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We report on a study of events containing at least two muons produced in pp collisions at P s=
1:96 TeV, performed at the DO experiment using data corresponding to 0:9 fo' ! of integrated
luminosity collected during 2008. Motiv ated by a recert claim of an excessin muons produced
at large radius by the CDF collaboration [1], we study muons that appear to be produced with
a radius between 1.6 and 10 cm from the initial pp collision point. The experimental signature
is a well reconstructed muon that is missing hits in the innermost layer of the tracking detector.
We record 28374 muons that appear to be produced without hits in the rst layer of the tracking
detector. Based on the measured hit inexciency, we expect 276628 503§ 1027 muons from the
primary interaction to not have a reconstructed hit in this layer. This givesan observed excessof
7128 4628 942 events in which one or both muons are produced in the range 1:6 < r . 10 cm, which
is expressedas a fraction (0:408 0:268 0:53)% of the total dimuon sample. A small level of excessis
expected due to cosmic rays, decays-in-°ight of pions and kaons, and hadronic punchthrough, and
“rst estimates of these contributions are made. We therefore seeno anomalously large excessof
muons produced a few certimeters away from the interaction point.
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1. INTR ODUCTION

The primary sourceof dimuon events at the Tevatron collider at Fermilab is the production and subsequeh decay
of heavy quark-antiquark pairs, bb and c& [2, 3], as well as the direct decay of bb and ct resonancessuc as J=A
and ~ mesons.Measuremetts of the bb production cross-sectionusing semileptonic decass are sensitive to the muon
production rate. A history of discrepanciesin these cross-sectionshetween experimental results and theoretical
expectations has prompted further investigation from both sides, leading to improved convergencebetween theory
and experimert in recen years[4].

The CDF collaboration hasrecertly preseried a study indicating a signi cant sampleof dimuon everts in which one
or both muonsappearto be producedat large radial distances(> 1:5 cm) from the primary interaction point [1]. The
“ndings are inconsistert with current heavy quark production models, with the excesshaving a magnitude comparable
to the cortribution from bb production. Analysis of theseso-called\ghost" muonsshaws that they have characteristic
long tails in their impact parameter (IP) distribution [2], relative to the corresponding distribution for heavy °avor
everts. Howewer, the vast majority of ghost muons have impact parametersof 1 cm or less. The study alsoindicates
the presenceof large numbers of additional muons in the angular vicinity of the ghost muons, inconsistert with
sequettial semileptonic decays of b hadrons.

In this note, we describe a corresponding seard at DO for dimuon everts in which oneor both muons are produced
at radial distancesexceedingl:6 cm, relative to the primary pp interaction. The upper limit on this radial acceptance
(r . 10cm) is set by additional hit requiremerts in the DO silicon vertex detector. The seard is performed using
information from the innermost layer of the silicon detector. Once the sample of such everts has been determined,
someof their properties are investigated by comparing the distributions of various parameterswith the expectations.
The DO detector di®ersin important respects from the CDF detector and thus o®ersa useful cross-tied of the ghost
muon study. Comparedwith CDF, DO hasa smaller decay volume and has more interaction lengths of material before
the muon identi cation.

2. THE DO DETECTOR

DO is a general purpose colliding beam detector described in detail elsewhere[5]. The most important detector
componerts for this analysisare the tracking and muon systemsin the certral region corresponding to pseudorapidity [
j’j < 1:0. In the following description, a cylindrical coordinate system (r;A;z) is used, with the z-axis along the
proton beam direction; the radial and azimuthal coordinates are de ned in the usual way, such that an angle of
A= Y2 (3¥#2) correspondsto an upward (downward) direction. For certain vector quartities (such as momertum),
a transversecomponert is de ned by the projection onto the (r; A) plane. The e®ectie interaction region of pp bunch
crossingsis approximately Gaussianin z, with mean?! ; = 0 and standard deviation ¥ ¥4 25 cm; the transverseextent
of the beamis typically 251 m [5].

The cenrtral tracking detector at DO is contained within a 2 T solenoidal eld, and formed from two di®erert sub-
systems, the silicon microstrip tracker (SMT) and the certral b er tracker (CFT). The silicon tracker consists of
six barrel/disk modules, two outer disks, and an inner layer (layer-zero, or LO). The barrels eadh have 8 staggered
half-layers of sensorsto achieve 4 layers of complete coverage betweenradii of 2.7 and 10.0 cm. All barrel sensors
in the certral region are instrumented with two detection surfaces,\axial" and \stereo", to improve the single hit
resolution. Each barrel is 12 cm long and is capped by a disk with an inner radius of 2.7 cm and outer radius of
10.5cm. The LO detector [6] surroundsthe beryllium beampipe, and consistsof single-sidedsensorsstaggeredat radii
of 1.60 and 1.76 cm to provide 98% A coverage, in the rangejzj < 38 cm. The certral silicon detector is therefore
instrumented with four double-sidedand one single-sidedlayer of conceriric silicon sensorsfor incident particles with
j"] < 1:0. For the time period consideredduring this analysis, one of the sensorsin LO was inactive; this must be
taken into accourt during evert selection,as described later. The CFT consistsof 16 conceriric layers of scirtillating
b er surrounding the beampipe, at radial distancesof 20 cm to 50 cm. Information from both tracking systemsis
combined for usein triggering and track reconstruction. The geometrical alignment of the SMT systemis known to
within 7 1 m in the transverseplane, and 151 m in z; the CFT alignment is known to within 201 m.

