a de-
cay length as long as ~ 10 cm. The CDF measurements
in Refs. [4,7] use slightly different tracking detectors, but
their track selection criteria yield a decay-length accep-
tance quite similar to that of the standard SVX selection
in the present study. The DO study in Ref. [8] accepts
muons from any decay length.

The acceptance of the different SVX selections as a
function of the decay length of the muon parent particle
is illustrated by using cosmic muons that overlap in time
with a pp collision (for this purpose we remove the request
that the azimuthal angle between two primary muons be
less than 3.135 radians). Cosmic muons, which are recon-
structed as two back-to-back muons of opposite charge,
cluster along the diagonal of the two-dimensional distri-
bution of the muon impact parameters. As shown in Fig. 2,
the standard SVX selection accepts larger decay lengths
than the tight SVX selection. As shown by the scatter of
the points along the dy = dy diagonal, both SVX selec-
tions yield comparable rms resolutions that are negligible
on a scale of the order of centimeters.

The efficiency of the tight SVX requirements for prompt
dimuons is purely geometrical, and is measured to be 0.257+
0.004 by using 7°(15) candidates [6]. For dimuons arising
from heavy flavor production, the efficiency of the tight
SVX selection is determined to be 0.237 4+ 0.001 by using
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Fig. 2. Two-dimensional impact parameter distributions of
muons that pass the (a) tight and (b) standard SVX require-
ments. Cosmic muons are reconstructed as two back-to-back
muons of opposite charge and cluster along the di = do2 diag-
onal.
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Fig. 3. Efficiency of SVX tight (a) and standard (b) selection
in simulated dimuon events due to heavy flavor production
(see text). The efficiency is shown as a function of the dimuon
invariant mass. The reduced efficiency of the tight with respect
to the standard SVX selection is understood in terms of dead
regions in the first two silicon layers and is accurately modeled
by the detector simulation on a run-by-run basis.

muons from J/v¢ decays after reweighting their pr distri-
bution to be equal to that of muons from simulated decays
of heavy flavors 4. As shown by Fig. 3 (a), the 7% decrease
of the efficiency for heavy flavors is due to a small fraction
of high-pr b hadrons decaying after the first SVXII layer.
Using the sample composition determined by the fit to the
muon impact parameter distribution, listed in Table 1, we
estimate that (24.4+0.2)% of the initial P+HF contribu-
tion should survive the tight SVX requirements. The effi-
ciency of the standard SVX selection is much higher and
does not depend on the dimuon invariant mass. By using
Y(1S) and J/v candidates, we measure the efficiency of
the standard SVX requirements to be 0.88 & 0.01.

If the dimuon sample before the tight SVX selection
(743006 events) had the same composition of the sample
listed in Table 1 (143743 events), the average efficiency
of the tight SVX requirements in this data set would be
0.244 + 0.002, whereas it is found to be 0.1930 £ 0.0004.
This feature suggests the presence of a large background
which, unlike the P+HF contribution, is significantly sup-

4 This efficiency has been independently verified using iden-
tified B* — ptpu~ K* and B — uD° decays.



pressed by the tight SVX selection because most primary
muons originate beyond the beam pipe. Because it went
unnoticed for a long time, this background will be whimsi-
cally referred to as the ghost contribution in the following.
In the assumption that the contribution of ghost events to
the dimuon sample selected with tight SVX requirements
is negligible, the size of the ghost sample can be estimated
as the difference between the number of muon pairs prior
to any SVX requirements and the number of muons pass-
ing the tight SVX selection divided by the efficiency of
the tight SVX requirement. In order to compare with the
result of previous measurements, we also extrapolate the
contribution of ghost events to events in which the trigger
muons pass the standard SVX selection. In this case, the
ghost contribution is the difference between the numbers
of events that pass the standard SVX requirements and
that pass the tight SVX requirements scaled by the ratio of
the efficiencies of the standard to tight SVX requirements.
Throughout this article, the expected P+HF contribution
and its characteristics will be always estimated from the
sample of dimuons surviving the tight SVX requirements
and properly accounting for the relevant SVX efficiencies
averaged over the sample composition derived from the
fits of Ref. [6]. The size of the ghost contribution and its
kinematic properties will always be estimated by subtract-
ing the expected P+HF contribution from the data sam-
ple prior to any SVX selection. Since the sample in which
both trigger muons pass the tight SVX requirement is well
modeled by the various P+HF contributions [6], it seems
reasonable to start with the assumption that the ghost
contribution in that sample is negligible. This procedure
also allows an estimate of the number and properties of
ghost events solely based on the data.

Table 2 lists the number of ghost events that pass dif-
ferent SVX requirements. In Table 2, the size of the ghost
sample (153895 + 4829 events) is of a magnitude com-
parable to bb production (221564 + 11615 events). When
using the standard SVX requirements, the size of the ghost
sample is reduced by a factor of two, whereas 88% of the
dimuons due to known processes survive (the ghost size
is 72553 4+ 7264 events, whereas the bb contribution is
194976 + 10221 events). In order to later discuss the ef-
fect of ghost events on the Y measurements at hadron
colliders, we also provide event yields separately for the
subset of events in which the dimuons have opposite-sign
(OS) and same-sign (SS) charge. The ratio of OS to SS
dimuons is approximately 2:1 for P+HF processes and 1:1
for ghost events.

Since this type of event has not been noticed by previ-
ous experiments, we have investigated at length the pos-
sibility that ghost muons are a consequence of the experi-
mental conditions of the present study. The appearance
of ghost events does not depend on the instantaneous
luminosity nor the presence of multiple pp interactions.
We have investigated in many ways the possibility that
ghost events are ordinary P+HF events in which one of
the primary muons appears to originate beyond the beam-
pipe radius because of pattern recognition problems in the
SVX or COT detectors (see Appendix A). It is our conclu-

Table 2. Number of events that pass different SVX require-
ments. P+HF indicates the sum of the various components
listed in Table 1. Ghost indicates the contribution ignored by
previous experiments. Dimuons are also split into pairs with
opposite (OS) and same (SS) sign charge.

Type Total Tight SVX  Standard SVX
All 743006 143743 590970
All OS 98218 392020
All SS 45525 198950
P+HF 589111 + 4829 143743 518417 £ 7264
P+HF OS 98218 354228 + 4963
P+HF SS 45525 164188 + 2301
Ghost 153895 + 4829 0 72553 + 7264
Ghost OS 0 37792 + 4963
Ghost SS 0 34762 + 2301
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Fig. 4. Invariant mass, M, distributions of RS (histogram)
and WS (dashed histogram) D° candidates in (a) P+HF and
(b) ghost events.

sion that ghost events are not due to track reconstruction
failures in normal P+HF events. As an example, we se-
lect B — uDYX candidate decays and compare yields of
DY — K~ 7% (and charge-conjugate) decays in P+HF and
ghost events. We search for D° candidates by using tracks
of opposite sign charge, with pr > 1.0 GeV /¢, |n| < 1.1,
and contained in a 60° cone around the direction of each
primary muon. The two-track systems are constrained to
arise from a common space point. Track combinations are
discarded if the three-dimensional vertex fit returns a x?2
larger than 10 or if the vertex is not in the hemisphere
containing the D? candidate. We attribute the kaon mass
to the track with the same charge as the primary muon
(RS combination, as expected for B — pu~ DY decays).
We also study wrong sign combinations (W.S) attribut-
ing the kaon mass to the track with opposite charge. A
DY signal in WS combinations in P+HF events is a mea-
sure of the fake muon contribution, whereas a D signal
in ghost events would be an indication of misrecontructed
muon tracks in events with heavy flavors. As shown in
Figs. 4 (a) and (b), a clear D signal is only observed in
RS combinations in P+HF events.
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Fig. 5. Invariant mass distribution (a) of the dimuon pairs
used in the study. The efficiency (b) of the tight SVX require-
ments as a function of the dimuon invariant mass in the data
(o) is compared to that in the heavy flavor simulation (o).

4.1 Ordinary sources of ghost events

In the following, we investigate several sources of ghost
events that might not have been properly accounted for by
previous experiments: (a) semileptonic decays of hadrons
with an unexpectedly large Lorentz boost; (b) muonic de-
cays of particles with a lifetime longer than that of heavy
flavors, such as K and 7 mesons; (c) decays of K3 mesons
and hyperons; and (d) secondary interactions of hadrons
that occur in the detector volume. In the last two cases,
muons are predominantly produced by punchthrough of
the secondary prongs that penetrate the calorimeter and
hit the muon detectors.

Figure 5 shows the invariant mass of dimuon pairs be-
fore the tight SVX selection, and the efficiency of this
selection as a function of the dimuon invariant mass. The
efficiency of the tight SVX requirements in the data is
below that in the simulation only for dimuon invariant
masses smaller than 40 GeV /c?, and then rises to the ex-
pected value of 0.257 where events are mostly contributed
by prompt Z° decays. This feature does not favor hypoth-
esis (a).

