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We report the observation of bottom-charmed medns 1.8 TeV pacollisions using the CDF detector
at the Fermilab Tevatron. THe, mesons were found through their semileptonic decBys;>J/l*X. A fit
to the J/¢1 mass distribution yielded 20°4Z events fromB, mesons. A test of the null hypothesis, i.e., an
attempt to fit the data with background alone, was rejected at the level of 4.8 standard deviations. By studying
the quality of the fit as a function of the assumdsl, mass, we determinedVi(B.)=6.40
+0.39 (stat)+0.13(sysh GeV/c?. From the distribution of trilepton intersection points in the plane transverse
to the beam direction we measured tBg lifetime to be 7(B.)=0.46"J12 (stay+0.03(sysh ps. We also
measured the ratio of production cross section times branching fractidy ferJ/ 1 * v relative to that for
B*—J/yK* to be
o(Bo) X B(B—J/yiv)
o(B)XB(B—J/yK)

=0.132"5:533 (stah =0.031(sysh 5 035 lifetime).

[S0556-282(198)01421-0

PACS numbe(s): 14.40.Nd, 13.20.He, 13.30.Ce, 13.60.Le
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I. INTRODUCTION There have been several experimental searches fdthe

. meson. Ine*e™ collisions at theZ resonance at the CERN
TheB_. meson is the lowest-mass bound state of a charm

: . e" e collider LEP, 90% confidence levéC.L.) upper limits
quark and a bottom anti-quatht is the pseudoscalar ground : L .
state of the third family of quarkonium states. Sif&ehas have been placed on various branching-fraction products by

. . the DELPHI Collaboration 18], the OPAL Collaboration
non-zero flavor, it has no strong or electromagnetic deca

L . 19], and the ALEPH Collaboratiofi20]. In Sec. VIII, we
channels, and it is the last such meson predlctec_zl by the Stact')mpare these limits with our result. OPAL reported one
dard model. Its weak decay is expected to yield a large

. ; i - event in the semileptonic channel where the background was

S;ae?lj'hgn)(%;?r?é?]?a:osifézaaltj:gj[es containingly [1-4], a estimate+d to be (0.820.19) event, along with twdB,

Non-relativistic potential models are appropriate By, ~ —J/#7~ candidates with an estimated background of
and they predict its mass. Kwong and Rosfff estimate (0.63t_0.20) events. The mean mass of the latter two candi-
M(B,) to be in the range 6.194—6.292 Ge¥/ Eichten and  dates is (6.320.06) GeVt®. ALEPH [20] reported one
Quigg [6] discuss four potentials that yield values in the candidate foB; —J/¢u* v, , with a low background prob-
range 6.248—6.266 Gew?. In these models, theandb are  ability and alJ/u mass too high to be explained by a light
tightly bound in a very compact system. These authors deB meson. A prior search with the Collider Detector at Fer-
scribe a rich spectroscopy of excited states, which make thigilab (CDF) placed a limit on the production and decay of
the “hydrogen atom” or, perhaps, “the mu-mesic atom” of the B; to J/¢4 and a charged piof21].
QCD. We report here the observation Bf mesons produced in

We expect the full decay width of thB. to consist of 3 110 pb! sample of 1.8 Te\pp collisions at the Fermilab
three major contributiond; =I"y,+T'c+T',c, which are, re-  Tevatron collider using the CDF detector. We searched for
spectively,b—cW™" with the ¢ as a spectator, leading to the decay channelB.—J/yuX and B.—J/¢eX with the
final states such asl{ymr), (J/¢lv); c—sW', with theb  J/¢ decaying to muon pairsEven the lowest prediction for
as spectator, leading to final states suchBgr{, (Bdlv); the B, lifetime [7] implies that a significant fraction af/ ¢
cb—W*, annihilation leading to final states such &),  daughters fronB; would have decay pointsecondary ver-
(7v,) or multiple pions. Since these processes lead to differtices displaced from the beam centrofdrimary vertex by
ent final states, their amplitudes do not interfere. In the simdetectable amounts. The existence of an additional identified
plest view, thec andb are free, so annihilation is suppressed, |€pton track that passes through the same displaced vertex
and the total width is just the sum of theandb total widths, ~ COMPIetes the signature for a candidate event. We have iden-
with c-decay dominating. Approximating this b¥(By) tified 37 e\gents withd/ ¢l mass beth_een 3.35 GeGF/ and_
—TI'(D%+T'(BY yields r(B)~0.3 ps[7]. When annihila- 11.0 Gevg . Of these, 31 even;cs lie in a signal region
tion, phase space consideratiofghich reduce the relative 4-0 GeVk <M(J/_‘/’|)<6-0 GeVk K ) o
importance of thec contribution and other effects are in-  The most crucial and demanding step in the analysis is
cluded, the predictions increase to the range 0.4—0[®,8s  understanding the backgrounds that can populate the mass
10]. Quigg[11] emphasizes the relatively large ratio of the distribution [22,23. We attribute any excess over an ex-
binding energy to charm-quark mass and the effedfgnof ~ Pected background to the production of tBg, the only
the compact size of theHsystem, where the pseudo-scalar particle yielding a displaced-vertex, three-lepton final state

decay constant is expected to he~500 MeV. He predicts with a mass in this region. The bulk of the background arises
lifetimes in the range 1.1—1.4 psc Wilh, as thé largest con from real J/ ¢y mesons accompanied by hadrons that errone-

R o : ously satisfy our selection criteria for an electron or a muon
tribution. Thus, aB. lifetime measurement is a test of the

. . X . > or by leptons that have tracks accidentally passing through
different assumptions made in the various calculations. Sevpe displaced/ s vertex.

eral _author; h(_':we also calculated Byepartial decay rates to In the sections that follow, we begin with a very brief

semileptonic final stateid—4,13. _ _ discussion in Sec. Il of some parts of the CDF detector,
In perturbative QCD calculations &, production using  hanicle identification, and identificaton @ ¢ through its

the fragmentation approximation, the dominant process igecay to a muon pair. Following this, we describe our selec-

that in which ab is produced by gluon fusion in the hard tion criteria for tri-lepton eventéSec. Ill), our calculation of

collision and fragmentation provides tlie[13-17. A full  the number of background events in the signal red®ec.

a? calculation shows that fragmentation dominates only forlv), and the validation procedures to establish the accuracy

transverse momenta large compared toBRenass, i.e.pr  of that calculation/Appendix B.

>Mg C [16]. This calculation provides inclusive production  Section V describes the procedures we used to establish

cross sections along with distributions in transverse momerthe existence of th&. contribution to our sample of candi-

tum p; and other kinematic variables.

2Because of the large partial widths fBr—J/¢lv [1,3,17, we

*Visitor. assume that these modes domirage-J/#1X, and we often refer
IReferences to a specific state imply the charge-conjugate state &s them simply aB.—J/¢dv or J/yl. In Secs. VIl and VIl we
well. discuss this further.
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dates. The background calculations and the mass distributidnnermost layers and a pitch of 5&m for the outermost

of theJ/ ¢l data sample were subjected to a statistical analylayer.

sis from which we calculated th8. contribution to the sig- A set of time projection chambers providedz informa-

nal region. We describe first a simple “counting experi- tion that was used to determine the event vertex position in
ment” calculation for events in this region. However, we z, which serves as a seed in the reconstruction of tracks in
base our claim for the existence Bf on a likelihood fit that  the r—z view in the drift chamber described next.

exploits information about the shape of the signal and back- Tne central tracking chambé€TC) is an 84-layer cylin-
ground distributions in the mass range 3.35-11.0 ®8V/ drical drift chamber, which covers the pseudorapidity inter-
which we call the fitting region. ThB. contribution to these 5, | p|<1 (wheren= —In[tan(®/2)] and @ is the polar angle
data is 20.45 events. The null hypothesis is rejected at ay respect to the proton beam directioft consists of five

level of 4.8 standard deviations, i.e., the probability that theyperjayers of axial sense wires interleaved with four small-
background could f'“““j”‘ge high enough to explain this ex'angle stereo superlayers at an angle of about 3° with respect
cess Is less than 0.63L0°°. . ' . to the axial wires. In each axiéstere9 superlayer there are

In Sec. VI, by studying the quality of the fit as we varied ye\ye (six) cylindrical layers of sense wires. The efficiency
the assume®, mass, we obtained an estlmatel\tb(_Bc). IN" for track reconstruction is about 95% and independemt;of
Sec. VII, we describe our measurement of Bielifetime, o yracks with pr>0.5 GeVk. From the reconstructed
and n Sgc. Vil we Qescrlbe our measurement of the Cr0SKracks, we used charge deposition from hits in the outer 54
section times branching-fraction ratio layers of the CTC to measure the specific ionizatid&/d x)

+ + + of particles with about 10% uncertainty. This enabled us to
o(Bc)XB(Bc —J/yl"v) determine the relativer/K/p contributions in background
o(By)XB(By —J/yK™) calculations. Specific ionization was also used as one of the

electron identification criteria.
We chose this form because many of the uncertainties cancel The combined data from SVX and CTC, required for all

in the ratio. tracks in this analysis, have a momentum resolution
op+/pr=[(0.0009X p7)?+(0.0066¥]1*2, where p; is in
Il. DETECTOR AND PARTICLE IDENTIFICATION units of GeVk, and the average track impact parameter

, . . resolution is(13+ (40/p1)) wm relative to the origin of the
We collected data at the Fermilab Tevatron Collider with 4 dinate system in the plane transverse to the H&sin
the CDF detector during the 1992—-1995 run. The integrated
luminosity was 110 pb! of pp collisions at\s=1.8 TeV. B. Electron identification
We have described the CDF detector in detail elsewhere

[24,25. We describe only those components that are impor- Electrons were identifed by the association of a charged-
tant for this report. particle track with pt>2 GeV/c and an electromagnetic

The events we soughB.— J/ylv whereJ/y— u*t ™ shower in the calorimetd®5]. The central {7|<1.1) calo-

have a very simple topology: three charged particle trackgimeter is dlylded into towers .that subtend 15° in azimuth
emerging from a decay point displaced from the primarya”d 0.11 umts_of pseudorgp!dlty. Each tower has two depth
interaction point. For each track, the momentum must b&€gments, a nineteen-radiation-length electromagnetic com-
known, along with its identityx or e. Below we describe Partment(CEM) and a hadronic compartment.

the charged-particle tracking system, the electron identifica- "€ track must project sufficiently far from a tower

tion system, the muon identification system, the real-timg?oundary that the energy deposition by an electromagnetic
triggers, and)/y identification. shower would be largely contained within a single tower.

The energyE observed in the CEM tower must be roughly
consistent with the momenturp of the track, viz., 0.7
<E/pc<1.5, and we require that the energy in the hadron
Our cylindrical coordinate system defines thaxis to be  compartment of this tower be less than 10% of that found in
the proton beam direction, wit#h as the azimuthal angle and the CEM.
r as the transverse distance. Three tracking subsystems de-Information from other detectors further improves elec-
tect charged patrticles as they pass through a 1.4 T solenoid@bn identification. The value afE/dx measured in the CTC
magnetic field. We discuss them in order of increasing dismust be consistent with that expected for an electron. Pre-
tance from the beam axis. radiator chambers located between the magnet(ooié ra-
The silicon vertex detectdSVX) providesr —¢ informa-  diation length thick and the CEM must show a signal
tion with good resolution close to the interaction vertex. Itequivalent to at least four minimume-ionizing particles. Pro-
consists of four approximately cylindrical layers of silicon portional chambers with both wire and cathode-strip readout
strip detectors outside the beam vacuum pipe and concentrare located in the CEM at a depth of six radiation lengths.
with the beam line. The active area of silicon is centeredThe shower profile observed in orthogonal views in these
within the overall CDF detector and extends 25.5 cm in eaclthambers must be consistent in pulse height, shape, and po-
direction along the beam line. The four layers of detectorssition with those found for electrons.
are at radii of 3.0, 4.2, 5.7, and 7.9 ¢@6,27]. The strips are For the data sample in this experiment, a hadron which
arranged axially, and have a pitch of @0n for the three satisfies the purely geometric criteria for electrons has a

A. Charged particles
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probability (6.4+0.6)x 10”4 of surviving the electron iden-

tification criteria. Section IV discusses this in more detail. 15000
Real electrons can arise from photon conversiors'®- i

pairs, including internal conversions °— ye"e . These

can be identified and rejected when the candidate electron

paired with an oppositely charged track in the event, is kine-«

matically consistent with the hypothesis—e*e™. How-

C

> 10000
ever, such tracks were useful in direct measurements of ou §
electron identification efficiency. ‘0

2

C. Muon identification £
@
Muons from J/¢ decay were identifed by matching a 2 5000

charged-particle track with+>2 GeV/c to a track segment
found in the central muon drift chambef@MU and CMX
detector$ that lie outside the central calorimeter. The calo-
rimeter presents five interaction lengths fet <0.6 (CMU)
and six to nine interaction lengths for &67|<1.0 (CMX).