The muon systemin the jj < 1 region is constructed in three layers, A, B, C, and consistsof a combination of
proportional drift tubes(PDTs) and scirtillation courters [7]. The innermost layer (A) is formed from three or four
sub-layers of PDTs capped by one sub-layer of scirtillation counters, and surrounds the calorimeter, which is 5.5{7.4

[a] The impact parameter of a track is its extrap olated distance-of-closest-approach to the primary pp interaction, in the (r;A) plane.
[b] The pseudorapidity ~ of a track is de'ned by -In[tan( p=2)], where p is the polar angle with respect to the proton beam direction.
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interaction lengths, , , in depth. Surrounding layer A is an iron toroid of thickness1:09 m, providing a magnetic
“eld of 1:8 T to aid in muon identi cation and reconstruction. Layer B is mounted on the outside of the toroid, and
consistsof three sub-layers of PDTs. The outermost layer (C) is separatedfrom layer B by » 1 m, and formed from
three sub-layers of drift tubesand an additional sub-layer of scirtillation counters. This three-layer coverageextends
over the upper three sidesof the certral muon system,with much of the underside of the detector only covered by two
layers due to obstruction by structural detector supports. Scirtillation courters are mounted on the B layer for part
of this region. The total thicknesstraversedby muons exiting the iron is 12.8{14.5, giving a minimum momertum
of around 3 GeV/ c for that muon topology. The scirtillation cournters have time resolutions of » 3 ns.

3. TRIGGERS

The fast-readout capabilities of the muon scintillation counters and drift chambers allow muonsto beidentied at
all three levels of the DO trigger system. In this analysis, no particular trigger requiremerts are enforced(i.e. events
are acceptedfrom all triggers, inclusively), in order to maximise the opportunity to obsene di®erert typesof evens.
Howewer, as a cross-tiek of the possiblebiasing e®ectsof the triggers, the procedureto court the number of excess
dimuon everts is repeated using only those events which satisfy a dedicated dimuon trigger.

This trigger requirestwo muonswith pr > 2:0 GeV/c to be preser in the regionj j < 2:0, and to passprede ned
hit requiremerts in the muon scirtillators and drift chambers. The time of detection for at least one of the muons must
be consistert with the bunch crossingtime (within 8§ 10 ns), and a primary vertex must be found within jzj < 35cm.
The muons are not required to be matched with a certral track. These requiremerts are signi cantly looserthan
those applied during the o2ine dimuon selection. Note that the § 10 ns scirtillator timing requiremert is very excient
(> 99%) for beam-produced muons, but no attempt is madeto determine the exciency for long-lived massiw charged
particle candidates.

Examination of the J=A! 1*1i test sample(seeSection6) and the signal dimuon sample (Section 5) indicates
that this dimuon trigger is satis ed for more than half of all selecteddimuon everts. For the J=A sample, this fraction
is 62%; for the signal dimuon sample,the fraction is 70%. The remainder of everts typically trigger on other single or
dimuon triggers which include a track-matching requiremert. The DO trigger systemis thus expectedto be sensitive
to muons originating outside the beampipe, with the impact parameter aperture larger than the corresponding limit
applied during o2ine reconstruction.

4. RECONSTR UCTION
a. Track and Vertex Finding

Particle track candidatesare identi ed from hits in the SMT and CFT detectors using a combination of di®erert
pattern recognition algorithms, and the resulting global set of track candidatesare re tted with an improved calcu-
lation of track parameters, using a full Kalman 't road- nding technique. The re't takesinto accourt the details of
the magnetic "eld and the detector material, including multiple scattering and energy losses.This analysis usesthe
standard DO track reconstruction software. The following text describesthe track- nding algorithm which is most
excient for particles with impact parameterslarger than a few millimeters.

The starting point for a track candidate is a track seedconstructed from three consistert SMT clusters, which must
have curvature corresponding to pr > 450 MeV/ ¢ and an impact parameter smaller than 2:5 cm. This seedis then
extrapolated outward through the SMT and CFT systems, constructing track hypothesesby iterativ ely assaiating
any additional hits that are consistert with the seed. The extrapolation cortinuesto the outermost CFT layer, or
until three consecutive missesare allocated to the end of a track; additional track quality criteria are then imposed
basedon the arrangemern of hits and missesfor ead hypothesis.

To allow tracks with fewer than three SMT hits to be reconstructed, the procedure is repeated starting from
CFT-only track seeds,also using three clusters. In this casethe combinatorics are reduced signi cantly by using
the SMT-seededtracks in the sameewvent to measurethe location of the pp interaction(s). The CFT seedsare then
required to passwithin 1.5cm, in z and in transversedistance, of one of theseinteraction points. The CFT seedsare
also extrapolated bad into the SMT systemto assaiate any consistert silicon hits with the track. The tracks which
are sert to the global tracking re't therefore have three or more hits in either the SMT or CFT sub-detectors,and
are constrainedto have impact parameter lessthan 2:5 cm (1:5 cm) in the SMT (CFT) case.

Following track reconstruction, the positions of primary vertices (PV) in ead evert are determined from a set of
selectedtracks, ‘Ttered to remave long-lived particles, or those which may have interacted with the detector material,
using the method described in Ref. [8]. Theseare tted to vertices using a A> minimization procedure, yielding PV



4

positions to a precision of 35 1 m along the beam direction [5]. The track impact parameter is calculated at the
z-coordinate of the primary vertex, and typically hasan uncertainty of 15 m for pr > 3 GeV/c tracks.