A long-lived particle contribution is suggested by the
comparison of the impact parameter distribution of dimuons
that pass the standard and tight SVX requirements in
Fig. 6. Figure 7 shows impact parameter distributions of
trigger muons selected with standard SVX requirements
in P+HF and ghost events. The two distributions are
completely different, and the average impact parameter
of ghost muons is significantly larger than that of muons
due to P+HF production. Previous experiments [4, 7] have
determined the dimuon sample composition by fitting the
distribution of muon impact parameters smaller than 0.2
cm with templates for muons due to prompt, c- and b-
quark production. Therefore, these fits attribute the ghost
component to b-quark production, the source with the
longest lifetime; and the resultingibl_) cross section is aug-
mented by the ratio of ghost to bb events in that sample
which in turn depends on the SVX requirements applied
to the trigger muons.

According to the heavy flavor simulation [6], dimuons
with impact parameter larger than 0.12 cm only arise from
bb production. We fit the impact parameter distribution
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Fig. 6. Two-dimensional impact parameter distribution of
dimuons that pass the (a) tight and (b) standard SVX require-
ments.
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Fig. 7. Impact parameter distribution of muons contributed
by ghost (e) and P+HF (histogram) events. Muon tracks are
selected with standard SVX requirements. The detector reso-
lution is ~ 30 pum, whereas bins are 80 pym wide.

in Fig. 8 with the function Aexp(—d/(c7)) in the range
0.12—0.4 cm. The best fit returns er = 469.7+ 1.3 ym in
agreement with the value 470.1+ 2.7 um expected for the
b-hadron mixture at the Tevatron [5]. We conclude that
the data sample selected with the tight SVX selection is
not appreciably contaminated by ghost events. This sup-
ports our initial assumption that the ghost contribution to
events selected with tight SVX requirements is negligible.
It also follows that the bb contribution to dimuons with
impact parameter larger than 0.5 cm is negligible.

In ghost events, the presence of a significant tail ex-
tending to large impact parameters suggests the contri-
bution of particles with a lifetime much longer than that
of b quarks, such as K2, K and 7 mesons, and hyperons.
We first investigate muons produced by pion and kaon
in-flight-decays [source (b)]. As reported in Ref. [6], af-
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Fig. 8. Impact parameter distribution of muons that pass the
tight SVX requirements. The line represents the fit described
in the text.

ter having selected muon pairs with the tight SVX re-
quirements, approximately 30% of the P+HF contribu-
tion is due to prompt hadrons mimicking a muon signal.
The size of the ghost sample has been estimated assum-
ing that the efficiency of the tight SVX requirements for
these tracks is the same as that for real muons. This is
a reasonable assertion when fake muons are generated by
hadronic punchthroughs. However, muons arising from 7
or K decays inside the tracking volume may yield misre-
constructed tracks that are linked to hits in the SVXII de-
tector less efficiently than real muons. We estimate this ef-
ficiency using pions and kaons produced in the large statis-
tics heavy flavor simulation used to derive the dimuon ac-
ceptance for the o,_,,;_,, measurement [6]. We use the
quantity AQ — 1/3. [(nh_ntrack)2/0.727+ (¢h —(bthk)Q/O';—l-
(1/ph — 1/ptTka)2/U%/pT] to measure the difference be-
tween the momentum vectors of the undecayed pions or
kaons (h) and that of the closest reconstructed tracks °.
Figure 9 shows the A distribution as a function of R, the
decay distance from the detector origin (nominal beam-
line) in the transverse plane. Contradicting the assump-
tion of previous experiments, most of the decays at radial
distances R < 120 cm are reconstructed as single tracks
that unfortunately differ significantly from that of the un-
decayed pions or kaons which left hits in the silicon detec-
tor. The numbers of in-flight-decays that produce CMUP
muons with pr > 3 GeV/c¢, a L1 primitive, and which
pass different SVX selections are listed in Table 3. The
efficiency of the tight SVX requirements for a single muon
due to in-flight-decays (0.16 and 0.21 for 7 and K de-

5 The assumed experimental resolutions are oy[rad] = o, =
107% and 04,,, =2-107° [GeV /c] .

R (cm)

Fig. 9. Distribution of A (see text) as a function of the dis-
tance R of the (a) K and (b) 7 decay vertices from the nominal
beamline. For comparison, the analogous distribution for real
muons from heavy flavor decays does not extend beyond A = 9.

Table 3. Number of pions and kaons corresponding to a mis-
reconstructed track (A > 5) with pr > 3 GeV/c and || < 0.7,
that decay inside the tracking volume, produce CMUP muons
with a L1 primitive, and pass different SVX selections.

Selection T K
Tracks 2667199 1574610
In-flight-decays 14677 40561
CMUP+L1 1940 5430
Standard SVX 897 3032
Tight SVX 319 1135

cays, respectively) is smaller than that for muons in P+HF
events (~ 0.5).

The contribution of in-flight-decays to ghost events
is evaluated using simulated events produced in generic-
parton scattering 6. In the generic-QCD simulation, there
are 44000 track pairs per CMUP pair due to bb produc-
tion with the same kinematic acceptance (pr > 3 GeV/c
and |n| < 0.7). The ratio of the number of pions to that
of kaons is approximately 5:1. Each simulated track in the
kinematic acceptance is weighted with the corresponding
in-flight-decay probabilities of producing CMUP muons
listed in Table 3. Tracks are also weighted with the prob-
abilities, measured in Ref. [6], that m or K punchthrough
mimics a CMUP signal. In the latter case, the efficiency
of the SVX requirement is the same as for real muons,
and we ignore the cases in which both muons arise from
hadronic punchthrough. Having normalized this simula-
tion to the number of observed primary muons arising
from bb production, we predict a contribution to ghost
events due to in-flight-decays of pions and kaons that is
57000 events, 44% and 8% of which pass the standard
and tight SVX selection, respectively. In the 25000 sim-
ulated events that pass the standard SVX selection, ap-
proximately 15000 muons arise from kaon in-flight-decays.
This prediction depends on how well the HERWIG genera-
tor models kaon and pion production in final states due to

6 We use option 1500 of the HERWIG program to generate
final states produced by hard scattering of partons with trans-
verse momentum larger than 3 GeV/c [6].



10

(b)

Muons / (0.008 cm)

s::MMWWM AN

1l
0.5 1 1.5 2
d (cm)

Fig. 10. Impact parameter distributions of simulated CMUP
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ing the standard SVX selection, and arise from (a) pions and
(b) kaon in-flight decays. The dashed histograms show the im-
pact parameter of the parent pions and kaons.

low-pr generic-parton scattering and its uncertainty is dif-
ficult, when not impossible, to estimate. Figure 10 shows
the impact parameter distribution of muons arising from
in-flight-decays of pions and kaons produced in simulated
bb and cc events. The number of events in Fig. 10 has to be
multiplied by five in order to be compared with the data in
Fig. 7. Our estimate of the number of muons arising from
in-flight-decays accounts for 35% of the ghost muons, but
for less than 10% of those with d > 0.5 cm.

In addition, muons in ghost events can be mimicked
by the punchthrough of hadrons arising from the decay
of K2 mesons or hyperons [source (c)]. We have searched
the dimuon data set for Kg — wtr~ decays in which
a pion punchthrough mimics the muon signal. We com-
bine all primary muon tracks with all opposite sign tracks
with pr > 0.5 GeV/c contained in a 40° cone around
the direction of the primary muons. Muon-track combi-
nations are constrained to arise from a common space
point. They are discarded if the three-dimensional vertex
fit returns a x? larger than 10. Figure 11 (a) shows the
invariant mass distribution of the K g candidates recon-
structed assuming that both tracks are pions. A fit of the
data with a Gaussian function to model the signal plus a
second order polynomial to model the background yields
a signal of 5348 & 225 K2 mesons. The impact parame-
ter distribution of primary muons produced by K g decays
is shown in Fig. 11 (b). The data also contain a smaller
number of cases in which the primary muon is mimicked
by the products of hyperon decays. Using a similar tech-
nique, we have searched the data for A — pr~ (and its
charge-conjugate) decays and we find a signal of 678 +60 A
baryons (see Fig. 12). Since in both cases the kinematic ac-
ceptance times reconstruction efficiency is approximately
50%, source (c) (~ 12000 events) explains ~ 8% of the
ghost events.