Within the uncertainty introduced by multiple Coulomb scat- 85 29 295 3 305 30 315 32 325 33 335
tering, we required the charged-particle tracks found in the M) (GeV/ch)

CTC and SVX to project to the track segments in these drift

chambers within three standard deviations. FIG. 1. The distribution ofu™u~ masses. The data used for

further analysis lie between 3.047 and 3.147 G&Véand contain
196,006-500 J/¢ events above a background continuum of
20,000+ 150 events under thd ¢ peak.

We refer to the muon produced directly in tBg semi-
leptonic decay as the “third muon,” and we apply stricter
requirements to identify {{25]. The transverse momentum of
the third muon was required to exceed 3 GeVA third ) )
muon must project to a track segment in the CMU, and fofequired two such matches for tracks wiiy>2 GeVic.
further Suppression of backgrounds must pass through aﬁurves of tthT thresholds for the fast track processor and
additional three interaction lengths of steel to produce a trackor the muon chambers can be found in R&B].
segment in a second layer of central muon drift chambers The Level-3 di-muon trigger was a preliminary event re-
(CMP). These chambers cover about two-thirds of the soligconstruction in which we required charged muon candidate
angle for|7|<0.6. Above 3 GeW¢, the efficiency for a Pairs with a mass, determined from CTC information only,

muon track to match track segments in both the CMU andetween 2.8 and 3.4 Ged.
the CMP is independent gf;. Subsequent offline processing performed a comprehen-

For the data sample in this experiment, a hadron whict$ive search for all muon candidates in the event. For consis-
satisfies the purely geometric criteria for muons has a probtent treatment of the several decay modes described above,

ability (1.1+0.2)% for surviving the muon identification cri- We required that the muons used to searchfgr candidates

teria. Section IV discusses this in more detail. were identical to those that triggered the event. We also re-
quired that both muons pass through the SVX.
D. J/4 selection We performed &? fit to the track parameters for pairs of

) _ _ oppositely charged muons subject to the constraint that they
The CDF detector includes a three-level, real-time triggehad a common origi29]. The di-muon mass was uncon-
system with options that can be used to select events appragrained. We required the? probability of the fit to exceed
priate for a wide range of ph)+/sms tOP'fS- In order to ensure 9. The resulting di-muon mass distribution is shown in Fig.
consistent  treatment fOch —>J/¢f X decays, B; 1. The mean mass resolution is 16 Me%/ We required
—J/ye"X decays, and thB™ —J/¢K™ decays used for the di-muon candidates selected by the offline programs for the
cross-section normalization, we required that the MUONg analysis to be within 50 Me\¢? of the world average

from the J/4 decay satisfy the di-muon trigger selection re- 3/ mass of 3096.9 Me\¢? [30].
quirements.

The Level-1 trigger identified muon-chamber candidates IIl. EVENT SELECTION
by requiring a coincidence between two radially aligned
muon chambers. Our di-muon trigger required two such co- To identify B, candidates, we searched for events with a
incidences. third track that originated at th&/ s decay point. We sub-
The Level-2 di-muon trigger combined the muon candi-jected the three tracks to @ fit that constrained the two
dates with information from a fast track processor that idenimuons to thel/¢ mass and that constrained all three tracks
tified tracks from CTC dat§28]. For the first 19.4 pb' of  to orginate from a common point. We accepted events for
data collected, we required a single match between a muowhich the fit probability satisfie®(x?)>1%. To the result-
chamber coincidence and a CTC track wjih>3 GeV/c. ing samples ofl/ s+ track, we applied further geometric and
The upgraded trigger system used for the remaining datparticle-identification criteria for selectingy e and J/yu

112004-5



F. ABE et al. PHYSICAL REVIEW D 58 112004

events and a kinematic test for selectihg/K events® 10—
The third track for most events was a pion or a kadie
fitting program corrected individual tracks for ionization
losses. Consequently, the fit results had some slight sensitiv-
ity to the mass assumed for the third track. For studies aimed
at identifying events with a specific third particle™, u™,
or K*) we used the appropriate mass. For genelig
+track studies we used the muon mass.

~
[8)]

[}
[}
LI N R N B B B B BN B B B B BN B B B

A. J/s+track decay vertex position

Events per 10 MeV/c?

The di-muon fit described in Sec. Il constrained the 25
daughter tracks fromd/¢— u* u~ to come from a common
point in space based on information from the CTC and SVX. - Uy,
When fitting the two muon tracks of th# ¢ and the addi- - | |
tional track, we required all three tracks to come from the S0 590 540 560 580
same vertex. However, the high-resolution information from M(J/¥ K*) (Gev/c?)
the SVX provides no longitudinalz] coordinate. Thus, we o . )
measured the displacement between the beam centroid and'C- 2. The distribution of masses dfy/K™ candidates. The
e/ decay poit n the ansverse plane. The uncerant® 12 SPTeserls = s sares 1o 1 e btween 21
In_the _dlsplacen?gnt IS tlplcal.ly_ abOUt_ »an, and the uncer- ground. The area of the Gaussian contribution is290 events.
tainty in the position opp collision which produced thé/ ¢
is 23 um [29]. ] ] .

L,y is the distance between the beam centroid and th&rom this particular data sample were used_to normalize the
decay point of &8, candidate projected onto a plane perpen-measurement of the product of tBg production cross sec-
dicular to the beam direction and projected along the direction and theB.— J/¢l v branching fraction described in Sec.
tion of the B, in that plane. A measure of the time betweenVIIl. Events for whichM (J/¢K) was within 50 MeVt? of
production and decay of B. candidate is the quantityt*, M(B)=5.2789 GeVt? were designated aB— J/¢K and

defined as removed from the sample of candidates Bf—J/lv.
With different sets of selection criteria, tiéyK sample was
* _ MJ/ 1) - Ly (/1) 1) used to check the calculation of the probability for a kaon to
|pr(3/ )| be falsely identified as a mud$ec. IV A 1) and to normal-

_ _ ize Monte Carlo calculations of backgrounds fr&® pairs
where M(J/4l1) is the mass of the tri-lepton system and (Sec. IV D.

p1(Jd/yl) is its momentum transverse to the beam. The av-
erage uncertainty in the measurementatf is approxi-
mately 35um. In order to reduce backgrounds involving ] ]
promptJ/ production, we requiredt* > 60 wm for all can- Figures 3a) and 4a) are histograms of thé/y+ track
didates in the analysis of tH&, signal significance. For the Mass for combinations that passed the requiren{’)
subsequent lifetime analysiSec. VII), this requirement was ~ 1% described above. We required third tracks to have an
modified. opening angle less than 90° relative to the) direction.
This reduced the amount @B background discussed in
B. J/¢K identification Sec. IV. The B—J/¢yK events excluded from thed/y

. . +track sample populate a very narrow region of
The B—J/yK final state has no undetectable particlesy(J/y4+track in Figs. 3 and 4.

and can be reconstructed fully to calculate the mass of the |n the likelihood analysis described in Sec. V, the widths
parentB meson. We determined the mass for edél  of the mass bins are not uniform. In Fig. 3 and in subsequent
+track combination under the hypothesis that the track corfigures containing mass histograms the bin boundaries are
responded to a kaon. indicated by tick marks at the top of each figure. Most bins
Figure 2 shows thé/l,//K mass distribution. The results are 0.3 Gev¢2 wide. We confined the effects of the ex-
cluded events neav (J/K) to one 0.15 GeW? bin, which
is clearly visible in the figures. We also adopted wider bins
3Differences in the criteria for identifying muons and electrons @t high masses where the event population is low. We chose
yielded different acceptances and backgrounds for the two decaifié vertical scale so that the number of events per
channels. However, wherever it was possible to adopt common prd.3 GeVk? is equal to the number of events per bin for most
cedures for the two channels, we did so. bins. This makes explicit the statistical significance for the
4Preliminary studies oflE/dx for this sample of tracks showed candidate distributions in Figs.(3 and 4b). The event
the contribution from protons and antiprotons to be negligible and ittount is displayed for the two bins in Figs(b3 that had to
was assumed to be zero thereafter. be scaled.

C. J/ ¢+ lepton identification
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FIG. 3. Histograms of the number of events vs I FIG. 4. Histograms of the number of events vs ¢

+track). (a) J/ye candidates. For the 6530 events in this histo- +track). (a) J/¢u candidates. For the 1055 events in this histo-
gram, we assigned the electron mass to the third track and requiregtam, we assigned the muon mass to the third track and required
pr=2.0 GeVk. We applied the geometric criteria but not the par- pr=3.0 GeVkt. We applied the geometric criteria but not the par-
ticle identification criteria for electrongb) The 23-event subset of ticle identification criteria for muongb) The 14-event subset from
the distribution above that satisfies the electron identification crite{a) that satisfies the muon identification criteria.
ria. Note that the bins i (J/ ¢+ track) are not uniform in width.
The bin boundaries are indicated by tick marks at the top of the_, j/yeX), g,=&(B—JlyuX), and ex=¢e(B*—J/
figures here and in subsequent mass histograms. The binning 5K ), We used a Monte Carlo prografAppendix A to
discussed in the text. study the response of our detector and reconstruction pro-

With an assume®, mass of 6.27 Ge\t?, Monte Carlo  9rams to.each of these processes. All Monte Carlo events
simulations (Appendix A reveal that 93% of the the tri- Were subjgcted to the same req.uwements as the data. Among
lepton masses reconstructed 8#g/. andJ/ e decays will  these requirements we emphastze>60 um andM (J/yl)
fall in the range 4.0—6.0 Ge'??. We refer to this as the N the range 3.35-11.0 Ged/. In order to eliminate shared
signal region. When we apply the muon identification criteriaSyStematic uncertainties, such as those associatedjth
to events in Fig. ¢), we obtain the mass distribution shown detection, triggering and reconstruction, we used only the
in Fig. 4(b), in which 12 of the 14 events lie in the signal ratios of these efficiencies:
region. When we apply the electron identification criteria
described earlier to events in Fig@B we obtain the mass RE= Ee =0.58+0.04 2
distribution shown in Fig. @), in which 19 of the 23 events gete,
lie in the signal region.

The distributions shown in Figs(& and 3a) have many

€e
events in common because most with tracks that satisfy the R¥= §=0-244“—” 0.033. 3
muon p; and geometric criteria also have tracks that satisfy
the electrorpy ar)d geometric criteria. Figurest8 and 4b) The principal differences between the efficiencies for
have no events in common.

The two candidate mass distributions contain irreducible‘J/l/'e andJ/yu are the larger geometric acceptance for the

. . electron identification relative to that for muon identification,
backgrounds from various sources over the entire mas

. X . : lectron isolation requirements in the calorimeter, and the
range. There are 37 candidates, of which 31 lie in the Signalice rent pr thresholds: 2.0 GeW for electrons and
region. Our principal task was to understand the shape anéo GeVe fgr MUONS B

normalization of the backgrounds over the whole range of” The uncertainties.im ande . that do not cancel iR®
masses. We then determined their contributions to the signal € “

) . ; I come from differing particle identification procedurf25]
region and establlshed the size and significanceB{ eon- for electrons(10% and muons(5%), uncertainty in the
tribution to that region. '

Monte Carlo calculatiori10%), and model dependen¢Ap-
pendix A due to the differingpt thresholds for muons and
electrons(5%). This model dependence arises from uncer-

The analyses described in the following sections requiredainty in thep+ spectrum forB. production. As a check of
the relative values for the following efficiencies,=¢(B.  our B, production model, we show in Fig. 5 the tri-leptps

D. Efficiencies

112004-7



F. ABE et al. PHYSICAL REVIEW D 58 112004

u TABLE I. B signal and background summary: The counting
— e + J1: Data (B_ Candidates) experiment.
12
B ¢ + w: Calculated Background 4.0<M(Jy)<6.0 GeVk?
U J/ e results J/ i results
= Misidentified leptons
3 False electrons 2:60.05+0.3
a Conversions 1.20.8+0.4
g Total false muons 640.5+1.3
£ Punch-through 0.880.13+0.33
5 Decay-in-flight 5.5:0.5+1.3
BB bkg. 1.2+0.5 0.7+0.3
Total background| 5.0+1.1 7.1x15
Events observed in data 19 12
Net signal 14.0 4.9
Combined 18.9
10 15 PcountingNUll)® 2.1x107° 0.084

P (JI") (GeV/e)

o @Upper limit on other backgrounds 0.44.
FIG. 5. The transverse-momentum distribution for #hg! sys-  PThe probability that the background can account for the data in the
tem in B, candidategline). It is compared with the normalizetk  apsence of of a signal is based on a convolution of Poisson uncer-

distribution for all background¢dark shading and with thepr  (ainties and Gaussian uncertainties of the backgrounds.
distribution forB.—J/lv events generated by Monte Carlo cal-

culations(light shading. The latter is normalized to the fitted num-

ber of B, events determined in Sec. V. The third track is a kaon or pion that has passed through the

muon detectors without being absorbed. We call this

distribution for the 31 candidate events in the signal region punch-through background.” The third track is a kaon or

compared to those for simulat&] events and for calculated pion that has decayed in flight into a muon in advance of

. . .~ entering the muon detectors. We call this “decay-in-flight
backgroundg(Sec. IV). Th.ere. are no major differences in background.” The third track is a kaon or pion that has been
shape among the three distributions.