DO has previously searted for neutral, long-lived particles decaying to two muons [9, 10]. That analysis used
a di®erert data sample and required the muons to be isolated and have pr > 10 GeV/c. Studies undertaken for
that analysis measuredthe reconstruction exciency, using simulated decays of K s mesons,asa function of the radial
displacemen betweenthe primary interaction and the decey vertex. The results shaw that this exciency is unchanged
up to vertex displacemerts of » 15 cm, falling to around half its maximum level by 25cm. It is therefore expectedthat
the DO reconstruction software has the required acceptanceand exciency to obsene muons arising from secondary
vertices at radii . 25 cm, provided that their impact parametersare lessthan » 2:5 cm.

b. Muon Reconstruction

Muons are “rst reconstructed by assaiating hits in the muon drift chambers into short tracks called segmetts,
with timing and position information from the scintillation counters usedto further constrain the muon tra jectories.
In this analysis, muons are only acceptedif they have segmeis in both the A-layer and the combined BC-layer. In
addition, muons are required to be assaiated with hits in both the A and C layer scirtillators, to aid removal of
cosmicray muons and other badkgrounds by appropriate use of timing information.

Segmetts from layers B and C are rst combined, provided that they match in position and angle. The BC
segmers are then passedto the next stage, for matching to A segmeits. Angular and position variables are usedto
test compatibility of A-BC segmeits, with the curvature resulting from the intermediate toroid magnet taken into
accourt. Each BC segmem can be matched to multiple A segmets, provided that they satisfy these compatibilit y
tests. The resulting muon candidatesare re tted using hits from all three layersto produce\lo cal* muon objects.

Reconstructedlocal muons are matched to charged particle tracks in the certral tracking detector by extrapolating
inward from the muon track. If multiple tracks are found which match a local muon, the candidate with the lowest
total A? is selected. The combined track parameters and uncertainties are then taken from the certral track. For
isolated local muons, track matching is performed with an exciency of > 95 %, determinedusingZ ! ' data.

5. EVENT SELECTION

The analysis presented here usesdata collected by the DO experiment between August and Decenber 2008, cor-
responding to a total integrated luminosity of around 0.9 fbi 1. The evernt selection scheme is designedto collect
a dimuon sampleto approximately match the kinematic requiremerts of the dimuon sample used by CDF in their
analysis[1].

a. Selecting Dim uon Candidates

The dimuon sampleis produced by selecting the two highestpr muonsin ead event, provided that they satisfy
the following requiremerts. Both muons must ful'll standard DO quality criteria, be assa&iated with hits in both
A- and combined BC-layers, and satisfy py > 3 GeV/c and j'j < 1:0. Both muons must be matched to central
tracks. To prevent two muons produced in separatepp interactions in the samebeam crossingfrom being assaiated
into a dimuon candidate, the di®erencein their z-coordinates at the point-of-closestapproadc to the primary vertex
[¢ 20 = zo(*1) i Zo(*2)] must be lessthan 1:5 cm. In addition, the combined invariant massof the dimuon pair,
M (1 ), must lie in the range 5 < M (%t ) < 80 GeV/c?, to replicate the CDF selection. The exclusion of low-mass
dimuons reducesthe cortribution from resonanceg(such as the J=A), cascadedecas of single b quarks, and gluon
splittings g'! bh, where both b quarks have a lepton in their deca chain; the upper limit reducesthe contribution
from Z decayys.

Contributions from cosmic ray muons are reduced using two independert criteria. Single cosmicray muons that
do not interact in the detector may be reconstructed as two opposite-sign muon candidates traveling badk-to-back
in the detector. For this case,a simple angular veto is imposed, removing opposite-sign muons that satisfy ¢ A >
3:135radians, where ¢ A is the azimuthal angular separation of the two particles at their point of closestapproac to
the PV.

Howe\er, this selectionwill not remove all cosmicray muon contamination. It is possiblethat only one of the two
muon legsassaiated with the cosmictrack is reconstructed. These casesare even more common for so-calledcosmic
shawers [11, 12], consisting of multiple muons traveling closetogether. In consideration of these additional sources
of cosmic ray muons, the timing information from the muon scirtillators is usedto further reduce badcgrounds of
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FIG. 1: Scatter plot of the (z; A) coordinate of muonsfrom J=A! 11 decays, asthey passthrough layer zero (LO) of the silicon
tracking detector. The unresponsive LO elemert can be seenas a low-population box, while the limits on the acceptanceof the
muon system can be seenat A % 4{5:5 rad. Dimuon events are excluded if either muon lies within the regions highlighted.

this type. All muons must be assciated with \in-time" scintillator hits in both layer A and layer C of the muon
system. Here, in-time translates to detection within 8 10 ns of the expected muon arrival time, taking into accourt
the bunch-crossingtiming and the muon travel time from the primary vertex to the scirtillator elemen. Sincethe
detection time at the scirtillators is o®setto give an expected arrival time for beam-produced muons of 0 ns for both
layer A and C, the passcriterion for each muon is de ned by jt(A)j < 10nsand jt(C)j < 10ns.