The final source (d) of ghost events, secondary inter-
actions in the detector volume, is investigated using the
data. We search for secondary interactions by combining
primary muons with any track with pr > 0.5 GeV/c con-
tained in a 40° cone around the muon direction. We retain
combinations that are consistent with arising from a com-
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Fig. 11. Distributions of (a) the invariant mass of pairs of
primary muons and opposite sign tracks and of (b) the impact
parameter of primary muons, produced by K2 decays, that
pass the standard SVX selection. The solid line represents a fit
described in the text. In the impact parameter distribution, the
combinatorial background is removed with a sideband subtrac-
tion method. For comparison, the vertical scale in (b) is kept
the same as in Fig. 7.
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Fig. 12. Distributions of the invariant mass of pairs of primary
muons and opposite sign tracks regarded as proton-pion and
pion-proton pairs. The solid line represents a fit that uses a
Gaussian function to model the A signal and a fourth order
polynomial to model the combinatorial background.

mon space point. The distribution of R, the distance of a
reconstructed secondary vertex from the nominal beam-
line, is shown in Fig. 13. The distance R is negative when
the secondary vertex is in the hemisphere opposite to that
containing the momentum of the muon-track system. Sec-
ondary inelastic interactions are characterized by narrow
spikes at R values where the detector material is concen-
trated, such as SVX supports or the COT inner support
cylinder, and are appreciable in both data and simulated
events when secondary vertices are reconstructed using
pairs of hadronic tracks rather than muon-track pairs (see
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Fig. 13. Distributions of R, the signed distance of muon-track
vertices from the nominal beamline for (a) P+HF and (b) ghost
events (see text).
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Fig. 14. Distributions of R, the signed distance of two-track
vertices from the nominal beam line in simulated events in
which hadron pairs are produced by the decay of an object with
a 20 ps lifetime. Spikes correspond to the location of the differ-
ent silicon layers and their mechanical supports. In the heavy
flavor simulation, the efficiency for reconstructing inelastic in-
teractions which produce at least a prong with pr > 3 GeV/c
is approximately 80%.

Fig. 14). From the absence of visible spikes, we conclude
that the contribution of secondary inelastic interactions is
negligible. This does not exclude contributions from elas-
tic or quasi-elastic nuclear scattering of hadronic tracks in
the detector material. However, in the momentum range of
tracks and muons considered in this study, the elastic and
quasi-elastic production are known to be small compared
to the inelastic cross section [28].

Our estimate underpredicts the observed number of
ghost events by approximately a factor of two (154000 ob-
served and 69000 accounted for). However, given the pos-
sible large uncertainty of the in-flight-decay prediction, at
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this point of our study we cannot exclude that the size of
ghost sample can be completely accounted for by a com-
bination of all the above-studied background sources. In
other word, the systematic uncertainty of our prediction
could be as large as the difference between the data and
the prediction.

Although we cannot model the size of the ghost sample
in terms of known sources, the identification of this type
of event provides a plausible resolution to most of the in-
consistencies mentioned in the introduction. The general
observation is that the measured o,_,, 7 ., increases as
the trigger muons are allowed to originate at increasing
distances from the primary event vertex, and is almost a
factor of two larger than that measured in [6] when no
distance requirement is made [8]. As mentioned above,
the magnitude of the ghost contribution is comparable to
the bb contribution when no SVX selection is made and
in combination would account for the measurement re-
ported in [8]. Similarly, for the standard SVX criteria, the
magnitude of the ghost contribution (7255347264 events,
equally split in OS and SS dimuons), when added to the
bb contribution of 19497610221 events [6], coincides with
the cross section measurement reported in [7] and the ¥
value reported in [4] since these measurements use similar
sets of SVX requirements.

Ghost events due to these ordinary sources are not
expected to contain a number of additional muons com-
parable to that of events due to bb production. Therefore,
these sources cannot be the origin of the excess of low-mass
dileptons reported in Ref. [3]. That study is repeated in
the next section to verify the discrepancy itself and then
a possible connection to the presence of ghost events.

5 Study of events that contain an additional
muon

We begin this study with events that contain a pair of
primary muons passing our analysis selection without any
SVX requirements. We then search for additional tracks
with pr > 2 GeV/c¢ and a matching stub in the CMU,
CMX, or CMP muon detectors (the three detectors cover
the pseudorapidity region || < 1.1 ). No SVX require-
ments are made on these additional muons. This type of
muon selection provides a detector and kinematic accep-
tance five times larger than that for trigger muons at the
price of a tenfold increase of the probability that hadronic
tracks penetrate the calorimeter and mimick a muon sig-
nal. Since additional muons are searched for offline and
there are no trigger rate limitations, this method is the
one customarily used by CDF analyses to tag semilep-
tonic decays of heavy flavors [3,4,25]. For muons with
pr > 2 GeV/c and |n| < 1.1, the muon detector effi-
ciency in the heavy flavor simulation is 0.805 4 0.008. We
measure the muon detector efficiency in the data by us-
ing J/v candidates acquired with the u-SVT trigger (see
Ref. [6] for more details). After reweighting the kinemat-
ics of the muons from J/1¢ decays to reproduce that of
simulated muons from heavy flavor decays, the efficiency
is measured to be 0.838 £ 0.004.
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Fig. 15. Probability that a track with |n| < 1.1 penetrate the
calorimater and mimics a muon signal in the CMU, CMX, or
CMP detectors as a function of the kaon (left) or pion (right)
transverse momentum. As expected for fakes due to hadronic
punchthrough, the fake probabilities do not depend on the SVX
requirements applied to the tracks.

According to the heavy flavor simulation, additional
real muons predominantly arise from sequential decays
of single b hadrons (the ¢ — bb and ¢ — c¢¢ contribu-
tions are suppressed by the request of two primary muons
with pr > 3 GeV/¢, |n| < 0.7, and invariant mass larger
than 5 GeV/c?). In addition, one expects a contribution of
fake muons from hadrons mimicking the muon signal. The
CDF 1II detector simulation does not describe hadronic
punchthrough. As customarily done in CDF analyses that
identify b quarks through their semileptonic decays, the
fake muon contribution is evaluated by weighting each
pion and kaon candidate track in the simulation with the
probability of penetrating the calorimeter and mimicking
a muon signal. These fake probabilities, shown in Fig. 15
as a function of the track pr, have been measured us-
ing a sample of D° — K7t decays acquired with the
CHARM and pu-SVT triggers. The procedure for determin-
ing these probabilities is described in detail in Appendix B
of Ref. [6].

Requesting the presence of at least one muon in addi-
tion to the two primary muons modifies the sample compo-
sition relative to the initial sample and is expected to en-
hance the bb contribution. After correcting for fake muons,
we expect bb production to dominate the sample with
three or more muons. In events containing an 1°(1.5) can-
didate, that are included in the dimuon sample, the prob-
ability of finding an additional muon is (0.90 £ 0.01)%.
Of the 5348 4 225 events with an identified K2 meson
only 94 + 41, or (1.7 + 0.8)%, survive the request of an
additional muon in the event.

In the data, 9.7% of the dimuon events contain an addi-
tional muon (71835 out of 743006 events). When compar-
ing the efficiencies of the tight SVX requirements applied
to primary muon pairs, we observe the efficiency to drop
from (19.30£0.04)% in the full sample to (16.6+0.1)% in
the subsample that contains at least one additional muon.
The drop of the SVX efficiency is a direct indication that
ghost events are a larger fraction of the sample contain-
ing additional muons. The ghost contribution accounts for
(20.9 £ 0.8)% of the dimuon sample prior to any SVX re-

quirements. When we request the presence of additional
muons, the ghost contribution accounts for (32.0 £ 0.7)%
of the surviving sample. In other words, ghost events con-
tain more additional muons than the P+HF contribution.

Following the study in Ref. [3], additional muons are
paired with one of the primary muons if their invariant
mass is smaller than 5 GeV/c?. For this study, we use
a larger statistics data sample . Following the analysis
procedure of Ref. [3], we retain muon combinations with
charges of opposite sign (0S). As in Ref. [3], we estimate
the contribution of fake muons from the number of same
sign (S5) muon pairs. In the case of Drell-Yan or quarko-
nia production, fake additional muons arise from the un-
derlying event and one expects no charge correlation be-
tween primary and additional fake muons. In the simu-
lation of heavy flavor decays, most tracks surrounding a
muon arise from the fragmentation and decay of the same
b or c-quarks that produced the primary muons. In this
case, the ratio of OS to SS muon-track combinations as
well as the ratio of the numbers of pion to kaon tracks is
a function of the invariant mass of the muon-track pair.
Since pions and kaons have different fake probabilities, the
number of OS and SS pairs due to fake muons needs to
be also evaluated in simulated events due to heavy-flavor
production.

The rate of real plus fake muon pairs with small invari-
ant mass is evaluated after rescaling the parton level cross
section predicted by the HERWIG generator to match the
measurements oy,_, , ;_,,, = 1549+133 pb and ¢ ey =
624 + 104 pb [6]. In the simulation, the pair of primary
muons is always arising from heavy-flavor semileptonic
decays. In the data, 9% of the primary muons recoiling
against a small mass dimuon are due to prompt hadrons
mimicking the muon signal (relative size of the BB and
BP components in Table 1). In addition, 2% of these re-
coiling muons are due to hadrons from heavy flavor de-
cays [6]. We account for this by increasing the rates pre-
dicted by the simulation by a factor of 1.12.