The uncertainties ilR< come from Monte Carlo statistics falsely identified as an electron. We call this “false electron

artes . background.”
(4%), uncertainties in the mod¢hppendix A for produc- Ragndom combinations arise from the following sources:
. o . . :
E?g(ygT Sﬁfgf{:gé’; %mtjhén dt—:-ht(ZcI(rﬁ?S% /ff)‘e;;gt't?.” p;a;zz(r)w/”n)eter External or internal conversions, i.e., electrons from photon
=579, U Inties in the det 2 I99€r30)  pair-production in the material around the beam line or from
simulations, and uncertainty in the electron |dent|f|cat|onDaIitZ decay ofx°. Electrons from these sources that escape
(10%. )

We calculated the efficiencies f@, decays assuming a identification as conversions are called “conversion back-
e L c ) round.” A B that has decayed intoH ¢ and an associated
B, lifetime c7=120um. Lifetime effects cancel ilR® but 9 Y v

not in RK. RX scales as the number B, that survive the 60 B that has decayed semileptonicalty through semileptonic
um threshold inct*, i.e., decays of its daughter hadrgriato a muon or an electron.

The displaced/# and the lepton can accidentally appear to

60 um originate from a common point. We call thisBB back-
exp( - m) ground.”
R¥(cm)=RX(120 um) (4 Table I (Table 1) summarizes the results of the data and
exr{ _ 60 um ) background for the muon and electron channels in the signal
(1/K)120 pm (fitting) region defined in Sec. |. The procedures used to

obtain these results are described in the remainder of this
where(1/K)cr is the effective mean decay length, and thesection. We have also conducted studies to verify the accu-
average correction factor i€1/K)=0.88+0.02. (See Sec.
VII.)

5As stated in Sec. Ill, we made the conservative assumption that
IV. BACKGROUND DETERMINATION the hadron tracks are all from mesons. Protons do not decay in

. . . flight. They have an interaction cross section higher than that for
Backgrounds in the sample &, candidates can arise mesons and, therefore, a lower punch-through probability. Aban-

from misidentification of hadron tracks as leptdns., false  goning this assumption would lower our estimate of false muon

leptong, from random combinations of real leptons withy  packgrounds by a fraction of an event. The assumption does not

mesons, and from incorrectly identified/y candidates apply to our procedure for estimating false electron backgrounds,

[22,23. which was validated with jet data containing a mix of mesons and
We describe three sources of false lepton identificationbaryons(Appendix B.
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TABLE II. B signal and background summary: The likelihood
analysis.

Input constrairit
(Results of fi®

J/ e results Jl iy results

False electrons N’fe=4.2+0.4
(n'7e=4.2+0.4)
Found conversions N’ce=2

(n'ce=2.2+1.4)
R°®=1.06+0.36
(r°®=1.08+0.35)

Conversion ratio

Unfound conversiorfs 2.1+1.7
(2.4+1.7)
False muons N'f#=11.4+2.4
(n'f#=9.,2+2.3)
BB bkg. N'Be=23+0.9  N'Br=1.44+0.25
(n'Be=2.6+0.9) (n'B*=1.42+0.25)
Total background 862.0 12.8-2.4
(9.2+2.0) (10.6-2.3)
Total signal (n"'=20.4"2)
Electron fraction R*=0.58+0.04

(re=0.59+0.04)

e and u signal (n'®=12.0'39 (n'*=8.4"2D
Signak-background 23 14

(21.2£4.3) (19.0+3.5)
P(null)® 0.63x10°°

&The numbers quoted here are for the mass range<avB& yl)
<11.0 GeVt2.
®Derived from other parameters.
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FIG. 6. Mass histograms for backgrounds from hadrons misi-
dentified as muonga) The sum of punch-through background con-
tributions fromsr™, K™, andK ™. The dominant contribution to the
punch-through background is frok* because of its lower inter-
action cross sectiontb) The sum of decay-in-flight background
contributions from#= and K*. (c) The contribution fromBB
background. These plots are normalized by their calculated contri-
bution to the candidate distribution in Fig. 4.

formation and the particle trajectory, we obtained the prob-
ability of punching through the absorbing material and pro-
ducing track segments in the muon chamber.

“Probability that background alone can fluctuate to produce an ap- \ith the events in Fig. @) that project to the CMU and
parent signal of 20.4 events or more, based on simulation of stati MP chambers, we assumed the third particle to be a pion

tical fluctuations.

and calculated its punch-through probability. We did similar
calculations folK * andK ~. UsingdE/dx information from

racy of our background calculations, applying them to indethe CTC, we determined that (56:3.4)% of the third
pendent data samples where they can be checked againsicks are pions, where the uncertainty is purely statistical
direct measurements. These studies are described in Appdpased on a fit. We assume charge symmetry for the relative

dix B.

A. False muon backgrounds
1. Punch-through background

One of the backgrounds that can mimicBa— J/¢uX
event results when @= or K* or one of the particles in the
resulting shower is not completely contained in the calorim

eter and CMP steel. This can cause the original track to bgvents Folk

misidentified as a muon. Although the probability for this is

numbers oK™ andK ~. The shapes of the mass histograms
from all these calculations are nearly identical to each other
and their sum is shown in Fig(&. The dominant contribu-
tion to the punch-through background is frééd because of

its lower absorption cross section.

As a check, we used this procedure to compute the num-
ber of K™ and K~ punch-throughs fronB—J/K events
and compared it with the actual number of punch-throughs in

we predict 3.36:0.46 events and observe 2
we predict 0.65:0.08 events and observe 1
event. With such small samples, it is difficult to evaluate the

the data. FoK ™

about 1 in 500, a large number of events have tracks thalysiematic uncertainty and we arbitrarily assigned it a value

meet the fiducial requirements, which offsets the low pU”Ch'comparable to these differences between the expected and
through probability. Such tracks can be reconstructed with gpserved number o/ K events.

J/ to mimic aB, decay.

We used a model of the distribution of material in the
CDF detector and the absorption cross sectionsaforand
K= as functions of energhB0] to calculate the total number

We estimate 0.880.13sta)+0.33sysh) events in the
signal region due to hadron punch-through.

2. Decay-in-flight

of nuclear interaction lengths traversed by a particle. The Pion or kaon decay-in-flight can contribute background to
particle type, its energy and corrections to its momentum foB.— J/«#u when a daughter muon from a meson decay is
energy loss through ionization were included. Given this in-reconstructed as a track that projects to h¢ decay point.
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3. Total false muon background

. + (a) Kaons The mass distributions for punch-through and decay-in-

+ l flight backgrounds are statistically indistinguishable in
1| T shape, and we have combined them for the likelihood analy-
sis discussed in Sec. V. In the fitting region
0.5 | (3.35-11.0 GeW?) we estimate 114 2.4 (statsyst) false

muon events of which 641.4 are in the signal region
0 (4.0-6.0 GeVt?).

% Probability

0.75 L + (b) Pions B. False electron background
Because of the requirement that the third lepton originates

05 -

! from the J/ ¢ decay point, the main source of false-electron
0.25 1 events among ouB,. candidates i8— J/¢+ hadrons where
o one of the hadrons is misidentified as an electron.
0 3 4 5 5 7 3 9 10 To determine the probability that a hadron was misiden-
Track py (GeV/c) tified as an electron, we studied two independent sets of

events deliberately chosen because they contain few real
FIG. 7. (a) and(b) show thepr-dependent probability for kaons electrons: a dataset based on an inclusive jet trigger with a
and pions, respectively, to decay in flight and be misidentified aghreshold transverse energy of 20 GEYET20 and mini-
muons. The specific i(_)nizatiodE/dx was used to determine the mym bias(MB) dataset based on a trigger that sampled beam
correct proportion of pions and kaons in the data. crossings with no physics requirements.
The probability of misidentification of a track as an elec-
We estimated this background from the events in thdron can depend on its transverse momentum and on the
Jly+track mass distribution shown in Fig(al We as- Presence of nearby tracks. Therefore, we express this prob-
sumed the third track to be a pion or a kaon and added it t@Pility as a function ofpr and an isolation parametet
a histogram with a weight that was the product of the fol-défined to be the scalar sum of the momenta of particles
lowing factors: the probability that it would decay before Within @ coneAR<0.2, divided by the momentum of the
reaching the muon chambers; the probability that the dat§ack under consideratiodR= (A #7)°+(A¢)" is the ra-
from the tracking system would be reconstructed as a tracfiUS Of @ cone iny—¢ centered on that track. In this defini-

that points to thel/ decay vertex. The decay probability is tior_}_rc])f igolati_on,ha jg?ggr mg?\;‘; more isolated. b
a simple calculation for each track. The probability for re- e data in the an triggers contain a number

construction and vertex-pointing was calculated with °f real electrons. In order to calculate the false electron prob-

Monte Carlo program described in Appendix A. For the de_ablllty for hadrons, Fhe electrons were removed statistically
- . from the sample usingdE/dx measurements. We computed
cay channels containing Hy, the program forced pion or

: . .~ the fractionf,, of hadrons wrongly identified as electrons
kaon daughters of & to decay into a muon in the regIon tom the ratio of N, the number of tracks satisfying all
upstream of the CMU chambers. It then traced the partmle%lectron criteria, tN!, the number of tracks satisfying the

through the detector. This study included cases where thﬁurely geometric criteria. However, a fractidn, of the

track did not originate at thé/y decay vertex, but decayed tracks passing all electron criteria were, in fact, real electrons
in a way that allowed a perturbed reconstruction which accifrgm heavy-flavor decays and from conversions, i.e., pair
dentally satisfied the vertex requirement. production by photons and Dalitz pairs as discussed in Sec.

The events thus simulated were analyzed to determine thg/ C. From dE/dx measurements we founi} to be 0.74
fraction of events for which the hadron and subsequent decay 0.02 in the JET20 data and 068.07 in the MB data.

muon satisfied the muon identification criteria with a recon-Thus,
structed track that projected to thEy decay point. The
fraction depends only on the type of particle andpgn The
results of the calculation are shown in Fig. 7 for kaons and
pions. Then/K ratio was determined frondE/dx as de-
scribed in Sec. IV A 1. The appropriate fractions of the dis-Figure 8 showd, as a function ofp; for the two data sets
tributions for pions and kaons were added to yield the backand for two ranges of the isolation parameter. The results
ground mass distribution in Fig (6. from the MB data differ from those of the JET20 data by
The systematic uncertainty in the number of decay-in-10%, and we adopted this as a measure of the systematic
flight background events arises from several sources: uncetncertainty in this calculation.
tainties in the Monte Carlo calculatidii2%); uncertainties We calculated the number of background events due to
in the reconstruction efficiency for tracks from mesons thammisidentified hadrons id/ e [Fig. 3(b)] by selectingd/ ¢
decay in the CTG17%); uncertainty in ther/K ratio (10%). +track eventgFig. 3(a)] in which the third track is required
We estimate 5.50.5(sta)=1.3(sys) events in the signal re- to satisfy the purely geometric criteria for electron identifi-
gion due to the decay-in-flight background. cation. For each such track, we calculateahd weighted its

e

fn= g X (1~ fo). (5)
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FIG. 8. The probability of incorrectly identifying a hadron as an 0 4 5 6 7 8 9 10 1
electron as a function gb;. Tracks from both the JET20 sample M(J/y+track) (GeV/cz)
and minimum bias sample were usé8ppendix B. (a) and (b)
show the data for the isolation paramettet0.2 andl >0.2, respec- FIG. 9. TheJ/ye mass distributior(a) for background events
tively. The probability averaged over the third-track momentumresulting from misidentified electronéb) For events in which the
spectrum for the events in Fig(& is (0.066+ 0.006)%. electron originated from & conversion or Dalitz decay that was not

identified as such(c) For BB events in which the/ ¢y came from

contribution by the probabilityf,(p7,!) determined in the one parent and the electron from another. These plots are normal-
JET20 studies. A mass histogram of the weighted sum igzed by their expected contribution to the candidate distribution in
given in Fig. 9a). The number of hadronic background Fig. 3.
events determined with this technique was consistent with
that expected from thd E/dx distribution data prior to the
application of thedE/dx requirement. Figure 18) shows
the results of alE/dx calculation applied to the third track
for events in Fig. 81). Most are hadrons. These tracks were
then required to satisfy all the electron identification criteria
exceptthe dE/dx requirement. Results of thetE/dx calcu-
lation for the surviving events are shown in Fig.(40 For
most of the surviving events, the third track is an electron.