For the purposesof this analysis, it is important that the muons are located in the certral z-region of the detector,
corresponding to the active range of the innermost layer (layer zero, i.e. LO) of the silicon detector. LO has coverage
jzj < 38cm, somuonsare excludedfrom the selectionif their z-coordinate at LO, z, o(*), lies beyond thesegeometrical
limits. For clarity, the resulting sampleof dimuon candidatesis hereafterreferredto asthe signalsample,to distinguish
from a \test" selectiondescribed later in this note.

Finally, the singleinactive sensorin LO must be accourted for, by removing all events in which either muon crosses
the detector in the (z;A) range corresponding to this componert. This can be seenin the (z;A) scatter plot in
Fig. 1, which shows the distribution of muons (from an independert sampleof J=A! t*1i decas) which have
hits in LO. Everts are excluded from the selectionif either muon lies in the range 3¥&=12 < A o < 7¥#12 radians,
6 < z. 9 < 14 cm, as shown by the superimposedbox. Due to reducedA, B, C layer muon chamber coverageat the
bottom of the detector, muons in the range of 1412 < A_ o < 22V=12 are also excluded from the samplein the
region of poor reconstruction exciency as shown in Fig. 1.

b. Muons Pro duced within LO

The signal sample of dimuon candidates de ned above has no requiremerts placed on the number of assaiated
hits in the silicon detector. Sincethis analysis aims to study muon production in terms of radial distance from the
primary vertex, two subsetsof this sampleare de ned. The \lo ose" sampleis de ned by requiring that both muons
in the event have three or more hits in the silicon tracker. The \tigh t* sampleis a sub-setof the looseewerts, in
which both muons have hits in LO of the silicon detector. Events which are loosebut not tight therefore contain at
least one muon without a LO hit, either due to hit inexciencies, or production beyond LO. The radial acceptance
of this selectionis demonstrated in Fig. 2, which shaws the (r; A) arrangemen of SMT sensors,and the assaiated
distribution of the radius of the innermost hit on muon tracks that passthe loose selection. Muons are accepted
even if produced at radial displacemens of 10 cm from the z-axis, since the three-hit requiremert can be satis ed
by separatehits in the axial and stereo surfacesof a single sensor,along with an additional barrel or disk hit. For
comparison, the CDF analysis [1] demandshits in three out of sewen layers of their silicon detector tracker, hence
accepting muons produced at radii up to » 10 cm.

If all muonswere producedwithin LO, then the ratio of tight to looseeverts, N (tight)=N (loose, would be given by
the dimuon detection e+ciency of LO relative to the looseselectionexciency, "t~ . Conversely the number of everts
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(a) Transverse (r; A) schematic view of (b) Radius of the innermost hit for each muon, showing
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FIG. 2: Radial acceptanceof the loose SMT requirement, showing the location of the barrel sensorsin the transverse plane,
and the resulting radial range in which muons can be accepted. The in°uence of the SMT design shown in (a) can clearly be
seenby the peaksin (b). Muons are accepted even if produced at radial distances of 10 cm from the z-axis, with the number
of hits falling approximately exponertially asis expected from individual hit exciencies of » 90% per sensor.

containing one or both muons produced beyond LO, N (excess),can be measuredby evernt counting:

N (tight) : )

N (exces$ = N (100s8 i

Since the muon detection exciency may depend on a number of variables, such as pr, A, z or *, the exciency "1,
must be determined as a function of these variables. The subsequeh courting procedureis then performed on an
event-by-event basis,taking into accourt the properties of both muonsin ead event. The following section describes
the method for extracting the etcienciesand measuringdependencieson various kinematic and geometrical variables.

6. MUON DETECTION EFFICIENCIES
a. The J=A! t*1i Test Sample

To measurethe relative exciency of the tight and loose selection requiremerts, a test sample of J=A 1 1*+1i
candidatesis selected,and the number of tight and looseeverts is determined as a function of various muon variables.
The sample is taken from the same 0.9 fbi 1 data sample used for the signal dimuon selection described above.
J=A candidates are selectedfrom opposite-charge muons originating at a common vertex, and with invariant mass
2:95< M (1 ) < 3:2 GeV/c?. This latter requiremert ensuresthat there is no overlap betweenthe J=A test sample
and the signal dimuon sample, which requiresa minimum dimuon invariant massof 5 GeV/ c¢?.

To ensurematching betweenthe kinematics of the test and signal samples,the muons from J=A! 1*1i decay
must satisfy pr > 3 GeV/c, j'j < 1.0, and jz_oj < 38 cm, and also ful'll the samemuon quality requiremerts. In
addition, they must also passthe cosmic-reducingcuts ¢ A < 3:135rad, jt(A)j < 10 ns and jt(C)j < 10 ns. Finally,
everts with either muon in the inactive (z; A) regionsare excludedwith the samecut asapplied to the signal sample.
The massdistribution of the resulting sampleis showvn in Fig. 3(a), prior to the application of the invariant masscut.
To estimate the contributions from J=A and badground candidates, the distribution is tted by A? minimization to
the sum of a double-Gaussianfunction and a linear term, within the range 2.8 < M (% ) < 3:4 GeV/c?. From this
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FIG. 3: Invariant massdistribution (a) and transversedecay length (b) of the J=A! 1*1i test sampleusedto determine the
dimuon hit exciency of the LO silicon detector.

1, the sample composition in the selectedmasswindow is determined to be:

N (J=A) = 109249§ 698 )
N (bckg) = 99148 288 3)
N (total) = 119163§ 755 (4)

The result of this T is consisteri with the obsered number of everts in the sample,119276. The T returns a A? of
81, with 113 degreesof freedom. Note that this is before any looseor tight selectionsare made.