As in the data, SS combinations due to either real or
fake muon pairs are subtracted from OS combinations.
Figure 16 shows the ratio of the total number of OS — SS
muon pairs predicted by the above calculation to that of
real OS — SS dimuons from heavy flavor decays. The in-
tegrated fake contribution is approximately 33% of that
of real muons from sequential decays of single b quarks.
Figure 17 compares the invariant mass spectrum of OS —
SS muon pairs in the data and in the heavy flavor sim-
ulation. Since the simulation is effectively normalized to
the observed number of primary muon pairs, the predic-
tion has a 3% systematic error due to the branching ratio
b — ¢ — p plus a 3% uncertainty due to the absolute
pion and kaon rates predicted by the simulation [6] (the
systematic uncertainty of the muon detector efficiency is

7 The correlated bb cross section measurement uses 742 pb~*
of data in which the dimuon trigger is not prescaled as a func-
tion of the instantaneous luminosity. From the total number
of dimuon events that pass the same analysis selection, the
lurnilnosity of this larger data sample is estimated to be 1426
pb™.
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events generated with the HERWIG Monte Carlo program. The
generator parton-level cross sections have been scaled to match
the data [6]. The number of fake muon pairs has been evaluated
by weighting simulated hadronic tracks with the probability of
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Fig. 17. The invariant mass distribution of (a) OS —S.S muon
pairs in the data (e) is compared to the simulation prediction
(o). One of the two primary muons in the event is combined
with an additional muon if their invariant mass is smaller than
5 GeV/c?. The difference (b) between data and prediction is
also shown.

negligible). This systematic uncertainty is not shown in
Fig. 17. The number of J/¢ mesons in the data is cor-
rectly modeled by the simulation in which J/v mesons
only arise from bb production. The agreement between the
number of observed and predicted J/1¢ mesons selected
without any SVX requirement supports the estimate of
the efficiency of the tight SVX requirement and the re-
sulting value of the correlated bb cross section reported in
Ref. [6]. However, the data are underestimated by the sim-
ulation for invariant masses smaller than 2 GeV/c?. The
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Fig. 18. The invariant mass distribution of OS — SS muon
pairs in the data (e) is compared to the simulation prediction
(o). Primary muons are selected using the tight SVX require-
ments.

excess of 8451+ 1274 events results from an observation of
37042 £+ 389 and a prediction of 28589 + 1213 events. The
size and shape of the excess is consistent with what was
first reported in Ref. [3], in which the excess was mostly
observed in a high statistics ey sample.

This excess is produced by ghost events. When the
primary muons are selected with the tight SVX require-
ments, we observe 6935 =+ 154 events, whereas 6918 4293
are predicted. The corresponding invariant mass distribu-
tion is shown in Fig. 18. The rate of OS — SS pairs per
event in the ghost sample (8451 + 1274 pairs in 295481 +
9271 events) is larger than that in P+HF events (6935 +
154 in 275986 events). Thus far, we have established that
ghost events contain more additional muons than P+ HF
sources. The ghost sample is now understood to be the
source of the dimuon invariant mass discrepancy reported
in Ref. [3] even if a large but uncertain fraction of ghost
events is due to in-flight-decays which cannot account for
a rate of additional muons higher than that of bb produc-
tion. In the following sections, we further investigate the
properties of this subset of ghost events.

5.1 Kinematics of additional muons in ghost events

The excess of 8451 + 1274 OS — SS pairs with invariant
mass smaller than 5 GeV/c? in 29548149271 ghost events
is slightly higher than that observed in events in which
primary muons survive the tight SVX selection (69354154
0S5 — 88 pairs in 275896 events). For the latter events, S.S
pairs are accounted for by the fake probability per track
applied to the data and the heavy flavor simulation. Since



14

Table 4. Number of events as a function of N., the number
of combinations of primary and additional muons. Additional
muons are combined with primary muons if the pair invariant
mass is smaller than 5 GeV/c®. The number of combinations
are also split into opposite (OS) or same (SS) sign charge.
“SVX” are numbers of events that pass the tight SVX selection.
P+HF is the latter number divided by the efficiency of the tight
SVX requirements. Ghost is the difference between the total
and the P4+HF contributions.

Topology  Total SVX P+HF Ghost
N:.>0 1426571 275986 1131090 9271 295481 4+ 9271
N.>1 141039 22981 94184 £ 772 46855 £+ 772
oS 94148 15372 63000 £ 516 31148 £ 516
SS 57106 8437 34578 £ 283 22528 + 283
N, >2 10215 828 3393 £ 28 6822 £ 28

we do not know the composition of the ghost sample and
are incapable of modeling it with a simulation, the excess
of OS—SS pairs in Fig. 17 represents nothing more than a
measure of the charge asymmetry of additional muons as a
function of the invariant mass of the muon pair. However,
we can estimate the fake rate in ghost events from the
data under different assumptions.

In 1,426,571 dimuon events, we find 94148 OS and
57106 SS combinations with an additional muon with
mu, < 5 GeV/c?. A qualitative estimate predicts that
14200 SS and OS fake muon combinations are produced
by the underlying event 2. The heavy flavor simulation,
which also accounts for fake muons, predicts 40899 OS
and 12309 SS real plus fake combinations for a grand total
of 55100 OS and 26500 SS pairs. This approximate pre-
diction underestimates the data by 39000 OS and 30500
SS pairs.

The number of the OS and S5 pairs in ghost events is
determined more precisely as the difference between the
data and the P+HF expectation. This study is summa-
rized in Table 4. In ghost events, the fraction of events that
carries an additional real or fake muon with any charge is
(15.8 £ 0.3)%, approximately a factor of two higher than
in P+HF events. Before estimating the fraction of addi-
tional muons due to tracks mimicking a muon signal, we
need to investigate one of the kinematic requirements thus
far used to select dimuon pairs.

In order to compare with the previous measurement [3],
we have selected dimuon pairs with m,,+,- <5 GeV/c?.
This requirement is survived by dimuons produced by se-
quential semileptonic decays of single b-quarks, but could
bias the investigation of ghost events. Therefore, we search
dimuon events for additional muons without any invariant
mass cut. If the primary dimuon pair has opposite charge,
we combine the additional muon with the primary muon
of opposite charge (OSO combinations). If the primary

8 These numbers are derived from the 1% probability of find-
ing an additional muons in events with 7°(15) candidates and
assuming that the underlying event is the same for all pro-
cesses.

Table 5. Numbers and types of three-muon combinations. We
separate events according to the charge of the primary muons.
The topology OSO is that of two opposite-charge primary
dimuons; by definition, the third muon has opposite charge
with respect to one of them. When primary dimuons have same
sign charge, the third muon charge can have either the same

(SSS) or opposite sign (SSO).

Topology All SVX P+HF Ghost
0S0 90022 14497 59414 + 487 30608 + 487
SSO 48220 7708 31590 259 16630 £ 259
SSS 28239 4139 16963 + 139 11276 £ 139
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Fig. 19. Events with OS primary muon pairs and an addi-
tional muon combined with the opposite-charge primary muon.
We show the invariant mass, M,,,,, and opening angle, 0, dis-
tributions of these combinations for the P4+HF and ghost con-
tributions.

muons have same charge, we randomly combine the ad-
ditional muon with one of the primary muons (SSO and
5SS combinations). The number of three-muon combina-
tions is listed in Table 5 9. Figure 19 shows the invariant
mass and opening angle distribution of OSO combina-
tions for the P+HF and ghost contributions. Muon pairs
due to b sequential decays, which account for most of the
P+HF contribution, peak at small invariant masses and
small opening angles. The tail at large masses and open-
ing angles results from fake muons with wrong charge. The
distributions of analogous pairs in the ghost sample have

9 The P+HF contribution is estimated as the number of com-
binations in events in which primary dimuons pass the tight
SVX requirements (SVX) divided by the efficiency of the tight
SVX requirements. As always, the ghost contribution is the
difference between the data and the P+HF contribution.
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Fig. 20. Opening angle distributions of dimuon combinations
for ghost events. The primary dimuons have same sign charge,
and combinations of an additional and primary muons are split
according to the charge of the additional muon. The plots are
the projection of two-dimensional distributions in which the
additional muon is combined with both primary muons.

Table 6. Numbers of additional muons with an angle < 36.8°
with respect to the direction of one of the primary muons.
We list separately the combinations of additional and primary
muons with opposite (OS) and same (SS) sign charge.

Topology All SVX P+HF Ghost
oS 83237 13309 54545 4447 28692 + 447
SS 50233 7333 30053 +246 20180 + 246

a quite similar behaviour. However, combinations of pri-
mary and additional muons in ghost events have a smaller
opening angle than those from sequential b decays. As
shown in Fig. 20, SSO and SSS combinations have sim-
ilar opening angle distributions. Therefore, it seems rea-
sonable to restrict the study of ghost events to muons and
tracks contained in a cone of angle § < 36.8", correspond-
ing to cosf > 0.8, around the direction of each primary
muon.

6 Study of muon and track properties in
ghost events

The number of additional muons contained in a cone of
angle 6 < 36.8° (cosd > 0.8) around the direction of any
primary muon is listed in Table 6.