We estimate 2.60.3 (statbsyst) events in the signal re-
gion due to false electrons and #4.2.4 such events in the
fitting region.

C. Conversion background

Photon pair production in material around the beam and
Dalitz decays both produce’e™ pairs. The reconstructed
track for one member of a pair can pass through ihe¢
decay point and be selected as a candidateBferJ/¢/X.
After applying other electron identification criteria and the A o
vertex constrain{Sec. Ill), we found and rejected two such s -4 -2 0 2 4 8
“conversion” events by searching for the partner track in the (@ -Q)/0
J/y+track sample withct* >60 uwm. However, a track can
contribute to the background in tlléye events if its partner
track has_ low momentum and escapes detec“‘?”- has a mean o, and a standard deviation of,. We scaled the
. To estimate th_e r_nag_nltude and shape of this F’aCkgrOU” ifference to yield a distribution with zero mean and unit standard
in the M(J/ye) distribution, we performed a hybrid Monte yeyiation for a pure sample of electrofis. The same events shown
Carlo calculation based on théy +track events. The Monte iy Fig. 3(a), where we assigned the electron mass to the third track,
Carlo program replaced the third track in the event by’a  requiredp;>2.0 GeVk, and applied the geometric criteria, but not
It forced 1.2% of ther®'s to decay through the Dalitz chan- the particle identification criteria for electroris) The subset of the

nel and the rest through two-photon final states. The programistribution above that satisfy all the electron identification criteria
propagated the photons through the surrounding materiaxceptd E/dx.

FIG. 10. The difference idE/dx observed for the third track in
J/y+track events and that expected for an electron. For electrons,
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(a) Candidate e from pair: p; > 2 GeV/c detected eventd\°®=2, enter as a Poisson term. The sys-
e e Data tematic uncertainties are incorporated in the ratio of undetec-
i ~ L Monte Carlo ted to detected conversionR°®=1.06+0.36 (stabsyst).

The residual background is the prodiN{®R®.

The mass distribution for the conversion background dis-
tribution in Fig. 9b) contains 2.1 1.7 (statsyst) events in
the fitting region. Of these 1:20.9 events are in the signal
region.

10|

10-;—
E‘.‘.I \\\\\\\\ Lo o b b oo bdy oo by by o 1y Lo
(b) Other member of pair

Normalized for p;. > 0.5 GeV/c

D. BB background

Fraction per 0.5 GeV/c

BB pairs produced during thep collision can mimic the
B.—J/ylv signature when @& decays into al/¢ and its

associated or any of its daughters decays into a lepton. If
the lepton track projects through tldéys vertex, the event
may not be distinguishable fromB. decay and would be a
part of the irreducible background.

0 1 2 3 4 5 6 7 8 9 10 The BB background was determined by a Monte Carlo
P, (GeV/c) simulation(Appendix A). OneB was required to decay into
a final state containing & ¢, and the otheB was allowed to
FIG. 11. Conversion backgrount®) The momentum spectrum gecay through all channels. We simulated the detector re-
for the track from an electron-positron pair that fulfilled the req“ire'sponse, and we required the simulated events to pass the
ments for the third lepton an@) the momentum spectrum for the di-muon trigger criteria. To avoid double-counting false-
other member of the pair. To obtain a larger data sample, we rel'epton backgrounds, we eliminated candidates where the
zn)ove‘ét(g)e rﬁqu(;remzms .(g'*. andP(x?) for tT.e Vgrtex ﬂt.' In bOthTh third track was a hadron. We then performed Bheanalysis
a) an the data distributions are normalized to unit area. e .
on these events. We us&d-J/ /K events to normalize the

Monte Carlo distributions are normalized to the data for . . . .
>0.5 GeVk?. In the lowest bin in(b), the difference between data Mont_e Carlo S|mulat|9n t(.) the data. The resulting mass dis-
tributions are shown in Figs.() and 9c).

and Monte Carlo arises from the dropoff in track reconstruction ) SR . .
efficiency forpr<<0.5 GeVk. This is the reason for the undetected The systematic uncertainties in the estimate of this back-

conversion background. ground include the trigger simulatiaf®%), the uncertainty
in the branching rati® " —J/¢K* (10%), and Monte Carlo
with tabulated probabilities foe*e™ production, and it ~Statistics(11%).
propagated the resultant charged particles through the detec- We estimate 0.70.3 (sta®syst) J/¢u events and 1.2
tor simulation. We used each event 100 times, rotating its=0.5 J/¢e events in the signal region due ®B back-
azimuth by a random angle to sample all parts of the deteaground. The corresponding numbers in the fitting region are
tor. Figure 11 shows the momentum spectrum for the track.44+0.25J/ ¢ events and 2:30.9 J/ e events.
which fulfilled the requirements for the third lepton and the
spectrum for the other member of the pair. These hybrid E. Other backgrounds
events were subjected to thB. analysis procedures.
Roughly half, (48.6:1.9)%, of these “conversion” back-
ground events were rejected because the partner was dl%gckground to the deca@c—n]/ ylv. They are falseJ_/ 4
tected. Thus the ratio of undetected or residual conversion%andldates from the cont|r?uun_1 bacl.<ground of the di-lepton
to detected conversions RE®= 1.06+ 0.08 (staj. spec_trum;J_/z,//+ cc production in whlch the charm decays
In the simulation, theJ/ye mass distributions arising Semileptonically; decays of as yet undiscovered barybgic
from detected and undetected conversions have the sanfates such as th&,.. We estimate that these make negli-
shape. Figure @) shows this shape normalized to an areagible contribution to our background.
equal to the expected 2.1 undetected conversion background The falseJ/# background is very small after mass and
events. vertex constraints are applied to the data. We selected two
Systematic uncertainties arise from statistical uncertaintpide bands in thé/y mass distribution. In each we substi-
in the efficiency for finding the conversion partn@8%), tuted the central mass for the side band in our fitting proce-
from uncertainty in the shape of ttiy+track mass distri- dures. We found 3 J/y" +track events that satisfied our
bution for these event§9%), and from differences irp;  track selection criteria. In none of these did the third track
distributions between the data and the sample used to calcgatisfy our criteria for muons or electrons. The dominant
late this background13%). Combined, they are 32%. source of falsel/¢ candidates iB decay to a real muon
The statistical uncertainty from two events is the larges@long with a hadron falsely identified as a muon because of
contribution to the overall uncertainty in the conversionPunch-through or decay-in-flighiSec. IV A). Either the as-
background, and we quote the Gaussian approximation of th&ociatedB or a daughterD has a branching fraction of
uncertainty here. In the likelihood analysis of Sec. V, the tworoughly 0.1 for yielding a third lepton. The probability for

-
(=)
.
N

AL P UREALLL B

We have considered three additional potential sources of
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another hadron falsely identified as the third lepton is even
lower, roughly 0.01. Our background estimate ixX@1 10
X 0.5=0.15, where the factor 0.5 is the ratio of widths for
the central peak vs two side bands. The 90% confidence
upper limit on 3 events is 6.7 events, which yields an upper
limit of 0.34 events. We neglect this source of background.
It is possible for additional charm to be produced along
with promptJ/ mesons with production mechanisms simi-
lar to those forB. production. Several of our selection re-
qguirements suppress the background from such events in
which the additional charm decays semileptonically. As is

the case with thé8B background, the prompl/ s+ charm ___.__._. —

background is suppressed becauseltheand lepton do not ()
generally form a common vertex. Additional suppression of | e + J: Data (B, Candidates)
charm-daughter leptons results from the isolation cut in the
electron channel and the high transverse momentum require- sk
ments in both channels. Finally, since these events are
prompt, they mostly fail thet* requirement. For the life- 0 e IRRTPE | AP Y ; L
time measurement discussed in Sec. VII, we studied:the ¢ 6 7 8 9 W n
dependence of the signal and various backgrounds. They ac- M(J/y+lepton) (GeV/c”)
count f.or the di.StribUtion of Can_d_idate events at loi¥, and FIG. 12. (a) A tri-lepton mass distribution foB.— J/ 1 v based
there is no evidence for addlthnal background frdiy on Monte Carlo calculations. It is normalized to the fitted number of
+charm. Therefore, we neglect it. _ _ B, events. The distribution was generated under the assumption that
The as yet undiscovered hyper@i, can decay into @  the mass of the, is 6.27 GeVE2. There are negligible differences
tri-lepton topology, e.g.,E,.—J/¢Z. followed by E.  petween the shapes fdB.—J/yu and B.—J/ye. Note that
—Elv. The production cross section for such a particle is(93.0+0.6)% of the area falls in the signal region 4.0-6.0 G&V/
likely to be significantly less than that for th&. . Alternate  (b) The normalized mass distribution for all backgrounds for both
standard-model decay modes f8, fail our B identifica-  muon and electron channelg) The mass distribution foB, can-
tion criteria. The same observation can be made for othedidates in the data for both muon and electron channels. Note that
baryons containing & quark. We assumed no background each of these is a summary histogram, i.e., the sum of several indi-

2
-

e + u: Calculated Background

™
=3
T

wn
T

=

Events per 0.3 GeV/c

from these particles. vidual histograms presented earlier. We emphasize that the fitting
procedures use the full information from individual distributions
V. THE MAGNITUDE AND SIGNIFICANCE rather than the sums.

OF THE B, SIGNAL
. ] butions over the full mass range, 3.35-11.0 G&V/To ac-
Monte Carlo calculationgAppendix A for Bc—J/u  count for the excess in the data over expected background,
andB.— J/ye with the B, mass assumed to be 6.27 Ge¥/  the fit varied the normalization of the signal shape of Fig.

yielded the tri-lepton mass distribution shown in Fig(@2  12(a) and calculated its uncertainty. The bins are those
The normalization anticipates the results of the fit describedhown in Figs. 3 and 4 except that the lowest bin in the

below. The electron and muon mass distributions are useflgyres, 3.05 to 3.35 Ge?f, was not used in the fit.

s_eparately,_but the figure shows the combined distributiqn In both approaches, we computed the probability that a
since the differences are small. We assume equal branchingndom fluctuation of the background is sufficient to account
fractions for the two decay modes, and we expect the ratio ofyr the observed data in the absence oB acontribution.

J/ e to total B.— J/ /| v events to be given by the efficiency Thjs is the “null hypothesis.”

ratio R=0.58+0.04 discussed in Sec. Il D. The mass dis-  we also performed an unbinned likelihood analysis using
tribution for the sum of the normalized backgrounds forspjine fits to the parent distributions. The results are com-
muons and electrons is shown in Fig.(i2 The mass dis- pletely consistent with the binned likelihood analysis. We
tribution for all B, candidates is shown in Fig. (4. also varied the assumd}, mass from 5.28 to 7.52 Ge¥?.

The expected background is unable to account for thyithin the range 6.1-6.5 Gew?, which embraces all the

observed data distribution. In order to test this statisticallyneoretical predictions, we found the fitted number Byf

and to determine the magnitude of the signal needed to agyents to be insensitive to the assumed mass. These issues
count for the excess, we adopted two approaches. The firgke discussed in Sec. VI.

was a simple “counting experiment” based on the number
of events in the J/¢y+lepton mass range from
4.0—6.0 GeV¢?. However, this ignores additional informa-
tion in the shapes of the distributions and the yield in the In the signal region ofl/¢1 mass, we observe 1% ye
extended mass range populated by backgrounds but not lmandidates and 12 s candidates. Table | summarizes the
the signal. Our second approach employed a binned likelibackgrounds from the various sources of background dis-
hood fitting procedure that includes the shape of the districussed in Sec. IV. The expected total backgrounds are 5.0

A. The counting experiment
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+1.1 events fod/ e and 7.1+ 1.5 events fod/ Y u, leading 10 o .
to a combined signal of 18#95.6 events. From these results, I DJ/t\IH% Candidat
we tested the null hypothesis by folding the Gaussian uncer- ~ *[° ata (B, Candidates)

tainties in the estimated mean number of background counts Calculated Signal

with their Poisson fluctuations. This allowed us to determine
the probability that the background would fluctuate up to the

E | Calculated Background

observed number of events. The null hypothesis probabilities T
are 2.1X 10" ° for the J/ e sample and 0.084 for th& yu E
sample. g
=
S
B. Likelihood analysis: Fit to the B, signal -3
We used a normalized log-likelihood function for testing é -
and fitting our data and background estimates. It used the 5 61
shapes of the distributions over the mass range I
4

3.35-11.0 GeW?, and it included as input all the informa-
tion on the tri-lepton mass distributions for signal and for the
background discussed in earlier sections. The likelihood
function has a necessary and sufficient set of parameters to fit ! . . |
these distributions to the observed data. It also included con- 7 8,9 w0 n
straints such as the expected fractions of events in the two M(J/y+lepton) (GeV/c’)

decay channels. _ , o FIG. 13. Histograms of thé/yl mass that compare the signal
In Appendix C, we discuss the normalized log-likelihood ang hackground contributions determined in the likelihood fitao

function-gzz —2log(L/Lo) used to fit our data, wherg is  the data for/ e and(b) the data ford/ .. Note that the mass bins
the likelihood function and’, is its value for a perfect fit. vary in width.