Sincethe test sampleis usedto measurethe relative tight/lo oseezxciency for dimuon events, all dimuon production
vertices must lie within LO, i.e. lessthan 1.6 cm from the detector z-axis. This is tested by examining the transverse
deca length Ly, of the J=A ewerts, de ned as the distancein the transverseplane betweenthe primary interaction
vertex and the J=A deca vertex. The distribution of this variable for the ertire test sampleis shown in Fig. 3(b).
J=A everts are mainly produced promptly, or from B hadron decas, i.e. B! J=AX. The Tnite lifetime of the B
mesonscan clearly be seenin the positive valuesof L, . More than 99:89% of the dimuons have jL,yj < 1:6 cm, and
the outlying candidatesare excludedfrom the sampleby explicitly enforcingthis requiremert. Negative deca lengths
occur when the particle is reconstructed as travelling towards the primary vertex; this can happen in caseswhere
the spatial resolution of the decay vertex is comparableto the decay length, i.e. the prompt J=A and B ! J=AX
distributions at short decay lengths are smearedby the e®ectof the vertex reconstruction resolution.

b. Measuring the Tigh t/Lo ose Etciency

Having dened a test sample of 119276 everts, consisting largely of dimuons from J=A | 1*1i deca, with
reconstructed origins within the LO detector, we now proceedto measurethe tight selection exciency for muons,
relative to the looseselection. This exciency can depend on the kinematic and geometrical properties of both muons.
To accourt for these single-muon properties, the exciency is calculated on a per-muon basis, with the combined
dimuon evert exciency given by the product of the excienciesfor the constituent muons:

"ral = "L (1) Cral (P2) (5)

where "2 (*i) is the relative tight/lo ose exciency for a single muon, and is a function of the muon properties
described above. The remainder of this section investigates such dependencies,to arrive at a description of the
tight/lo osedimuon e+ciency. This will then be usedin Section 7 to calculate the number of dimuon candidatesin
which one or more muons are produced outside LO. For corvenience,the notions of tight and loose selectionsare
extendedto cover the single muon case: a loose muon must have three or more SMT hits, while a tight muon must
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FIG. 4: The relativ etight/lo oseselectionexciency for individual muon candidates, asa function of their transversemomentum.

also be assaiated with a hit in the LO detector. A loose(tight) eventis onein which both muons are loose (tight).
The mean single-muon exciency is rst calculated, starting with the 119276£ 2 = 238552 muons in the full signal
sample.

N: (loos§ = 228569;
N. (tight) = 210026;
"r= () = 0:91898 0:0006;
"r=L = 0:8443%§ 0:0008: (6)

E|ere the uncertainty is purely statistical, and is determined using the standard binomial expression¥f"t- (*)] =

"r=L (ML "= (*)]N: (looss.

Figure 4(a) shavsthe transversemomertum distributions for looseand tight muons. The exciency is then calculated
for eadh pr bin by dividing the histograms, as showvn in Fig. 4(b). Here and in other exciency distributions, the
uncertainty on ead entry is calculated using the appropriate binomial relation. There is someindication that higher-
pr muons have higher LO exciencies, at the » 1% level, which is quanti ed by tting the resulting distribution to a
“rst degreepolynomial, yielding the following parameterization:

"(pr) = a+ be(pri 9);
a = 0:9214§ 0:0011;
b = 0:0007§ 0:0003; @)

where the transversemomertum is in units of GeV/c. The T givesa minimum A? of 31, with 22 degreesof freedom.
The transversemomertum dependenceis a very small e®ect,accourting for an increasein exciency of only 1% over
the full pr range, and around half of that variation in the dominant region pr < 8 GeV/c. The apparert dependence
could be causedby other e®ects,suc as correlations with the muon pseudorapidity. Therefore, we repeat the evert

counting procedurewith no pr dependencein the exciency model, and assigna systematic uncertainty given by the

resulting shift in the determined number of excesseverts.

A similar calculation is carried out for the muon pseudorapidity . The distribution for looseand tight muonsfrom
J=A ewerts is shavn in Fig. 5(a), with the resulting exciency distribution shown in Fig. 5(b). Unlike the pr case,
there are signi cant changesin exciency acrossthe selectedpseudorapidity range;the °uctuations are still small with
respect to the exciency, with the maximum and minimum values di®ering by < 3%. This variation is taken into
accourt when determining the exciency, on a bin-by-bin basis, as described later in this section.

Sincethe LO detector is constructed from forty-eight sensorsarranged in (z; A) segmets, it is important to char-
acterize the exciency as a function of thesetwo variables. In this way the e®ectsof varying sensorperformanceare
accourted for in the subsequen studies of the signal dimuon sample. Figure 6 shows the two-dimensional(z; A) distri-
bution of muons from tight and looseeverts, with twerty-four bins in A, and nineteenin z. Here the coordinates are
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FIG. 6: The LO detection exciency for muons candidates, as a function of their azimuthal angle (A) and z-coordinate of the
muons at their point-of-closest-approach to the LO detector. Departures from the mean exciency are a consequenceof the
geometrical segmenation of the detector sensors,ead of which can have a di®erert etciency.

measuredat the point-of-intersection with the appropriate LO sensor. Note that everts with muons passingthrough
regionswith poor acceptancehave already beenexplicitly removed. The corresponding exciency distribution is shown
in Fig. 6(b). Variations in exciency are visible, and must be accourted for in subsequenh calculations.