The contribution of fake muons is evaluated by weight-
ing all tracks with pr > 2 GeV /¢, || < 1.1, and contained
in a cosf > 0.8 cone, with the fake probabilities shown
in Fig. 15. Table 7 lists the number of these tracks for
P+HF and ghost events. The P+HF and ghost contribu-
tions have been previously determined to be 1131090 and
295481 events, respectively. Therefore, the average num-
ber of tracks contained in a 8 < 36.8° cone around the
direction of one of the primary muons in ghost events is
1.58 OS and 1.08 S'S, twice the values measured in P+HF
events (0.75 OS and 0.51 SS tracks).

For ghost events, Table 8 compares the observed num-
ber of additional muons to the number of fake muons
predicted assuming that tracks are either all pions or all
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Table 7. Numbers of tracks with pr > 2 GeV /¢, || < 1.1, and
an angle 0 < 36.8" with respect to the direction of one of the
primary muons. We list separately the numbers of tracks with
opposite (OS) and same (SS) charge as the primary muon.
Tracks associated with a muon stub are excluded.

Topology All SVX P+HF Ghost
oS 1315451 207344 849770 £ 6965 465860 + 6965
SS 893750 140238 574745 +£4711 318004 £+ 4711

Table 8. Numbers of additional muons in ghost events are
compared to fake muon expectations. The fake muon predic-
tion is evaluated by applying the fake probabilities shown in
Fig. 15 to all tracks not associated to a muon stub and with
pr > 2 GeV/e, |n| < 1.1, and an angle 6 < 36.8° with respect
to the direction of one of the primary muons. We list separately
the numbers of muons with opposite (OS) and same (SS) sign
charge as the primary muon. Fx and F, are the numbers of
fake muons predicted assuming that hadronic tracks are all
kaons or all pions, respectively. For kaon tracks, the rate of
predicted fake muons should be increased by 10% to also ac-
count for in-flight-decay contributions.

Topology Observed Fx Fr
oS 28692 + 447 15447 £210 9649 £ 131
SS 20180 +£246 10282 + 137 6427 £ 81

kaons. The rate of additional real muons per ghost event,
(9.4 £ 0.2)%, is obtained from the number of OS + SS
pairs minus the average of the pion and kaon fake con-
tributions listed in Table 8. This rate is four times larger
than that, (2.16 + 0.05)%, of OS — SS pairs in P+HF
events in which SS pairs are properly accounted by the
fake muon prediction (see Table 6). In Table 8, the ratio
of real to fake muons in ghost event is approximately 1.
The analogous ratio in P+HF events, which are correctly
modeled by the heavy flavor simulation, is 0.4. Therefore,
it seems difficult that the observation in ghost events may
result from a systemic underprediction of the fake rate.

As a cross-check that the difference in rates of ad-
ditional muons between the P+HF and ghost sample is
contributed by real muons, we restrict our study to addi-
tional muons identified as CMUP muons. The numbers of
additional CMUP muons and expected fakes are listed in
Table 9. Using this muon selection, the fake contribution
is much reduced at the expense of the muon acceptance
that decreases by a factor of approximately five. The frac-
tion of real additional CMUP muons is (0.40 £ 0.01)%
in P+HF events, and four times larger (1.64 + 0.08)% in
ghost events. This result is consistent with the previous
determination that uses all muon detectors.

Figure 21 (a) shows the distribution of the number of
muons found in a cos§ > 0.8 cone around a primary muon
due to ghost events. In the plot, an additional muon in-
creases the multiplicity by 1 when of opposite sign and by
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Table 9. Numbers of additional CMUP muons in P+HF and
ghost events. I is the number of fake muons in ghost events,
predicted assuming that hadronic tracks are pions. If tracks are
assumed to be kaons, the fake probability per track is approx-
imately four times higher after including the in-flight-decay
contribution. In P+HF events, in which a large fraction of fake
muons is due to kaons, the number of S\S combinations under-
estimates the fake muon contribution to OS combinations by
approximately 10%.

Topology All P+HF Ghost Fr
oS 10812 7380 172 3432+£201 216+44
SS 4400  2635+104 1765+£123 138=£35

10 when of the same sign charge as the primary muon °.

It is clear that a small fractions of ghost events contains
a very large muon multiplicity. The contribution of fake
muons is estimated assuming that the large majority of
the tracks in a cos@ > 0.8 cone are pions. We correct the
distribution in Fig. 21 (a) as follows. Given an event with
n muons, we loop over all candidate tracks not associated
to a muon stub and randomly generate fake muons using
the probability that a pion mimics a muon signal. If m is
the number of generated fake muons, we remove one event
with m + n muons in the distribution in Fig. 21 (a) and
add one event to the bin with n muons. The fake subtrac-
tion reduces the number of cos @ > 0.8 cones that contain
one or more additional muons from 40409 to 27539. The
resulting distribution is shown in Fig. 21 (b). Appendix B
describes a number of cross-checks which do not support
the possibility that such a large number of muons con-
tained in such a small angular cone is a detector artifact.

In conclusion, we are capable of predicting the number
of additional muons in events in which the primary muons
originate inside the beam pipe. In this case, the dominant
sources of events are heavy flavor, T and Drell-Yan pro-
duction, and most of the additional muons arise from se-
quential decays of single b quarks. At the same time, it
seems difficult to account for the muon multiplicity distri-
bution shown in Fig. 21 (b) if the ghost events were all due
to ordinary sources, such as in-flight decays of pions and
kaons, or hyperon decays in which the punchthrough of a
hadronic prong mimics a muon signal. To summarize, we
have uncovered two additional properties that differenti-
ate ghost and P4+HF events. A cosf > 0.8 cone around the
direction of a primary muon contains twice as many tracks
as in P4+HF events. These cones also contain a number of
additional real muons that is approximately four times
larger than in P4+-HF events.

10 As examples, the 3rd bin indicates cones with 3 muons with
charge (+ — —) or (— + +); and the 21st bin indicates cones
with 3 muons with charge (++ +) or (— — —).
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Fig. 21. Sign-coded multiplicity distribution of additional
muons found in a cos@ > 0.8 cone around the direction of
a primary muon in ghost events before (a) and after (b) cor-
recting for the fake muon contribution. An additional muon
increases the multiplicity by 1 when it has the opposite sign
and by 10 when it has same sign charge as the primary muon.
The background subtracted distribution is also listed in Ta-
ble 10.

Table 10. Sign-coded, background subtracted, muon multi-
plicity in ghost events. Bins without entries are not shown.
The multiplicity is not acceptance corrected because we do not
know the mechanism producing ghost events. However, the de-
tector acceptance for an additional muon with pr > 2 GeV/c
and |n| < 1.11is 0.838+0.004. The detector acceptance for a pri-
mary muon with pr > 3 GeV/c and |n| < 0.7 is 0.506 £ 0.003.
The data correspond to an integrated luminosity of 1426 pb~*.

Bin Content Bin Content
0 620307 £ 3413 30 19.4 4+ 25.6
1 13880 £+ 573 31 24.2 +£21.5
2 941 + 135 32 9.8 +13.8
3 77+ 39 33 3.0£3.6
4 1.6 £13.2 34 0.00t1.4
5 0.0+14 40 —7.44+9.2
10 9312 4425 41 —72+7.0
11 1938 + 173 42 1.0£1.7
12 409 + 71 43 3.0+ 1.7
13 60 £+ 23 44 20+1.4
14 1.8 £10.1 50 8.1+4.8
15 0.0£2.0 51 0.0£2.0
20 542 4+ 91 52 1.0£1.0
21 251 + 61 55 0.0+14
22 47 + 31

23 14.9 £12.8

24 7.0+£3.0

25 —3.14+4.2

26 1.0£1.0

7 Properties of additional muons in ghost

events.

The request that primary muons originate in a decay re-
gion in which heavy flavor decays are exhausted selects a
subset of events with a number of tracks and muons with
pr > 2 GeV/c much larger than that of P+HF processes.
In the following, we investigate additional properties of
this subsample, also referred to as multi-muon sample,
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Fig. 22. Two-dimensional distribution of the impact param-
eter of additional muons, ds, versus that of primary muons,
dp, for ghost events. Muons are selected with standard SVX
requirements. The P4+HF contribution has been removed.

by selecting events that contain an increasing number of
muons in a cosf > 0.8 cone. This request enhances the
contribution of this subset of ghost events and simulta-
neously suppresses the uncertain contribution of in-flight
and hyperon decays and secondary interactions.

We first analyze the impact parameter distribution of
additional muons in ghost events. Figure 22 shows the
two-dimensional distribution of the impact parameter of
primary muons versus that of all additional muons in a
cos@ > 0.8 cone around its direction. The P+HF contri-
bution has been removed using events in which the pri-
mary muons pass the tight SVX requirement. The impact
parameter distribution of additional muons has the same
shape of that of primary muons. However, the impact pa-
rameters of the additional and primary muons are loosely
correlated (the correlation factor is pq,q, = 0.03) '*.