Maximum likelihood is equivalent to minimurg? which has
properties similar to those of?. The only unconstrained
parameter in the fit is’', the total numbeB.— J/u and
B.—J/ e events in the fitting region, i.e., in th¥ ¢l mass
range 3.35—11.0 Ge¢f. All other parameters in the fit are

uncertainties based on the shapes and normalizations deter-
mined in Sec. IV. To this we added a signal contribution
with the fitted magnitude varied according to the uncertainty

g . ; - from the fit. Bin-by-bin, the signal plus background value
constralned. b_y extgrnzizlly derived information. . served as the mean for a number of events randomly gener-
i .At the minimum ing%, the number ofl/ 4l events in the ated according to a Poisson distribution. This constituted a
fitting region is pseudo-experiment with B, signal. We ran the fitting pro-

n''=(n"#+n'®=20.4"32 events (6)
14 T T 7 T 1T T 1T T T
with €2/Ng , ¢ =38.1/27, wheréNy , ¢ is the number of de- i _ Jhy+e and Jhy+p
grees of freedom in the fit. In the Monte Carlo signal distri- | .
bution in Fig. 12, (93.8:0.6)% of the events fall in the 1 Data (B, Candidates)
signal region (4.0-6.0 Ge¢f). We scale 20.4 events by I -Calculated Signal

this value to calculate

i
>
T

- Calculated Background

n'=(n*+n®=19.0"2% events @)

in the signal region. This is in excellent agreement with the
counting experiment result.

Figure 13 shows the contributions to the background and
signal forB.— J/ e X andB.— J/ yuX separately resulting
from the binned likelihood fit, and Fig. 14 shows the com-
bined data.

Figure 15 shows? plotted as a function of the assumed
number ofB;, mesons in the data sample. For each value of
n’', £ was minimized as a function of the other parameters.
Table 1l shows the input constraints and fitted values for the
background normalizations and for other parameters. SM J/6 1 t7 Gs Vit ’

To evaluate the quality of the fit, we observe that, to the (Jly+lepton) (GeV/c)

extent that¢? behaves likex?, P(£%)=8%. We made a FIG. 14. Histogram of the)/y mass that compare the signal
more reliable estimate of this probability by generating aand background contributions determined in the likelihood fit to the
large number of Monte Carlo “pseudo-experiments.” First, combined data fod/ e andJ/u. Note that the mass bins vary in
we generated random backgrounds with Gaussian-distributegidth. The totalB, contribution is 20.45Z2 events.

Events per 0.3 GeV/c?
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FIG. 15. The variation o#2=—2 In(£/L,) as a function of the FIG. 16. Each entry in this histogram is the result of a fit to a

Monte Carlo pseudo-experiment that simulated the statistical prop-
erties of our data. The backgrounds were generated with the mea-
sured means and varied the backgrounds using Poisson or Gaussian
statistics as appropriat®. events were included with statistical

gram on each pseudo-experiment. Tf?e distribution for fluctuations from the mean of 20.4 and bin-by-bin fluctuations. The
these is shown in Fig. 16. The probability of findirfé resulting muon and electron events were fit as with the data. The
>38.1 is 5.9% values of¢? are histogrammed here and compared with the value

found for the experimental data.

number of B, mesons. For each fixed value bf(B;) all other
parameters were adjusted for the best fit. We fiNgB.)
=20.4"82 at the minimum.

Only two assumptions about th&, signal distribution
were used in the fit: th&; mass and the relative contribu-
tions to the electron and muon channels. The choice of In the following sections, we assume that the excess
6.27 GeVL? for the mass will be considered in Sec. VI. As events are due to the existence of Biemeson. We describe
a test we fit the data with the electron fractighallowed to  measurements of its mass, its lifetime and its relative cross
vary freely, not constrained tR°=0.583+0.043. The re- section times branching fraction, all of which are consistent
sults of this fit wereg?=37.7; the number of signal events With values expected for thB, .
was 20.3, and the fitted electron fraction we%=0.65
+0.14, consistent withRr®. VI. THE B, MASS

In order to check the stability of thB. signal, we varied
the value assumed for thB, mass. With the procedures

The null hypothesis is the postulate that there isByo  described in Sec. V and Appendix A, we generated Monte
signal and that a statistical fluctuation in the background iarlo samples oB.— J/ I v with various values o (B,)
responsible for the apparent excess in the data. In order fpom 5.52 to 7.52 GeW?. For each of these samples, we
test this, we again computed the results for a large number gfropagated thé8.— J//l v final-state particles through the
“pseudo-experiments” or trials in the manner describeddetector simulation programs to obtain the tri-lepton mass
above, except that we omitted the signal contribution. Withspectrum, i.e., a signal template. The signal template for each
n'" allowed to vary, we ran the fitting program to return the value ofM(B.) together with the background mass distribu-
fitted number ofB, events in a distribution devoid of real tions was used to fit the mass spectrum for the data. The
signal. Figure 17 shows a histogram of' for 351,950 best-fit log-likelihood value shows a rough parabolic depen-
pseudo-experiments. The fitted signal tends to compensatience on the assumdgl mass, and this yields a measure-
for statistical fluctuations, positive or negative, from the cor-ment of M (B,).
rect background shape. The peak at zero events includes We performed this analysis with the binned log-likelihood
those trials consistent with a negative contribution from theanalysis described in Sec. V and with an un-binned log-
signal distribution. No pseudo-experiments gave values olikelihood analysis. The two methods yielded nearly identi-
n’' exceeding 20.4. We extrapolated the fitted shape of theal results, but the binned method exhibited slightly more
distribution and estimate its area above 20.4 to be 22 scatter about a smooth dependence on mass. We present the
out of 351 950 trials. Thus, the probability that a randomunbinned results here because this method is not sensitive to
fluctuation of the background could produce the observedinning fluctuations.
data distribution is 0.22/351 95(.63x10 6. This is For each assumdsl, mass, a signal template was formed
equivalent to 4.8 standard deviations in significance. with a smooth spline fit to the Monte Carlo distribution. Fig-

C. Likelihood analysis: The null hypothesis
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Background-Only Pseudo-Experiments CDF Monte Carlo
10 No Generated B, Contribution % [T T T T T T T L
2T @ T ® 7
% 351950 Generated 3 L ]
g B 0.22 Extrapolated 100 |- 1 -
éw 3 L |
f-ﬂ;j 50 =+ B
S 10
:g 0 e |
w10 150 - © 7T (9) 7
3 - | _
£, 100 | + 4
S L L |
4
50 A‘ =+ -
10 | L |
0 1 1 1 1 1 1 1 1
0 4 6 8 10 4 6 8 10
[ 5 10 15 20 25 30 M(J/y+lepton) (GeV/c?)

N(B,) = Fitted B, Contribution

FIG. 18. Templates used to determine the quality of the fit to the
FIG. 17. Each entry in this histogram is the result of a fit to amass spectrum for various assumed values ofthenass. Of the

Monte Carlo simulation of the statistical properties of this experi-11 values used, four templates are shown here for the following
ment. We generated the backgrounds randomly according to thgalues of M(B,): (8 5.52 GeVE?, (b) 6.27 GeVE?, (0
measured means and varied them using Poisson or Gaussian statis27 GeVt?, and (d) 7.52 GeVE?. In each case the histogram
tics as appropriate. ThB; contribution was set to zero in generat- displays the binned results of the Monte Carlo calculation and the
ing the distribution. We then fit the resulting numbers of muon andsmooth curve is a spline fit to the histogram.
electron events using the likelihood function. The fitting function

included aB.. contribution. The histogram above is a measure of the S .
probability of finding a falseB. contribution of sizeN(B.) where mass of 6.27 GeWf’. The distributions oM(B), its uncer-

none exists. Upward and downward fluctuations of the generateBa_mty’ the ”Umt?er 0B and_lts uncertainty were CO_nS'Stem
samples can require both positive and negative solutions (Bg). with .the results in the experimental Qata. This p_rowdes some
We chose to collect all negative solutions in the lowest bin in thisconfidence that the model used to fit the data is adequate to
figure where these events produce a prominent excess. The smodft® task. The comparison between the unbinned log-
curve represents a fit of a convenient extrapolation functtbe  likelihood function for the experimental data and that for the
sum of two Gaussiafdo estimate the area beyond 20.4 events. Ppseudo-experiments was closely similar in shape and width
to that for the binned likelihood analysiEig. 16).
ure 18 shows the generated distributions and spline fits for a We considered a number of sources of systematic uncer-
sample of the templates used in this study. Background tentainty in this measurement: distortion of the_signal mass dis-
plates formed in the same way were independent of the asribution arising from decay to higher-mass states rather
sumedB, mass. Most contributions to the unbinned log- thanJ/y (0.09 GeVE?); fitting procedures, estimated from
likelihood function were the same as those in Sec. V andhe difference between binned and unbinned analyses
Appendix C 2 for the binned fit. However, the sum over bins(0.08 GeVt?); finite Monte Carlo statistics in the signal
of Poisson terms was replaced by a sum over events of logemplate (0.04 Ge\¢?); variations in theB, mass distribu-
probabilities. This is discussed in Appendix C3. In thistion due tob-quark production spectrum (0.02 Ge);
analysis we compare the log-likelihood to its value at mini-Monte Carlo simulation of the CDF trigger (0.02 Ge¥).
mum Lpn, and we define the relative log-likelihood func- These uncertainties are small in comparison with the statis-
tion gﬁq as a function oM (B,), tical uncertainty. In quadrature, they sum to 0.13 Ge#V/
Figure 19b) shows that the magnitude of tiB signal is
— o stable over the range of theoretical predictions ¥b¢B..),
¢m=—2In Lonin] (8) and our experimental measurement of the maskl(8.)
=6.40+0.39stah +0.13sysh GeV/c?.

At each assumed value d¥l(B;), several Monte Carlo
samples and corresponding signal templates were generated
in order to determine the sensitivity of the fit to statistical
fluctuations in the Monte Carlo simulation. This provides us We extended our analysis to obtain a best estimate of the
with an uncertainty on the values ¢f,. mean proper decay length and hence the lifetime of the
Figure 19a) shows the dependencegﬁ onM(B.). The B, meson. The information to do this is contained in the
figure includes a parabolic fit tgzn The parabolic fit yields distribution ofct* which is defined in Eq(1). We changed
a best fit value of 6.40 Ge¢f with a statistical uncertainty the threshold requirement art* from ct*>60 um to ct*
of 0.39 GeVLt?. >—100 um. This yielded a sample of 71 events, d2/e
As in Sec. V we generated a sample of pseudoand 29J/yu. We determined a functional form for the
experiments based on the fitted results with the assumeshapes inct* for each of the backgrounddig. 20. To

VIIl. THE B, LIFETIME
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FIG. 20. Pseudo-proper decay length distributions for the back-
ground distributions(a) J/ e background from false electron)
J/ e background from conversion electrors) J/ u background

om false muons(d) BB background. Its shape is the same for
othJ/ye andJ/ Y.

FIG. 19. (a) The relative log-likelihood functior@*fn from fits to
the data for various values of the assumed mass oBtheError
bars oné&2 represent its fluctuations with different Monte Carlo
samples oB, events at the same mass. The parabolic curve is a fig
to the plotted points withy?/ng o =4.3/8. A horizontal line is

drawn through the parabola’s minimum which occursM¢{B.) 5
=6.40 GeVL2. Another line one unit above its minimum indicates =2 GeV/czor pr(n)>3 GeVic, and 4 GeVE*<M(J/ )
the one-standard-deviation uncertaintiestd.39 GeVE2. (b) The <6 GeV/c®. Since the criteria differ for the electron and

fitted number of8. events vaM (B,). It is stable over the range of MuonN, theK -factor distributions for these channels were de-
theoretical predictions foM (B,), 6.1 to 6.5 GeV¢?. termined separately. For the exponential dependend®of

on (1kt7) (Sec. Il D), the distributions in Fig. 21 can be
these, we added a resolution-smeared exponential decay dedequately represented hyl/K)=0.88+0.02, where we
tribution for aB, contribution, parametrized by its mean de- have adopted the difference between the two distributions as
cay lengthc7. Finally, we incorporated the data from each of the uncertainty.
the candidate events in an unbinned likelihood fit to deter-
mine the best-fit value of .