The relative exciency of looseand tight requiremerts for dimuon events can now be determined as a function of
the pseudorapidities, transverse momerta, and (z;A) coordinates of the muon pair (* 1;1,). The total e+ciency is
taken as the product of the excienciesfor the individual muons, asin Eg. (5), where the individual muon exciency
is consideredas the product of kinematic and geometrical cortributions:

") = (2 AG) GF (1) OF () ®)

The geometrical exciency "(z: . ; A:,) is taken directly from the histogram shown in Fig. 6(b). The additional factors
are modeled as follows. The normalized transversemomertum dependenceis parameterizedas:

F(plTi) = W; (9)

a
with a and b "xed according to Eg. (7), and transverse momertum in units of GeV/c. The denominator in this
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expressionis required in order to normalize the e®ectof this additional correction; for muonswith transversemomerta
larger than 15 GeV/c, the pr correction is xed to unity. The normalized pseudorapidity dependenceF (":,) is taken
directly from the histogram H in Fig. 5(b), with ead muon attributed a factor:

F(+,)=H(. )=0:9189; (10)

where the denominator again ensuresthat the “ -averagede®ectof this correction is normalized to unity.

Statistical uncertainties assaiated with the etciency measuremeh are propagated through all calculations. The
uncertainty on the geometrical exciency for ead bin is determined using the standard binomial expression;the same
procedureis also carried out for the ~ factor, while the uncertainties on the transversemomertum model can be taken
from the one standard deviation limits on a and b determined by the A% minimization. The uncertainty propagation is
described in more detail in the next section, and the estimation of systematic uncertainties is described in Section 8.

7. RESUL TS
a. Determining N (excess)

The number of looseand tight dimuonsin the signal sample can now be used, in conjunction with the exciency
determination from the previous section, to estimate the number of everts in which one or both of the muons are
produced beyond LO. In total, the signal sample contains 204177 dimuon events, of which 177535 satisfy the loose
silicon hit requiremerts (i.e. three or more hits in the SMT detector). Of these, 149161 also passthe tight SMT
requiremert that both muons have a hit in LO. The determination of Nu (excess)proceedson an event-by-event
basis, using the following relation:

Nu (excess)= N3P (loosd i N&P(loose: (11)

Here N2PS(loose)is the obsened number of everts in the loosesample; N £ (loose)is the number of expected everts,
calculated by applying the exciency as follows:

N yigh t)

N§Xp(|OOSQ = 1 ., Nu (tight) .

T (12)

wherethe summation is over all tight events, and the e+ciency for an evert is givenby Egs. (5,8{10). Herethe equation
has beenrearrangedin terms of an e®ective mean exciency h'r-_i to return the format of Eq. (1). Throughout the
following discussion,all numbersrepresen dimuon event courts, and the 1t subscript is dropped for clarity.

This calculation is performed separately for opposite-sign(OS) and same-sign(SS) dimuon events. The full results
are shawvn in Table |, and the number of everts with one or both muons produced outside LO is found to be:

N (excess) = 7128 462§ 942 (Total); (13)
= 28§ 3598 705 (Opposite-signdimuons); (14)
= 7108 1388 229 (Same-signdimuons); (15)

wherethe rst uncertainty is statistical, and the secondsystematic (described below). The contributions from same-
sign and opposite-sign muons are therefore consistert within uncertainties. This excesscan also be expressedas a
fraction of the total loosesample:

N (excessyN °*S(loos§ = (0:40§ 0:26§ 0:53) %: (16)

The uncertainty ¥N (excess)]is evaluated asfollows. Equation (11) is rst rearrangedto de ne N (excess)in terms
of the independert variables N (tight) and N (LT) = [N°"S(loosd ; N (tight)]:

i Moo

N (excess)= N (LT) i N(tight)¢1 - (17)
HroL i

The total uncertainty is then given by appropriate conbination in quadrature of the uncertainties on N (L T), N (tight)
and hH'r- i. The determination of systematic uncertainties is describedin Section8. The statistical uncertainty on the
number of everts is simply the squareroot of the number. For the e®ective mean exciency the statistical uncertainty
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TABLE I: Event counts for signal dimuon events. The number of loose,N ° (loosé), and tight, N (tight), events are taken from
data. The contribution to the loosesample from production inside LO, N ®*? (loose), is determined using Eq. (12). The method
for evaluating the uncertainty ¥%on ead of these quantities is described in the text.

] [ Total | Opposite-sign| Same-sign |
N(ight) ||149161 113088 36073

N> (loose)|[177535 § 421|134097 § 43743438 § 208
NP (loose)||176823 § 503|134095 § 382(42728 § 121

N (excess) 712 § 462 28§ 359 7108 138
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FIG. 7: Results of the ensenble test for dimuons of all sign-combinations. The markers show the distribution of "t- and
N ®® (loose), as determined by ead of the 1000trials. The solid lines show the results of tting to Gaussian functions.

is determined using ensentble tests, in which the calculation of Eq. (11) is repeated 1000times, with the constituent
exciency factors allowed to vary in a well-de ned manner, as described below.