Thus far, we have studied impact parameter distribu-
tions using muon tracks that pass the standard SVX selec-
tion in order to compare with previous experiments. For
this study, we use muons without any SVX requirements,
but select events containing two or at least three muons in
a cosf > 0.8 cone in order to enhance the well-understood
heavy flavor contribution and suppress the uncertain con-
tribution of in-flight and hyperon decays and secondary
interactions. The corresponding impact parameter distri-
butions are shown in Fig. 23. Fits with an exponential
function to the impact parameter distributions of addi-
tional muons in the range 0.5 — 2.0 cm, where no heavy

1A correlation factor as large as 0.5 is expected if primary
and additional muons originate from a common decay or sec-
ondary interaction vertex.
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Fig. 23. Muon impact parameter distributions for events con-
taining (top) only two muons or (bottom) more than two
muons in a cosf > 0.8 cone. We call d, and ds the impact
parameter of primary and additional muons, respectively. The
solid lines represent fits to the data distribution with an expo-
nential function. The fit result is shown in each plot.

flavor contribution is expected, return a slope of approx-
imately 21.4 + 0.5 ps. In contrast, fits to the impact pa-
rameters of primary muons yield slopes with appreciably
smaller values. In the assumption that the exponential tail
at large impact parameter is produced by the decay of
long-lived objects, the difference is understood in terms of
kinematic and trigger biases affecting the primary muons.
As an example, Fig. 24 compares the result of fits to the
impact parameter of fake primary muons and tracks cor-
responding to identified K decays. The fit to the track
impact parameter yields a K9 lifetime in agreement with
the PDG value of 7 = 89.6 ps. Because of the trigger bias,
the lifetime measurement using fake primary muons yields
a much smaller lifetime value.

In conclusion, the slope returned by the fits to the
impact parameter tail of additional muons in ghost events
is different from the lifetime of any known particle. If the
impact parameter tails above 0.5 cm were produced by the
decay of known particles - such as pions, kaons, K3, and
hyperons - the above described fits would have returned a
slope at least as large as 90 ps.

The following cross-checks show that the impact pa-
rameter tail is not a detector effect that went unnoticed in
the CDF t- and b-quark studies which customarily utilize
muons and tracks with impact parameters smaller than
0.1 — 0.2 cm. We study the impact parameter distribu-
tions of CMUP trigger muons accompanied by a D° —
7T K~ (and charge-conjugate) candidates. We use events
acquired with the u-SVT trigger and reconstruct D° can-
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Fig. 24. Impact parameter distributions of (a) primary muons
and (b) tracks of identified K decays. The combinatorial back-
ground under the K¢ signal in Fig. 11 has been removed using
a sideband subtraction method.

Muons / (0.008 cm)
Muons / (0.008 cm)

100 100
3 [ | €
o F o F
o] «©
8 50f 8 Sor
IS5 IS5
S L Q L
=] =3
= L = L
4 ¢¢ 4 " . e
oF }WWWWMM“ or ik APt o 4o
Il Il Il Il Il Il
0 05 1 15 2 0 0.5 1 1.5
d (cm) d (cm)

Fig. 25. Impact parameter distributions of CMUP muons
which are accompanied by a D° meson and are selected with-
out (left) SVX or with (right) standard SVX requirements.
The bottom plots are magnified views to show distributions at
large impact parameters. The contribution of the combinato-
rial background under the D° signal has been removed with a
sideband subtraction method.

didates by attributing the kaon mass to the track with the
same charge as the muon (RS combinations as expected
for u+ D° systems produced by b hadron decays). We re-
tain combinations in which the muon plus two-track sys-
tem has an invariant mass smaller than 5 GeV/c?. As ex-
pected since fake CMUP muons are negligible, no wrong-
sign (WW.S) combinations are found. The impact parame-
ter distribution of CMUP muons produced by B decays,
shown in Fig. 25, is exhausted above 0.5 cm.

Figure 26 shows the analogous plot for muons selected
as the additional muons in this analysis (pr > 2 GeV/c
and || < 1.1) in events triggered by a D° candidate. No
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Fig. 26. Impact parameter distributions of muons accompa-
nied by a D° meson and selected as the additional muons in
this analysis. No SVX requirements are applied. All events (e)
are compared to RS (o) and WS (histogram) combinations
(see text). The contribution of the combinatorial background
under the D° signal has been removed with a sideband sub-
traction method. The integral of the distributions above 0.35
cm is zero.
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Fig. 27. Impact parameter distribution of (a) additional
muons found in events in which the primary muons are selected
with tight SVX requirements. The same distribution is plotted
in (b) with a magnified vertical scale. Additional muons are se-
lected without SVX requirements. The fake muon background
has been subtracted.

high impact parameter tails are observed. The fraction
of fake muons, measured as the number of W.S combi-
nations, is approximately 2% and well predicted by our
parametrized fake muon probability per track.

The tail of the impact parameter distribution of addi-
tional real muons in events in which the primary muons
pass the tight SVX selection, shown in Fig. 27, also does
not extend beyond 0.5 cm.



7.1 Lifetime

The fact that multi-muon events have been isolated by the
request that at least one of the trigger muons originates
beyond the beam pipe as well as the shape of the impact
parameter distribution of additional muons suggest that
they could be produced by objects with lifetime longer
than that of b quarks. In the previous section, we have
estimated this hypothetical lifetime by using a small frac-
tion of events in the tail of the muon impact parameter
distribution. In the following, we search for a confirmation
based on the entire sample of ghost data. We have seen in
the previous section that the impact parameters of muons
contained in the same cone are not strongly correlated.
This would happen if each muon arises from the decay of
a different object. Therefore, we search for secondary ver-
tices produced by pairs of tracks with pr > 1 GeV/c and
opposite charge contained in a 36.8" cone around the di-
rection of each primary muon. Track pairs are constrained
to arise from a common space point. Combinations are
discarded if the three-dimensional vertex fit returns a x?2
larger than 10. If a track is associated with more than one
secondary vertex, we discard those with lower fit proba-
bility. For each secondary vertex, we define L, as the dis-
tance between the secondary and primary event vertices
projected onto the transverse momentum of the two-track
system. Combinations of tracks arising from the primary
vertex or from the decay of different objects yield a L,
distribution symmetric around L, = 0. An excess at pos-
itive L, is a property of the decay of a long-lived object.

We use Kg — w7~ decays to verify with data the
detector response in the impact parameter region popu-
lated by ghost events. We search for Kg decays in the
dimuon dataset used for this analysis by pairing tracks
of opposite charge with pr > 0.5 GeV/e, |n| < 1.1, and
opening angle smaller than 60°. Track combinations are
constrained to arise from a common space point. Combi-
nations are discarded if the three-dimensional vertex fit
returns a x? larger than 10 or the L, distance is smaller
than 0.1 cm. In this case, the L,, distance is also cor-
rected for the Lorentz boost of the two-track system. Fig-
ure 28 (a) shows the invariant mass spectrum of the two-
track systems passing this selection. The combinatorial
background under the K9 signal, integrated from 0.486
to 0.510 GeV/c?, is removed by subtracting the events
contained in the side bands 0.474 — 0.486 and 0.510 —
0.522 GeV/c?. The background subtracted L, distribu-
tion, shown in Fig. 28 (b), is consistent with the K9 life-
time of 89.5 ps [5].

Figure 29 shows the difference between the positive
and negative L, distributions of secondary vertices recon-
structed in P+HF and ghost events. The L, distribution
for P+HF events is dominated by partially reconstructed
decays of b and ¢ hadrons and decreases by approximately
three orders of magnitude in the first centimeter '2. The

12 The distribution above 1.2 cm which includes small bumps
at 2.5 and 3.0 cm is due to secondary interactions of hadronic
tracks in the detector material. The position of the detector
material is smeared with respect to that in Fig 14 because mea-

19

8000 .
[ .

=]

=]

S

=)
T

candidates / (2 MeV/c®)
e
o
.\.>

I
o
o
o
T
o o
K? candidates / (0.1 cm)

Q.
Ks
n
o
o
o

.
04 045 05 055 06 0 1 2 3 4 5
M (GeV/c?) L,, (cm)
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Fig. 29. Distribution of the distance L, of reconstructed sec-
ondary vertices due to long-lived decays in (a) P+HF and (b)
ghost events. The combinatorial background has been removed
by subtracting the corresponding negative L, distributions.
The data correspond to an integrated luminosity of 742 pb~*.

shape of the distribution for ghost events, when compared
to that for heavy flavors and K g decays, is not inconsistent
with the hypothesis that a small but significant fraction
of ghost events arise from the production and decay of
objects with a lifetime longer than that of b hadrons and
shorter than that of K mesons.