Since the neutrino iB.— J/ 1 v carries away undetected
momentum, the true proper time for the decay of each event
cannot be calculated froat*. The relationship betweest*
andct is 200

O @ Iye

t

ct*:C—
K

9)

Ly Lot

N
1w M) Jyp

whereK for an event is given by

 M(Bo _pr(dig)
K= M) ™ peBo)

We assumeM (B.) =6.27 GeVLt?, but pr(B,) is unknown
for single events, and therefore, we cannot correctKor 25
event-by-event. In an ideal data sample with no background
and a known p(B.) distribution, one finds (ct*) 0
=(cty(1K)=c(1/K), where(ct*) is the average over the 0 02
data, and 1/K) is the average ovar(B.) andp(J/¢l).

For B;—J/ye andB,—J/ 4/, we obtained th& distri- FIG. 21. K=(M(B.)/pr(Bc)/ (M (J/¢)/p(J/yl)) distribution
butionsH (K) by Monte Carlo methods. Figure 21 shows theusing Monte Carlo simulatiofa) for the electron channel an()
results of these calculations for the kinematic critgrige) for the muon channel.

75

(10

Monte Carlo Events
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‘ Bc*—l>d/1// A c‘lr=122ﬁl§:/x.m were used independen_tly for events witht* b_etwgen
— Total —100um and 60um which have “prompt” contributions
from direct charmonium production.

We obtained the best fit to thet* distributions for each
of the backgrounds using the same methods discussed in Sec.
IV for the background rate determinations. The general
shape ik=ct* used for each of the backgrounds was a sum
of three terms: A right-sidedt* >0) exponential dominated
by the decay of ordinars in the background. Its fractional
contribution isf!, and its exponential slope i, . A left-
side (ct* <0) exponential to account for an observed low
level background from daughters Bfdecay incorrectly as-
sociated with particles from the primary interaction vertex.
Its fractional contribution i) and its exponential slope is
AL . A central Gaussian to account for prompt decays. Its
fractional contribution is (+ ), —f.). The indexj stands
for the various background contributions from false muons

FIG. 22. Pseudo-proper decay length distributions for data with(j =f u), false electronsj= fe), and undetected conversion
the fitted curve and the contributions from backgroutajsfor the electrons [=ce). For the BB backgrounds j(=Bu,Be),
electron channel an(b) the muon channel. the central Gaussian term in E(L1) was not needed, i.e.,
f81+fB'=1. The exponentials were convoluted with a
Gaussian resolution function. This sum can be written

GRILALLLL LR DL/
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400. . 1200.
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The quantityct* was determined for each event by the
relation given in Eq(1). The points with uncertainties in Fig.
22 show the binnedt* distributions for thel/ e andJ/yu . o ' fl, X
data. The two decay channels are combined in Fig. 23. Flx)=(1-f, —f)G(x;s'o) + F&(x)exp( — F)

+ +

A. Background and signal distributions in ct* G j fl [{ X G ].
R®G(X;s'a)+ —0(—x)exp + — | ®G(Xx;50),
We used a procedure similar to that described in detail in ( ) A (=x) I ( )
Ref.[29] to account for backgrounds. We constructed func- (11)

tions to represent thet* distributions, for signal and back-
grounds and convoluted them with a Gaussian resolution
function. where the Heaviside functiof(x) is defined ag)(x)=1 for

The evaluation of backgrounds for events witfi greater Xx=0 and 6(x)=0 for x<0. The products'c is the one-
than 60um was described in Sec. IV. The same procedurestandard-deviation width of the Gaussian distribution, where

o is the measurement uncertainty »ifior each event and’
T T T T T T is a fitted scale factor. In all background fits, teewere
. consistent with a common value sf 1.4. Therefores was

R o T fixed at that value. Figure 20 shows the distributions and
B —=>J/y 1" X fitted functions for the backgrounds. Table 1l shows the fit-
cT=13735um ted shape parameters for each background. The values of
suggest that the backgrounds are dominated by partially re-
constructedB mesons. Table Il also shows the numbers of
events for each background. These differ from the corre-
sponding numbers in Tables | and Il because of differences
in the selection criteria foct* and tri-lepton mass used here.
For this reason, we adopt a double-prime notation for this
analysis, e.gn”"* for the number of false muon events with
M (J/¢1) in the range 4.0—6.0 Gew? and with — 100 um
<ct* <1500 um.

Our fitting procedure accounted for a difference between
the relative pion and kaon fractions contributing to the
prompt background and that contributing to background in
the B-like region with ct*>60 um. The fit also allowed
variation in the relative probability for pions and kaons to be
falsely identified as electrons or muons. These considerations

FIG. 23. Pseudo-proper decay length distribution for the com-allow additional variation of the values o& in Table Il and
bined J/ ¢ andJ/ e data along with the fitted curve and contri- are discussed in Appendix C4.
butions to it from the signal and background. We assumed an exponential decay for the contribution

10’

e T 01 Q)

------ Backgrounds
Be 1

Events per 60um

107

400,
ct* (um)

800. 1200.
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TABLE lll. Parameters for background distributionsdt .

j fe fu ce Be Bu

NI 13.2+1.3 12.6-2.8 a 1.5+1.1 0.79:0.34
fl. 0.199+0.004 0.36:0.01 0.45-0.02 0.96-0.01 0.98-0.06
fl 0.032+0.004 0.034-0.007 0.12-0.02 1—fBe 1—f5~
N, (um) 371+15 445+20 38227 371+15 406+16
A (um) 103=9 96+16 138+27 65=15 48+21

&The number of conversion background events was calculated from identified convenéf§rs3 and the
ratio R°¢=1.06+ 0.36. See Appendix C 1.

from B., but we convoluted it with th& distribution and a  With the mean decay length above, the acceptancefor
Gaussian distribution to account for measurement uncergreater than 6Qum is 0.61° 592, and we can calculate

tainty
n'=20.9"22 events (18)

K
}—lsig(XaCT):f {H(K)(aj el IeG(x;s! U)}dK for comparison with Eq(7). Clearly there is a large correla-
(12) tion between these two numbers because of the largely over-
lapping event samples. However, the consistency of the size
wherel = u,e. The weighted sums of signal and backgroundof the B, signal as determined from both the tri-lepton mass
probability distributions are defined in Appendix C4. distribution and thect* distribution adds confidence to the
result.

B. Unbinned likelihood fit for c7=

We used an unbinned likelihood method to obtain a best C. Statistical tests of the fit

estimate ofcr for each decay channel individually and for  In order to test the adequacy of our model for signal and
the combined dataset. A parameter in the fit was assigned teackground, we ran a number of pseudo-experiments based
each of the quantities in Table IIl. The numbers of events iron the fitted values oR®, n”', and the background param-
each background were constrained by their measured or catters. For each of the pseudo-experiments, we varied these
culated values as in the previous sections. The full covariparameters randomly according to the appropriate Poisson or
ance matrices from the fits that determined the backgrounaussian uncertainties. The valuecefwas fixed at 14Qum
shape parameters were used to constrain them in the lifetinfer all pseudo-experiments. From these quantities, we con-
fit. As before, we used the total number of evemtsand the  structed thel/ e andJ/u probability distributions for the
electron fractionr® to describe theB. signal with n”®  independent variablect*. The dataset for a pseudo-
=r®n”" and n"#=(1-r®)n"". The only parameter uncon- experiment consisted of contributions from a signal plus

strained by information beyond the candidate eventsavas

the mean decay length for th&, contribution to thect* wr
distribution. The likelihood function is presented in Appen-
dix C4. I
The result of the log-likelihood fit to thet* distribution sk
for J/ e events is i
cT=122"5 um. (13 I
“E 10
For J/yu events, the fit yielded = |
= |
cr=172"3° um. (14) = |
£\ s5F
The solution for a simultaneous fit to all events is I
cr=137"33 um (15 ol
7=0.46"318 ps. (16)
The variation of—2 In(£) from its minimum as a function of sl L L
0 100 200 300 400 500

cr is shown in Fig. 24. The simultaneous fit also determined

ct(B +) (um
the number o, events to be B:) (um)

ol 8.2 FIG. 24. The change ir-2 In(£) from its minimum as a func-
n"'=34.27¢ events. (A7) tion of c7 for the fit to thect* distribution of B, candidates.
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2 0 F 1§20 (‘ ')' ADSAAAAS 140'ﬂm_ D. Systematic uncertainties
oz N ] b INPUT = ] . .
oo | 1100 |- Vear 1444 urr ' The uncertainty reported by our'flttlng program already
2 o F 18 & F rns. 44,3 A includes some sources of systematic uncertainty because of
é B o b ] the way we constrained the parameters describing the signal
ERa! ] and backgrounds. The fit shows a correlation-af0% be-

40 r °F E tweencr and the prompt electron fraction discussed in Ap-

20 F 20 | 3 pendix C4. The correlations with all other fitting parameters

: 0 Bl ot are less than 5%. Thus, tlee value varies only a fraction of
- 0 001 002 005 A% 005 a standard deviation as other parameters in the analysis are
cTer (CmM) . . . P . ! Y

200 e e varied. Refitting with parameters fixed at values different
3180 B (c) 32120 F (g Mean —0.03 from nominal gives results consistent with this. We estimate
© 160 F om=49um {100 | rm.s. 101 3 the systematic uncertainty included in the fitting uncertainty
& E 12 ok E to be less than 1@m. Thus, the fitting uncertainty is over-
2 0k o, = 52 um _fé o b E whelmingly statistical, and we quote it as such.
=80 [ 13 ] Below we discuss additional sources of systematic uncer-

60 E E tainty. Combined in quadrature, they amount to about one-

o El 1 2} . fifth the statistical uncertainty.

0 o b= L L TheK distribution[Eg. (10) and Fig. 20, which was used

EL:, N ) N
¢ 000 001 ools 002 oz 2 s to compensate for the information lost by our inability to
detect the neutrino, is vulnerable to errors in our model of
FIG. 25. Results from 500 pseudo-experiments to simulate théhe B. production spectrum and its decay kinematics.
statistics in theB, lifetime analysis(a) —2 In £; (b) fitted lifetime; Figure 5 shows that the; spectra for data and back-
(c) solid (dashed line for the negative(positive uncertainty;(d) ground are very similar to that calculated g which was
(cTtit— CTinpud/ o1i¢ - In (d), the positive(negative uncertainty was  used to generate th& distribution. To generate th&.
used when the fitted lifetime was small@argep than the input  Monte Carlo events, we used the next-to-leading order cal-
lifetime. culation of theb quark spectruni31,32 with the Martin-

Roberts-Stirling set DMRSDO0 parton distribution func-

three types of background fa/e and a signal plus two tions (PDF) [33], m,=4.75GeV, and the renormalization
types of background fod/¢u. For each of the five back- SCalew= o= my+pr(b)”. We also generatedt, Monte
grounds the number of events was allowed to fluctuate accarlo sample using the CTEQ4M PD[34] to obtain a new
cording to Poisson statistics, and the vatté was chosen K distribution apd usgd it to fit the signal sample. T-he value
randomly according to the appropriate probability distribu-Of ¢7 thus obtained differed by m from the value in Eq.
tion. The total number of signal events was chosen accordingtY- Therefore, we assign 2 um systematic uncertainty for

. o . PDFs.
to Poisson statistics, and each event was desigridtgel or € , .
3y with probability determined byR®. These samples We also refit the data with the assunigégdmass changed

were then subjected to the same fitting procedures as thb 150 MeV. This yielded a"a”a“"’.‘ o7 of i1‘§ pm.
r_A B. can decay to a lepton, a neutrino, and a higher mass

experimental data. The comparison between the results fo

the pseudo-experiments and those for the data tests the atf _statehthat can subseql#ently decg)é]tq/x. This \t’)VOUId "
equacy of the fitting function to represent the data. satisfy the requirements for a candidate event, but wou

Figure 2%a) shows the distribution for the log-likelinood 91V€ '€ to a differenK distribution. Calculations based on
with% mea?n )value of-382 and an rms width gof 49. The the Isgur-Scora-Grinstein-WiséSGW) model [3] indicate

experiment yielded—430, which corresponds to an 84% that the largest such contribution ~comes froM,

i . S . —(29)lv, which could account for 12% of thdé,
confidence level. Figure 26) shovys t_he QIstrlbutlon of fitted —J/ylv candidate sample. We generated events of this type
values ofcr. The mean of the distribution, 144m, agrees

) X X : to obtain aK distribution that we used to refit the candidate
closely ywth the mput valug of 14pm, and the Wldth. is 44_ events. The value afr changed by 1.9m which we adopt
nm, which is consistent with the measured uncertainty. Fig,g 3 measure of the systematic uncertainty for this effect. We
ure 25c) shows the dlstr|bgt|ons of the up_péjsohd histo-  41s0 considered the effects Bf—J/¢rv, B.—J/yDy, and
gram and lower(dashed histograjmuncertainties from the B.—J/yD% . We estimate their contribution to thB,
fits. Arrows indicate the corresponding uncertainties fromsample to be less than 5%. We assume that they produce no
the experimental data. They are in reasonable agreemephange in the lifetime.
with the results from the pseudo-experiments. Figur&R5 Our model forB, decay[35] uses aV-A matrix element.
shows the distribution for deviation of the fitted from the  As an alternative, we generated events with the ISGW model
input value normalized to the uncertainty from each fit.  [36] to obtain a newKk distribution and refit the data. This

We conclude that the model used to fit the data is adindicates a possible systematic uncertainty+#.0 um.
equate and that the resulting log-likelihood value and fitting In order to test possible bias in our experimental trigger,
uncertainties are consistent with expectations based on thee turned off the trigger simulation in our Monte Carlo pro-
uncertainties in the data. gram and generated a sample of events without it to obtain a

Oer (CI’T‘I) (CTFrr_ CTlNFm)/Uw
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K distribution. We assigrt 1 um uncertainty for this effect. We used the value oR® from Eqg. (2). We calculated the
For each event in the lifetime analysis, the raw uncer-£fficiency ratioRX from Eq.(4) and the lifetime discussed in
tainty in ct* was multiplied by a scale factos=1.4 that Sec. VIl to be
best fits the distributions in our background studies. We 10.038 1k ot
changed this factor by+0.4 and re-fit the background RK=0.263tO.03E(sys1)_8_8§§hfet|me). (28)
shapes. We assign a systematic uncertainty cin of
+8.3 um for this effect.
In another analysis d8 hadron lifetimeg29], we studied
the effects of detector alignment. From this work, we assig
an uncertainty orcr of =2.0 um.