The exciency in ea (A;z) bin, the exciency in each~ bin, and the parametersa and bin the transversemomertum
factor, are all assignedpseudo-randomlyaccordingto a Gaussiandistribution, with an appropriate meanand standard
deviation. The distribution of H'r_ i, asreturned by eat separaterun, is then "tted to a Gaussianfunction to extract
the uncertainty on this quantity. Figure 7(a) shows the result of this operation for the total sample, with no sign
requiremerts on the dimuon candidate: the exciency is well-parameterized by this function with width 3= 0:0024.
The asscaiated distribution of N ®*P (loose)is shown in Fig. 7(b), also tted to a Gaussianfunction.

b. Normalising N (excess) to the J=A Signal

As a point of normalization for the selectedsignal dimuon loosesample, we give the number of everts in the J=A
masspeak, when the lower masslimit of 5 GeV/ ¢? is removed. This peak will have many everts in commonwith the
J=A test sample, but will not be exactly the samedue to the additional vertex constraints usedin isolating the test
candidates. The resulting masspeak contains 1654898 969 in total, determined from a A? minimization T using
the sameparameterization as described in Section 6a. Therefore, the number of excessevents obsened in the mass
range (5< M (1 ) < 80) GeV/c? is a fraction (0:43§ 0:28§ 0:57)% of the number of J=A candidates under identical
selectionrequiremerts (except for the removal of the minimum invariant masscriterion).

c. Distributions  of N (excess)

In addition to determining the total number of excessewvernts, it is informative to count the number of excess
everts separately in sub-regionsof various kinematic or angular parameters, to look for possible enhancemets of
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FIG. 8: Invariant massdistributions for signal dimuons. The background-subtraction method described in the text is usedto
extract the distribution for excessevents (b), which can be compared to the distribution for looseand tight events shown in
(a). For each point, the smaller error bar represerts the statistical uncertainty, and the larger error bar also includes the e®ect
of systematic uncertainties on the etciency. The uncertainties are correlated from bin-to-bin, sincethey include contributions

from ("1 ).

excessdimuon events. This is equivalent to producing the distribution of excessevents for di®eren variables: the
event-by-event exciency allows suc distributions to be obtained. The expected distribution for looseeverts is rst
produced by repeating the calculation in Eq. (12) separately for eat bin in the tight histogram. The distribution of
excesseverts can then be determined by subtracting this expectation from the obsened looseevert histogram, i.e.
by applying Eq. (11) on a bin-by-bin basis.

Figure 8 shaws the number of excessevents versusthe dimuon invariant mass. The distributions for looseand tight
ewverts are shawvn in Fig. 8(a); After subtracting N ®*P (loose) from the obsened loose distribution, the distribution
of N (excess)is produced as shown in Fig. 8(b). The lack of an ™ resonancein the excesssampleis an indication
that the expectation-subtraction procedureis correctly accourting for cortributions from prompt muon sources. In
this and other excessdistributions, the smaller error bar represers the statistical uncertainty, and the larger error
bar also includes the e®ectof systematic uncertainties. These uncertainties are correlated between bins, since they
include contributions from the exciency, as quanti ed in Eq.(17).

The sameprocedurecan be repeatedfor other variablesof interest. Figure 9 shows the distribution of the azimuthal
angle, pseudorapidity, and transverse momertum of the individual muons. The excessmuons showv no signi cant
dependenceon any of thesekinematic or angular variables.

The impact parameter distributions for muons from looseand tight events are showvn in Fig. 10. Producing the
corresponding distribution for muonsfrom excesseverts is complicated. This is becausethe shape is strongly a®ected
by the di®erent impact parameter resolutions for tracks with and without LO hits [6]. Sincethis e®ectis dependen
on the track orientation and transversemomertum, the current analysis makesno attempt to correct for this e®ect,
and the excesslP distribution is not preseried.

8. SYSTEMA TIC UNCER TAINTIES AND CONSISTENCY CHECKS

Various sourcesof systematic uncertainty on the event courting procedure are considered,and their e®ectsquan-
tied. The summary of these cortributions to N (excess)is shovn in Table Il. The calculation of exciency was
repeatedwith di®eren binning schemesfor the A, z, and ~ histograms. In addition, the pr factor is removed from the
etciency parameterization. The maximal di®erencein the fraction N (excess)N (loose)under these modi ed counts
is translated into an uncertainty on N (excess).

To ched that the inclusive trigger selectiondoesnot bias the number of excesseverts in the sample, the study is
repeated using only those everts which are selectedby the non-track-matched dimuon trigger described in Section 3.
The conclusionsare consistert with the inclusive trigger selection,with N (excess)comprising a fraction 0.32%of the
loosesample(396/ 123 572). In addition, the sampleis divided into two time erascorresponding to the data collection
date, and consistert results are obsened within statistical °uctuations, with N (excess)N °°s(loose) measuredto be
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FIG. 9: Azimuthal angle, pseudorapidity, and transverse momentum distributions for excessmuons from the signal dimuon
sample. For eadh point, the smaller error bar represerts the statistical uncertainty, and the larger error bar also includes
the e®ectof systematic uncertainties on the exciency. The uncertainties are correlated from bin-to-bin, since they include
contributions  from ¥{"+-_).

TABLE |I: Systematic uncertainties on N (excess),determined using the methods described in the text.

[Source [+[%(excess)]
Rebin A §0:14%
Rebin z §0:18%
Rebin ’ §0:01%

F (p;) Removed| §0:48%

[Total | §0:53% |

0.48%and 0.25%for the two samples.