7.2 Track multiplicity

As discussed in Sec. 6, ghost events include a sizable con-
tribution from ordinary sources such as in-flight-decays,
and K2 and hyperon decays. The average track multi-
plicity in ghost events is a factor of two larger than in
P+HF events. In order to study the average multiplicity
of multi-muon events, we use events that contain at least
three muons in a 36.8" cone. Figure 30 shows the average
number of all tracks with pr > 2 GeV/c contained in a
36.8" cone around a primary muon as a function of the
total transverse momentum of the tracks.

sured with respect to the primary event vertex rather than the
nominal beamline and projected onto the momentum vector
carried by the tracks.
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Fig. 30. Average number of tracks in a 36.8° cone around
the direction of a primary muon as a function of > pr, the
transverse momentum carried by all the tracks. We use cones
containing at least three muons. Data (e) are compared to the
P+HF expectation (m) based on the few events predicted by
the heavy flavor simulation, scaled to reproduce the measured
heavy-flavor cross sections and implemented with the proba-
bility that hadronic tracks mimic a muon signal. The recon-
struction efficiency for these tracks is close to unity.

7.3 Cone correlations

In the previous section, we have investigated the kinemat-
ics and topology of muons and tracks contained in a single
36.8" cone around the direction of a primary muon. In this
section, we extend the investigation to the rate and prop-
erties of events in which two 36.8" cones contain a muon
multiplicity larger than that of P+HF events. After sub-
tracting the P+HF and fake muon contribution, in ghost
events there are 27990 £ 761 cones that contain two or
more muons, 4133 + 263 cones that contain three or more
muons, and 3016 &+ 60 events in which both cones contain
two or more muons. It follows that approximately 13% of
the ghost events in which one cone contains two or more
muons also contain a second cone with the same feature.

The following distributions serve the purpose of show-
ing that, when a second cone containing multi muons is
found, it has the same characteristics of the first found
multi-muon cone. Figure 31 plots two-dimensional distri-
butions of the invariant mass of all muons and of the
number of tracks with pp > 2 GeV/c contained in each
cone for the 3016 events containing two cones with two
or more muons. Figure 32 shows that the invariant mass
distribution of all muons contained in the 27990 cones
containing at least two muons is consistent with that of
the 3016 events in which both cones contain at least two
muons. Figure 33 shows the invariant mass distribution of
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Fig. 31. Two-dimensional distributions of (a) the invariant
mass, M, of all muons and (b) the total number of tracks con-
tained in a 36.8° cone when both cones contain at least two
muons. The P+HF and fake muon contributions have been
subtracted.
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tained in (a) the 27990 36.8" cones with two or more muons
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Fig. 33. Invariant mass distribution of (a) all muons and
(b) all tracks for events in which both cones contain at least
two muons. The P+HF and fake muon contributions are sub-
tracted. The data correspond to an integrated luminosity of
2100 pb~*.

all muons and all tracks with pr > 2 GeV/c in events in
which both cones contain two or more muons.



8 Conclusions

We have studied a sample of events containing at least
two central muons with pr > 3 GeV/c and invariant mass
5 <my, <80 GeV/c2. The data sets were collected with
the CDF II detector at the Fermilab Tevatron collider, and
correspond to integrated luminosities up to 2100 pb~!.
Similar data samples have been previously used by the
CDF and D@ collaborations to derive measurements of
the correlated oy,_,, 7_,, cross section that are inconsis-
tent with the NLO theoretical prediction. A similar data
set was also used by the CDF collaboration to extract a
value of y, the average time-integrated mixing probability
of b-flavored hadrons, that is appreciably larger than that
reported by the LEP experiments. This analysis extends
a recent study [6] by the CDF collaboration which has
used a dimuon data sample to re-measure the correlated
cross section. Following tradition, the value of
Op—p,p—p 18 measured using the sample composition as
determined by fitting the impact parameter distribution
of these primary muons with the expected shapes from
all sources deemed significant: semileptonic heavy flavor
decays, prompt quarkonia decays, Drell-Yan production,
and instrumental backgrounds from prompt hadrons or
hadrons from heavy-flavor decays that mimick the muon
signal (the sum of these sources is referred to as P+HF
contribution). Reference [6] reports oy,_,, 5., = 1549+£133
pb for muons with pr > 3 GeV/c and |n| < 0.7. That re-
sult is in good agreement with the NLO prediction as well
as with analogous measurements that identify b quarks
via secondary vertex identification [26,27]. The study in
Ref. [6] uses a subset of dimuon events in which each muon
track is reconstructed in the SVX with hits in the two
inner layers and in at least four of the inner six layers.
These tight SVX requirements select events in which both
muons originate within 1.5 cm from the nominal beam
line. According to the simulation, approximately 96% of
the dimuon events contributed by known P4+HF processes
satisfy this condition. By varying the SVX selection re-
quirements, this study identifies the presence of a previ-
ously ignored contribution to the dimuon triggered sam-
ple, referred to as ghost events, that fails this condition.
The relative size of the ghost contribution depends on the
type of SVX requirements applied to the trigger muons.
As SVX requirements select trigger muons produced closer
to the beamline, the size of the ghost contribution is re-
duced in comparison to that of the P+HF components
that are not strongly affected by this requirement. The
ghost component was present in previous oy,_,, 7., [7,8]
and ¥ [4] measurements in which this strict decay-radius
requirement was not made. The magnitude of the ghost
contribution is comparable to the bb contribution when
no SVX selection is made and in combination would ac-
count for the measurement reported in [8]. When using
SVX requirements similar to those of previous analyses,
the magnitude of the ghost contribution (72553 4+ 7264
events, equally split in OS and SS dimuons), when added
to the bb contribution of 194976 + 10221 events [6], coin-
cides with the cross section measurement reported in [7]
and the i value reported in [4]. Finally, the ghost sam-
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ple is shown to be the source of the dilepton invariant
mass discrepancy reported in Ref. [3]. When applying the
tight SVX criteria to primary muons, the rate and kine-
matic of additional muon in the events is well described
by known P+HF sources and is dominated by sequen-
tial semileptonic heavy flavor decays. In contrast, with-
out any SVX requirement the invariant mass spectrum of
primary and additional muon pairs is not well modeled
by the P+HF simulation and the inconsistencies at low
invariant mass reported in Ref. [3] are reproduced. Our
study shows that ghost events offer a plausible resolution
to these long-standing inconsistencies related to bb pro-
duction and decay. The observed rate of ghost events is
consistent with what expected from in-flight-decays of pi-
ons and kaons or punchthrough of hadronic prongs of K9
and hyperon decays. However, a small but significant frac-
tion of these events has features that cannot be explained
in terms of known sources with our present understanding
of the CDF II detector, trigger and event reconstruction.
The nature of these events is characterized by the follow-
ing properties. The average number of tracks contained in
a 36.8" cone around the direction of each primary muon
is two times larger than that of P+HF events. After sub-
tracting the contribution of hadrons mimicking a muon
signal, 36.8" cones contain a rate of muon candidates that
is approximately four times larger than that due to se-
quential semileptonic decays of b quarks. In contrast with
sequential semileptonic decays of b hadrons, primary and
additional muon candidates have same or opposite charge
with equal probability. The impact parameter distribution
of additional muon candidates, as well as that of displaced
secondary vertices reconstructed using pairs of tracks of
opposite charge contained in 36.8" cones, have shapes dif-
ferent from what is expected if they were produced by
known long-lived particles.
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Fig. 34. Number of COT hits associated with primary muon
tracks as a function of the track impact parameter for (a)
P+HF and (b) ghost events.

A Detector level distributions in P+HF and
ghost events

This appendix presents a few of many detector-level dis-
tributions that have been investigated looking for patholo-
gies in track reconstruction, muon reconstruction, detec-
tor response, and in the observed properties of the ghost
events. The assumption is that detector and pattern recog-
nition failures are not an issue if detector-level distribu-
tions for ghost events are similar to those for P+-HF events,
which in turn are correctly modeled by a simulation based
on the HERWIG and GEANT Monte Carlo programs.

A.1 Quality of reconstructed tracks

A visual investigation of the display of reconstructed muon
tracks and associated COT and SVX hits has not shown
any indication of detector or track-reconstruction program
failures. COT tracks reconstructed using hits in at least 20
COT layers are considered well measured tracks and are
used in most CDF analyses. Figure 34 shows the number
of COT hits used to reconstruct primary muon tracks as
a function of the track impact parameter. In both P+HF
and ghost events, muon tracks are associated with an av-
erage of 75 hits, and the average number of associated hits
does not depend on the impact parameter value.

As also shown by cosmic muons in Fig. 2 (b), the im-
pact parameter of COT tracks associated with at least
three silicon hits is measured with a rms resolution of ap-
proximately 30 pm [6]. We have studied the impact pa-
rameter resolution of COT tracks without silicon hits,
which populate ghost but not P+HF events, by using
muons from 1" decays included in our data sample. The im-
pact parameter distribution is shown in Fig. 35. The rms
resolution is approximately 230 pum, and the impact pa-
rameter distribution is exhausted beyond 0.15 cm. There-
fore, the large impact parameter tail characteristic of muons
in ghost events is not due to tracks reconstructed without
silicon hits.