As was discussed in Sec. VII, there can a contribution to our

data sample from other decay modes of Bhe Estimates of

q[jartial widths for higher charmonium statg36] yield an
pper limit of 12% for their contribution to the signal. The

i estimated contributions from final states involvibg, DY ,

In quadrature, these uncertainties sum‘t8.4 xm, and nd 7 with subsequent decay ®or w total less than 5%. We

we quote this as our systematic uncertainty V\."th the C"?Weagssume an uncertainty equal to the magnitude of the correc-
that some other sources have already been included in tf{e

o . ; . on 1/1.17#0.85+0.15. With these values we find
fitting uncertainty which, nevertheless, remains predomi-

nantly statistical. Thus, our result is 7(Bg) X B(By—J/ ¢ )
53 R plv)= (293
cT=137_;5(stah=9(sysh um, (19 o(B)XB(B—J/yK)
n®+n* R°®
7=0.46"1Ysta)+0.03sys) ps. (20) 085~ £x (29b
VIIl. B, PRODUCTION :0_1328:83;(5,[&)
From the event yield of Sec. V, we calculated tBg iO'OSKSVSng'ggglifetime). (299

production cross section times th&.—J/lv branching
fraction o x B(B{ — /41" v). We express this product rela- The statistical uncertainty is from the event counts and the
tive to that for the topologically similar deca@— J/yK systematic uncertainty is from the efficiency ratios and the
because the systematic uncertainties arising from the lumieorrection for other decay modes.

nosity, from theJ/y trigger efficiency, and from the CTC Based on Monte Carlo studies, the effective kinematic
track-finding efficiency cancel in the ratio. Our Monte Carlo limits for B, mesons in this study are transverse momenta
calculations yielded the values for the efficiencies that do nop;>6.0 GeVk and rapidity|y|<1.0.

cancel in the ratio. We assumed that the branching fraction is Figure 26 shows theoretical predictions of the ratio

the same foB.—J/¢e andB.—J/yu. R(JI/ylv) as a function of the assumed lifetime of tBg.
We use the number dB. events from Eq(6) and the The shaded regions in the figure represents the prediction
number ofJ/ K events from the fit in Fig. 2 and its uncertainty for two different assumptions about the
semi-leptonic widthT's, =T (B} —J/y1*v). Assumed in
n“+n®=20.4'22 events (21)  the theoretical predictions are
nK:290__|_ 19 events. (22) VbC:OO4ﬁ 0.005 [30], (30)

In order to be consistent with the efficiency calculations of (B¢ —J/¢l"v)=(30.6+ 16)xX 1015 GeV [1],
Sec. llI D, theB, event count is that foM (J/¢l) in the 31
range 3.35—-11.0 Ge¥?. We relate these quantities to the

luminosity £, to the products of cross section and branching ©' ['(By—J/yl*v)=16.5<10""° GeV [3], (32

fraction o X B, and to the efficiencies discussed in Sec. Il D .
a(Bg) .,

ne=Lo(B.) X B(By— J/ ¢l v)&® (23) b 1.3x1077 [13], (33
n#=Lo(Bg) X B(By— /i v)- & (24) (B

~ . —0.378+0.022 [30] (34)
n=Lo(B)XB(B—J/yK) X (25) a(b)

ne+n* (B XB(B.—J/lv) e8+eH B(B*—J/K*)=(1.01=:0.14x 102 [30].
_ (39

nK  (B)XB(B—J/yK)  &¥

(26) Figure 26 also shows the measured cross section [&tjo

K (290)] plotted at the measured value of the lifetime.
_ 0(Bg)XB(B—J/ylv) R 27) In Sec. | we referred to results from previous searches for
o(B)XB(B—J/yK) R*® the B, meson through its decay to various final states)
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IX. SUMMARY AND CONCLUSIONS

This paper reports the observationBf mesons. The de-
cay mode used for the study w&— J/41X wherel is
either an electron or a muon. A total of 31 events for which
the mass of)/ ¢l system was between 4.0 and 6.0 Ge¥//
were found. We performed a detailed study of backgrounds
and estimate their contribution to this sample to be 12.1
+1.9 events. In the wider mass range 3.35—-11.0 G&We
found 37 B, candidates with an estimated background of
21.4+3.1 events. We performed a shape-dependent likeli-
hood fit to the mass distribution and found that it required a
B, contribution of 20.422 of which 19.0° 2% have masses
between 4.0 and 6.0 Ged. A fit without a B, contribution
was rejected at the level of 4.8 standard deviations.

By repeating the above procedure with a number of as-

CDF Data

—
]

T, =30.6x10™° GeV

o(B,)*BR(B_ —J/y Iv)/c(B")eBR(B*—J/y K*)

BB T, - 16.5<107° GeV sumed masses between 5.52 G&VAnd 7.52 GeV¢? we
: .....|".|,H..‘s'ﬂ...|.H|..‘_ determined that the mass of thB. meson is M(B,)
0 02 04 06 03 12 14 16 =6.40+0.39stah +0.13sysh GeV/c?.

1
B, Lifetime (ps) We studied the displacement of tBe decay vertex posi-
FIG. 26. Th int with 1 dard-deviafi h tion from the average beam line, and from it we measured
. . e point wit -standard-deviation contour shows OUI’the Bc lifetime to be T( BC)=0.46fgjig(stabi0.033ysb ps.

measured value of the ratirXB(B] —J/yl"X)/oxB(B* ; . ;
—J/yK™) plotted at the value we measure for tBglifetime. The . Finally, we eSt.Imateq ratio gf thehPrOdl]JcCt O.f the fprgduc—
shaded region represents theoretical predictions and their uncelij-On cross section times Dbranching fraction fd.

tainty corridors for two different values of the semileptonic width —J/ 1 v to that forB" —J/yK" to be
I'g, based on Ref4l] and[3]. The other numbers assumed in the
theoretical predictions are discussed in the text. a(B;’) x B(B:—>J/¢I )

— 0.04
(B XB(B- gk ~ 0-13Zc0sfstal
including 3/ ¢, Iy 7w~ ar, Il pay, andI/ Yl v. We have +0.03sysy " 333 lifetime).
converted the upper limits quoted in these searches to calcu-

late in each case a corresponding upper limit/fi.s.) as

defined in Eq.(29a. For these conversions, we usBdZ ACKNOWLEDGMENTS

—>Eb) =0.1546+0.0014, B(Z—qq) =0.6990+0.0015, We thank the Fermilab staff and the technical staff at the
B(b—B")=0.378£0.022,B(B" —J/yK")=(1.01=0.14)  participating institutions for their essential contributions to

X102 [30]. The limits reported for the CERM e~ col-  this research. This work is supported by the U. S. Depart-
lider LEP experiments are for the sums of the two chargednent of Energy and the National Science Foundation; the
conjugate modes, and they are modified by a factor of 2 foNatural Sciences and Engineering Research Council of
this calculation. Table IV shows the results of these calculaCanada; the Istituto Nazionale di Fisica Nucleare of Italy; the
tions. Ministry of Education, Science and Culture of Japan; the

TABLE V. R(f.s.)=0(B¢)XB(B.—f.s.)/o(B) XB(B—J¢K) derived from various experimental

searches.
Experiment Final staté.s. R(.s)
DELPHPR Ref.[18] J/z,//ﬂ-+ <(0.9t00.7)(90% C.L)
v <(0.5100.4)(90% C.L)
.]/zm-r*rfffr <1.5(90% C.L)
OPAL Ref.[19] .]/z/m-r+ <0.6(90% C.L)
Jlypal <0.3(90% C.L)
Jylt v <0.4(90% C.L)
ALEPH Ref.[20] I pmt <0.2(90% C.L)
Il Ty <0.3(90% C.L)
CDF Ref.[21] ™ <(0.15 t0 0.04)(95% C.L)
This expt. Iyl Ty 0.132" 393 stat)+ 0.031(syst] O 54 lifetime)

&The ranges quoted for DELPHI and CDF R@gf1] correspond to the assumgd lifetime range 0.4—1.4 ps.
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National Science Council of the Republic of China; and thethan theB mass. Thus, low-mass, same-charge pairs of iden-

A. P. Sloan Foundation. tified leptons inB events form a nearly pure background
sample in which we can test our algorithms.
APPENDIX A: EVENT SIMULATION Our overall strategy for obtaining such a sample was to

select lepton pairs in which one lepton was responsible for

K Id b d directly f h ) he trigger and came from a displaced vertex. We required
\c’jvotr IC:OL: thnot v\? T(Tiaséur?‘ M 'rriCté rr?m itmeleﬁpﬁrlm;ante: he other lepton also to originate in a displaced vertex in the
lata. For these we refied on Monte L.aro S u,a ons of Pare, me jet cone as the trigger lepton. This emphasized low
ticle production and decay and of our detector’s response tQ ass pairs

final state particles. The Monte Carlo program consisted of" : . . . .
b prog Our inclusive, highp; lepton trigger provides a large

several parts: ; .
P sample of semileptoni® (and c) decays. However, even

of Zvﬁe?(te_?f_rlzge dd?nb q;rzré(r Fgg%i;ﬁg;?;:%;g ;%eupsriid'(t:ﬂgns after strict identification cuts these events are contaminated
9 ' 9 by events in which the lepton is a misidentified hadron.

MRSDO parton distribution functiong33]. We requiredp . :

>5 GeV/c for a b-quark. We assumed the distribution in Tpherefore, we_ll_"neczd to |dent|fty ;he zven: aﬁajfe;?y gy

rapidity y to be flat in the rangy| <1.2. We determined the °OM€r Means. 10 do So, we fake advantage of the long
lifetime. In central electron and muon events with lepton

b quark fragmentation into 8 meson using the Peterson oo : .
parametrization with the parameter 0.006[37,38. For B, P+>7.5 GeVk, we reconstruct jets in the calorimeter using

production we used the fragmentation model of Ra#]. & cone algorithn{39] with a cone radius oR= 7+ ¢’

We used the CLE® decay mode|35], for the decay of the =0.7. We require a jet 0E;>10 GeV and search for dis-

B meson and its daughter particles. We used full simulatiorPlaced decay vertices using charged particle tracks that lie

of the CDF detector to calculate its response to the final staté@side the jet reconstruction cone. We define the impact pa-

particles. rameter significance=|d,|/oy whered, is the impact pa-
The resulting Monte Carlo events were processed with theameter in the transverse plane with respect to the beamline,

same programs used to reconstruct the data. The processasd o4 is its measured uncertainty including the known

we studied with this program wei.— J/ ye; B,—J/fu; transverse beam width. We require either that the lepton and

B—J/yK; pairs of B mesons withB— J/¢X accompanied two additional tracks in the cone satiséy-2.5 or that the

by B—e or u either directly or through its daughters. Theselepton and one additional track satis§y-4.0. In all cases,

studies yielded ratios of the detection efficiencieB.  we require that the displaced tracks originate from a common

—Jlye), e(B.—Jlyu), ande(B—JI/yK), the BB back- point and that the vertex be forward of the beamline with

grounds described in Sec. IV D, and tedistributions used  Lxy/oy,>2.0, whereo,, is the uncertainty ot.,, .

in Sec. VII. To estimate the purity of this sample, we make use of
In addition, we employed hybrid Monte Carlo calcula- another property of semileptoniB decays. The lepton is

tions that replaced a real track in Ry +track event by typically the leading particle in the decay. Further, the lepton

another particle to study punch-through, decay-in-flight, andpectrum in theB rest-frame is well establishdd0]. In the

photon-conversion backgrounds. These studies are describedndidate events, we find the distribution of the momentum

A number of quantities and distributions needed for thi

in Sec. IV. of the lepton transverse to the jet directiBr ¢, and fit it to
Monte Carlo templates for dirett-and sequential decays?
APPENDIX B: VALIDATION OF BACKGROUND production, and false leptons from mismeasured prompt jets.
ESTIMATES We find a sample composition of approximately 85,
1. SemileptonicB decay sample 10% CE and 5% false leptons.