The two-dimensional scatter plots of IP(* ;) vs. IP(*,), for both looseand tight signal selections,are shown in
Fig. 11. The absenceof everts on the leading diagonalindicates the very small contribution from through-going cosmic
ray muons. Most everts are assaiated with one or both muons having very small impact parameter, as expected. All
tight dimuons are cortained in the region (jIP.,j < 1:6 cm;jIP.,j < 1:6 cm), as expected, whereaslooseeveris are
obsened with impact parametersup to 2.5 cm.
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FIG. 11: Two-dimensional impact parameter distribution of all signal events in the tight and loose dimuon sample, with the
inner radius of the LO detector showvn by the solid lines. The lack of everts on the leading diagonal indicates that contamination
from cosmic ray muons is minimal. Very few events are observed in which both impact parameters are large.

9. POSSIBLE SOUR CES OF EXCESS EVENTS

Although the nominal excesss not signi cant, we have considereda number of sourceswhich producereconstructed
muonsoriginating beyond the beampipe region, including hadronic punch-through, pion and kaon decay-in-°igh t, and
cosmicray muons. As the muons are required to exit the iron toroid, which is over 13, thick (at = = 0), hadronic
punch-throughs are negligible in this analysis[13, 14]. In addition, punch-throughs comedirectly from the primary
vertex and would therefore be accourted for by the exciency-weighted extrapolation process.

a. Decays in Fligh t

Pion and kaon decays in °ight, i.e. ¥4! 1© and K ! 1°  |eadto muon production outside the beampipe region.
Charged ¥=K mesonswhich deca in the certral tracking detector will have the initial portion of their trajectory
coming from the primary vertex. However, the "tting procedure does not include the kink at the decay point and
so t outputs such as momertum, the quality of the t, and the impact parameter will be degraded,with this e®ect
being larger for kaons. For the impact parameter, this degradation will be worse if the decay occurs earlier in the
°ight path. For a momertum of 10 GeV/ c, about 0:06% of charged pions and 0:5% of charged kaonswill deca in the
‘rst 35cm, although there are many more pions than kaonsin a typical evert. For decas in °ight with kinks inside
the beampipe or SMT, only the muon beyond the kink is reconstructed as a track, resulting in large reconstructed
impact parameters. Decay-in-°ight muons originating inside the beampipe will almost always erter the tight dimuon
sample,as a result of the high exciency of LO. As sudc there will be cortributions from this sourceto both the loose
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and tight samples.

A previous DO analysis of CP-violating parametersin dimuon charged asymmetry found that about 5% of everts
had a prompt muon plus aK ¢ decay [15). This analysisrequired pr (*) > 4:2 GeV/ ¢ and impact parameter< 0:3 cm,
and additional studieswill be performed to estimate this contribution at larger impact parameter.

Another good estimate of the cortribution due to decays-in-°ight can be found in Ref. [16], where the ratio of
candidatesin B* ! J=AK* andB* ! J=At* masspeaksis examined. The results show that a fraction (3:48 0:2)%
of thesecandidateshave a K ! 1° deca in °ight.

Neutral kaons can also produce muons with naturally large displacemerts from the primary vertex. The decgy
probability for Ks and K with p= 10 GeV/c in the "rst 35cm are about 50% and 0:2% respectively. Around 27%
of K. decays result in muons, via the processK | | ¥4° . For Ks mesons,muons arise for around 1% of decays, via
the secondarypion decay Ks ! %44 Y.! 1° . Eacdh neutral weak eigenstateyields muons at approximately 10% of
the K § rate, but with a di®erert and more extendedimpact parameter distribution. Events which have both muons
coming from Yaor K decay are dominated by multi-jet events without heavy quarks. The ratio of theseto dimuons
from b and cis lessthen 1%.

b. Cosmic Ray Muons

Another expected sourceof muonswith large displacemens from the primary vertex are cosmicray muons. There
are three distinct topologies. A singlemuon can enter and exit the detector and sohave its two reconstructedtracks be
bad-to-back. Onecanalsohave cosmicray shoverswith multiple muonsin time with ead other but not badk-to-back.
The third sourceis cosmicray muons coinciding with a beam-produced muon, which have a greater likelihood to be
closeto vertical but are otherwise uncorrelated with the prompt muon. The rst two sourcescan produce correlated
tracks originating outside the beampipe. In eat casethe time distribution in the muon system scirtillation courters
can be shifted relative to prompt muons and the time di®erencebetweenthe scirtillator outside and inside the iron
is shifted by about 20 ns for entering cosmicray muons. Studies of the scirtillation courter timing, using variables
such asta(*1)j tc(*1), andtc(*1) i tc(*2) allow estimatesof the contribution of cosmicsto be made. Using these
methods, it is estimated that the total cortribution to the excesssample from cosmicray muons is lessthan 100
everts (95% C.L.), corresponding to a fraction 0:06% of the loosesample.

10. CONCLUSIONS

Using 0:9 fbi ! of integrated luminosity, a sampleof dimuon everts is examinedwith similar evert characteristics as
those selectedin the CDF multi-m uon analysis[1]. We measurethe fractional excessof muonsproducedin the silicon
detector outside of the beampipe to be (0:408 0:268 0:53)%, signi cantly smallerthan the » 12% obsened by CDF [1].
The DO excessis expectedto have cortributions from mainly K and %decass in °ight, aswell as residual cosmicray
contamination, and further studiesare in progressto quantify the composition. Examination of the properties of this
excessindicate that theseeverts are not enhancedin any particular kinematic regionsin ~, A, pr or M (1 ).
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