We have studied a large sample of K g mesons recon-
structed in the dimuon sample by using COT tracks with
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Fig. 35. Impact parameter distribution of tracks correspond-
ing to muons from 7" decays. Tracks are not associated with
silicon hits. The combinatorial background under the 7" signal
has been removed with a sideband subtraction technique. The
solid line is a fit to the data with a Gaussian function.

and without silicon hits, and with small or very large im-
pact parameters (see Fig. 28). The observed L, distri-
bution is correctly modeled by the value of the K32 life-
time [5]. As shown in Figs. 4, 25, and 26, primary muons
in ghost events are not accompanied by DY mesons and
muons in events triggered by the request of a D° meson do
not exhibit any large impact parameter tail. It is therefore
unlikely that a significant fraction of ghost events arises
from detector or pattern recognition failures in standard
P+HF events.

A.2 Quality of reconstructed muons

A track is accepted as a muon if the r — ¢ distance be-
tween its projection onto a muon detector and a muon
stub is Az < 30, 40, and 30 cm for the CMU, CMP, and
CMX detector, respectively. For CMX or CMU muons, we
also construct the quantity x? = (Ax/0)?, where o is a
rms deviation that includes the effect of muon multiple
scattering and energy loss. These quantities are compared
in Figs. 36 and 37 for primary and additional muons in
P+HF and ghost events. Table 11 shows the fraction of
additional muons identified by the different detectors in
P-+HF and ghost events. These matching distributions, as
well as the fractional usage of different muon detectors,
in ghost events are not significantly different to those of
P+HF events. Since we are able to predict the rate of ad-
ditional muons in P+HF events, the response of the muon
detector is an unlikely candidate to explain the large ex-
cess of additional muons in ghost events.
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Fig. 37. Distributions of x? (see text) for (a) primary and (b)
additional muons in P+HF (histogram) and ghost(e) events.

Table 11. Fractional contributions (%) to additional muons
of different detectors in P+HF and ghost events.

Sample  CMUP CMU CMP CMX
P+HF 17.0+04 53.04£0.7 260£05 4.0=£0.2
Ghost 14.04+0.8 60.0+£1.4 24+1 20404

The Az distributions for CMU and CMP muons in
Fig. 36 show a significant quasi-flat contribution due to
random track-stub matches under the Gaussian signal of
real muons. This contribution is negligible for CMUP muons.
These features are consistent with the fake muon predic-
tion based on the fake probability per track derived using
the decay products of D° mesons.

For CMUP muons, the fake probability has been veri-
fied using the data in Ref. [6]. Ref. [6] estimates the frac-
tion of dimuons due to heavy flavor production that are
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faked by hadrons from heavy flavor decays in two com-
plementary ways. This fraction is estimated by applying
the fake probability per track to simulated hadrons from
heavy flavor decays. This fraction is also estimated by si-
multaneously fitting the impact parameter distributions
of dimuon events selected with standard and tight x2 re-
quirements, and therefore containing different fractions of
fake muons. The fit result shows that the fraction of fake
muons is negligible, and slightly overestimated by the fake
probability prediction. This conclusion is also supported
by the fact that, when using primary CMUP muons no
wrong-sign 1 D° candidates are observed in Fig. 4. The fit
to the muon impact parameters in Ref. [6] yields the rate
of dimuons due to bb and bg production (BB and BP
component in Table 1, respectively). In the latter case,
the muon signal is mimicked by a prompt hadron in the
gluon jet. The ratio of these components returned by the
fit is 0.19440.013. When applying the fake probability per
track to simulated bg events normalized to the observed bb
cross section, Ref. [6] predicts this ratio to be 0.21+0.01.
These comparisons show that the fake CMUP probability
per track cannot be underestimated by more than 10%.
Since the rate of fake CMUP muons predicted in Table 9
is approximately 4% of the signal, it seems unlikely that
the additional CMUP signal in ghost events can be ex-
plained by an underestimate of the fake rate. In turn, this
supports the main findings of our study that uses all muon
detectors since they are consistent with the result based
on CMUP muons only.

B Robustness of the fake muon prediction

In this appendix, we discuss the possibility that large num-
bers of muons detected in small angular cones might be a
detector artifact. The display of the muon chamber hits in
events that contain four or more muons does not yield any
indication of a detector malfunction. However, there are
events in which certain areas of the muon detectors have
a dense clustering of dozens of hits. In these events, some
muons correspond to tracks linked to muon stubs con-
structed in those clusters. This raises a concern that the
fake rate in multi-muon events in which hadronic tracks
can take advantage of hits in the muon chambers pro-
duced by real muons or by hadronic punchthrough might
be underestimated.

Traditionally, CDF analyses that search for soft (pp >
2 GeV/c) muons estimate the fake contribution by apply-
ing to all candidate tracks a parametrized probability of
penetrating the calorimeter and mimicking a muon sig-
nal that does not depend on the event characteristics [25].
This probability per track is measured using pions and
kaons from D° decays. After requiring that D° candidates
have an appreciable proper decay time in order to select
DY mesons from b-hadron decays, the b jet defined by a
36.8° cone around the D° direction contains an average of
0.02 muons and 1.6 additional tracks with pr > 2 GeV/c.
The muon fake probability does not increase at all when
using D prongs accompanied by at least two tracks.
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Fig. 38. Distribution of the transverse momentum carried by
all tracks with pr > 1 GeV/c contained in a 36.8 cone around
a primary muon in (a) P+HF and (b) ghost events.

Unfortunately, the track multiplicity of multi-muon
events is larger than that of b jets and we do not pos-
sess an understood control sample of data with a number
of tracks and muons as large as in ghost events that could
be used to verify the fake muon estimate. In the follow-
ing, we list a number of indirect tests and comparisons
with P+HF events that should have flagged this type of
problem if it existed.

The excess of muons in ghost events cannot simply
arise from a breakdown of the method used to predict
the fake rate when applied to high Er jets with many
tracks that are not contained in the calorimeter and muon
absorber. This effect was not observed in previous anal-
yses. We would also have found multi-muons events in
the P+HF contribution because, as shown in Fig. 38, the
distributions of the transverse momentum carried by all
tracks with pr > 1 GeV/c and contained in a 36.8" cone
in ghost and P+HF events are quite similar.

In Sec. 6, we have searched for additional muons using
the CMUP detector only. Because of the larger number
of interaction lengths traversed by hadronic tracks, the
fake muon contribution is negligible and has been verified
with the data [6]. This method yields results which are
consistent with the standard method.

In the standard method, a track is identified as a muon
if the distance of its projection onto a muon detector from
a muon stub is Az < 30, 40, and 30 cm for the CMU,
CMP, and CMX detector, respectively. For CMX or CMU
muons with pr = 2 GeV/¢, these Az cuts correspond
to the requirement that the track extrapolation and the
muon stub match within 3 ¢ in the r — ¢ plane, where o is
a rms deviation that includes the effect of multiple scat-
tering and energy loss. We have selected additional muons
with the increasingly stricter requirements that track-stub
matches are within 3 and 2 o, respectively. The latter re-
quirement reduces the number of multiple-muon combi-
nations by a factor of two, but does not affect the salient
features of the multiplicity distribution in Fig. 21 (a).

We have compared Az and o distributions of muon-
track matches for the different muon detectors in P+HF
and ghost events (see Appendix A). These distributions,
as well as the fractional usage of different muon detectors,
in ghost events are not significantly different to those of
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Fig. 39. Distributions of R, the distance of dimuon vertices
from the nominal beam line for primary muons with impact
parameter (a) smaller and (b) larger than 0.3 cm.

P+HF events in which the fake rate is correctly under-
stood. Since the CMUP detector has a negligible and ver-
ified fake contribution, an anomalous increase of the fake
rate with respect to P+HF events should have dramati-
cally changed the relative occupancy of the different muon
detectors as well as the shape of the matching distribu-
tions.

To investigate if the fake probability per track increases
in events in which a track has penetrated the calorimeter,
we have studied the rate of additional muon in events trig-
gered by the punchthrough of a K% prong. As shown at
the beginning of Sec. 5, we have identified 5348 + 225 K
candidates in the dimuon data, and 96 + 41 of them con-
tain at least an additional muon in the event. By applying
the fake muon probability to all candidate tracks in the
events with a K3 candidate, we predict 86 4 30 events
with at least an additional fake muon, consistent with the
observation.

The appearance of multi-muon events is correlated to
the presence of muons with large impact parameters. As
discussed earlier, inelastic secondary interactions inside
the tracking detector do not contribute significantly to the
total number of ghost events. This does not exclude the
possibility that the smaller number of multi-muon ghost
events are due to secondary interactions that point into
calorimeter cracks. We search for secondary interactions
by combining primary muons with small and large im-
pact parameters with all additional muons in a 36.8 cone
around the muon direction. Dimuon combinations are con-
strained to arise from a common space point. They are
discarded if the three-dimensional vertex fit returns a x?2
larger than 10. The distribution of R, the distance of a re-
constructed secondary vertex from the detector origin in
the plane transverse to the beam line, is shown in Fig. 39
for primary muons with small and large impact parame-
ters. The absence of spikes in the distributions does not
support the hypothesis. In addition, if this type of sec-
ondary interaction were the source of multi-muon events,
the impact parameters of the different muons would have
beeen highly correlated.
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