We confirm our ability to determine accurately the vari-  The tracks in the event, except for the trigger lepton, pro-
ous background rates to our observation of Bgemeson by  Vide the parent sample to test the backgrounds to our soft-
using identical methods to determine the background rate fdepton identification. For each track that satisfies our electron
a different process studied in a data sample independent 6f muon geometric requirements and comes from a displaced
that which yielded thd/ 4+ track distributions in Figs. 3 and vertex in the same jet cone as the trigger lepton, we find the
4, mass of the trigger-lepton and candidate track combination.

In b hadron decays, leptons are produced either directly iWWe weight the mass by the track’s false lepton probability
the b—c decay or in the sequential decay of the daughtelas determined in Sec. \and histogram the mass for same-
charm hadron. Pairs of leptons thus arise from events itharge and opposite-charge combinations. We compare this
which there is both a prompt and sequential semileptonieo combinations in which the candidate track satisfies our
decay of a singleB or from BB pairs. The leptons in the lepton identification criteria. Next-to-leading-order processes
sequential decays are necessarily opposite charges and haa contribute to the low-mass regions with leptons from
a two-particle mass less than 5 Ge%/ Leptons fromBB  differentb hadrons. Therefore, to make an accurate compari-
pairs may be of the same charge either because of mixing @on, we find the distribution of lepton-pair massesBB
where one lepton is direct and the second is sequential. Thdonte Carlo simulation subject to our trigger and identifica-
pair-mass, however, tends to be large and is typically greatdion criteria. We used the number of trigger leptons to nor-
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FIG. 27. Same-charge di-lepton mass distributions for a trigger FIG. 28. (a) Distribution of the impact parameter significance of
lepton and a tagged lepton. Both were required to come from 4he third track with respect to th# ¢ vertex forJ/ye events.(b)
displaced vertex and be within the same jet congalrthe tagged  The same distribution for thé/ . events.
lepton is an electron, and iib) the tagged lepton is a muon. In both
cases, the data from trigger electrons and that from trigger muons 2. Impact parameter significance

are combined. The points with uncertainties are data, and the histo- . . =
grams show the predicted contributions from the various back-ba;/Z(de %rnesaen’\t/lggtdel tlg;?lloezgggg etict)zati?ﬁ dbSeC(:gsrr%l;TId,We
rounds relevant to thB, analysis. . o "
g ¢ y re-analyzed thd/yl data with a modified procedure which
malize theBB Monte Carlo calculation to the experimental relaxed t_he requirements that the third track come from the
results same point as théd/ s decay vertex. _
o S . . We performed a two-track mass and vertex constraint on
For various combinations of electrons and muons |dent|—\]/l//_> +4~ and required the good-fit probability to be
fied in the trigger and those identified in a subsequent anal 'reatelrllth/;n 1%. This departs from our standard procedure of
sis (tagged Fig. 27 shows the mass distributions of same-J' c&€ o P S P
. - ! . - requiring all three leptons to originate at a common vertex.
sign d|-Ieptons. The points with uncertainties are the data\'/\/ith the third lepton, we calculated thiéyl mass,p; and
and the histograms represent the contributions from the samcet* based on tha/ ;/ertex We requiredt* to be’ Treater
backgrounds relevant to th®. analysis. Table V lists the v ' q 9

number of expected and observed di-lepton pairs Noy than 60um. We calculated the distance of closest approach

<5GeV/c?. The calculated and observed same-sign di_of the third lepton track to thd/ vertexd and its uncer-

lepton data are in reasonable agreement within the statisticgi“my oq. We define the ratial/ o4 as the impact parameter

" . . ignificance.
uncertainties. This supports the validity of the backgrounqS . . L
calculation in the, analysis. Figure 28a) shows the impact parameter significance for

We also removed the requirement that the second lepto lectrons with respect to ‘q’/’p. vertex for the Qata. Figure
come from a displaced vertex in the same jet cone as th 8(b) shows the same quantity where the third lepton is a
trigger lepton and repeated the analysis with this largefuon. Backgrounds frorBB should extend to higher values
sample. In this case, we normalized B8 contribution by of the impact parameter significance becauseltifeand the

- ) — third lepton come from different verticeB. events should
requiring that the sum of same- and opposite-ch&geand o5 jate the low impact parameter region becauselfiie
false-lepton  contributions in the high-mass M(

> ) ) and the third lepton emerge from a common vertex. The
>5 GeVlc?) region be equal to the total number of di-lepton g re shows that, when this region is included, most events
events. The two normalization procedures agreed. have low impact parameters. Note that the events in Fig. 28

TABLE V. Calculated and observed false leptons in the back-are a superset of our final data sample because of the relaxed

ground validation. vertex requirements. When we account for the effect of the
relaxed requirements on these events, the level of events

Tagged sampfe e P with high impact parameters is in good agreement with our
predicted levels oBB backgrounds.

Observede 33 37

Expected backgroundBB 4310 38rv APPENDIX C: THE LIKELIHOOD FUNCTION

Observedu 43 63 o ) )

Expected backgroundBB 41+ 4 70+ 6 For the likelihood analysis to test the null hypothesis and
to estimate the size of thB. signal we used a normalized

@The numbers here are for events with dilepton magsGeV/c?. log-likelihood function
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5 L where the best estimate for the mearbdf is represented by
§=-2 '”(ﬁ_o) (Cy N\, the function that sums the signal and background con-
tributions calculated in the fit. Each term in the sum is a
. o o product of parameters defined below. In like manner, we
whereL is the likelihood function, i.e., the product of all the sympolize the bin-by-bin numbers of candiddg— J/ye

probability distributions in the analysis, an} is its value events[Fig. 3(b)] by D¢ and the functions representing their
for a perfect fit. For purely Gaussian probability distribu- means byA®
Q-

tions, £ is formally identical to the commonly useg’. The (i) B, signal. The Monte Carlo simulation &8, produc-

advantage oF? for.a morg generad: is that its properties are tion and decay, and response of our dete¢fppendix A
quantitatively swmlar tOX. Co . . yielded mass distributions fal/ . andJ/¢e and normal-
Below we define the input information and correspondlngized each to unit area. Their values for iltle bin are repre-

e e o oo e vl Iog hemougened bYS! andS , respecively. We symboiz the ot
9 ' P 9 umber of)/ 1 events byn’" and the fraction of these in the

function. Upper case letters represent input information, an e channel bwre. For convenience. we express the num-
lower case letters represent parameters of the fit. The supeb-e‘fS of eventsyriﬁ the two decay, channgls = (1
script u (e) refers toJ/yu (I/e). We designate back- —re)n’! andn’®=rn’!, and we emphasize that these are
round types by additional superscripts,andf u for false . . ' L
g ybes by . P pt H — derived from the fitted parameters. The contributions fo
leptons,ce for conversion electron8u (Be) for the BB and\® aren’#S* andn’®S¢, and their sum is shown in Fig
o u i ! . . :
COQII’IbUtIOﬂS to muor(elgctrmj backgrounds. We usk, . 12(a). The Monte Carlo simulation also determined the ex-
(N\) to represent a function of the parameters correspondin ected fraction of electron signal event&®=0.583

to the fitted number of signal plus background events in the. o 043 which contributes a constraining Gaussian probabil-
ith bin for the muon(electron distribution. We use primes ity factor to £

(N’,n’) for the number of events in the mass range

3.35-11.0 GeW?, and elsewhere we use unprimed num- 1 (ré—Re)2
bers (N,n) for the subset in the range 4.0—6.0 Ge¥/ P(ré)= ———exp — ﬁ) (C3
In order to propagate the uncertainties for various mea- V27AR® 2(AR®)

sured or calculated quantities, each item of input information

has a corresponding parameter in the fit that we constrained (iii) False muon backgroundigure 4a) shows the mass

to the measured value within its uncertainties. We includeistribution for the subset af/ 4+ track events that satisfied

each such constraint as a Gaussian or Poisson factor in tiiee purely geometric criteria for third-track muons. The bin

likelihood function. For quantities with both Poisson statisti- contents of this distribution are represented . This

cal uncertainties and Gaussian systematic uncertainties, we&mple formed the parent distribution for calculating the

adopted a Gaussian approximation of the Poisson uncertainfglse muon contributions from punch-through and decay-in-

and added them in quadrature. flight, and we combined these two sources of background
It is important to understand that the only freely adjust-into a single distribution. We calculated the bin-by-bin sums

able parameter in this fit isag+a,,), the total number oB, over the distributions in Figs.(8 and &b) and normalized

signal events. All other parameters are constrained withieach distribution to unit area. To allow for a shape difference

uncertainties by information independent of Biecandidate from the parent distribution, we calculated the bin-by-bin

mass distribution. fraction F/*+AF!# of the parent distribution. We also

scaled these fractions so that the resulting prodBéts)f#

summed to 1.0. The quantitieB‘if“ account for any shape

) ) o difference between the paredty+ track distribution ([*),

(i) Data. For the histogram in Fig.(#), we represent the gnq the false-lepton distributiorF[#J/*), and they normal-

1. Definitions

number of candidatB.—J/yu events in théth bin asDf*.  ize the latter to unit areaN’#=11.4+2.4 is the total num-
These numbers contribute factorsdaccording to the Pois-  per of background events that satisfied all the muon identifi-
son probabilities cation criteria. In order to allow the fit to vary within the
i DF uncertainties in these measurements, we replaced them by
Pos(N) = (M7 o (c2) parameters. The fitted parametgf4 were constrained by
b D Poisson contributions t8. There was a similar constraint for

N'f# The fitted parameterf;i“‘ were constrained through

Gaussian factors if. The parameten’ " is constrained to

As an example, ifC is a simple product of either Binomial or Nt by Gaussian factor |.|7£. The' contribution ta\{" from
e e p false muon backgrounds s "#f/#j 1~

Poisson probabilities, it is easy to derive an expression for the in-""" | | back ©ur back d .
verse of the co-variance matrix fgf in the same way one does for (iv) False electron backgroun@ur background estimate

¥2. This yields the textbook uncertainties in the parameters. A TayfOr false electrons used another subset ofthe+ track dis-
lor expansion of the logarithmic terms i reveals that a one- tribution that satisfied the purely geometric criteria for third-
standard-deviation change in a parameter from its best-fit value intrack electrons. This parent distribution J&. (Below we
creasest? by approximately one unit. discuss correlations betweel}* and J'.) The remaining
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input information and parameters for the false electron backelata distributionsP# andD? :
ground are formally identical to those for the false muon

background:F®, ff®, jl® N’fe=4.2+0.4, andn’'f®. The AA=(1—r®)n' S+ n/TglejiepnBujB (ca)
contribution to \{ from false electron backgrounds is

;feffeJI ] )\ie-:ranrlsle_l_n/fefifeji1‘e+n/cercejice+n/Bejil3_

(v) Conversion electron backgroundVe measured the (CH

number of identified conversion-electron background events
to be N’'®¢=2. We represent this by a parametgf® con-
strained toN’®® by a Poisson factor inC. With the hybrid
Monte Carlo calculation, we determined the ratio of residual It is easy to show that a likelihood functiofy, which is
(not identified conversions to identified conversions to be the pdeUCt of factors of the form given in E@3), leads to
R°®=1.06+0.36. The corresponding fitted parameter§& &= x” through Eq(C1). For £ composed of Poisson factors
constrained by a Gaussian factor in the likelihood functionlike those in Eq(C2) we find the corresponding factors iy
We re-normalized the mass distribution for residual converto be
sions in Fig. 9b) to unit area, represented f*+AJ"°.
The corresponding parameters af€ with constraining Pou(DF) =
Gaussian probability factors i. The contribution to} o
from residual conversions is' ®°r ¢,

(vi) BB backgroundsWe used a Monte Carlo procedure In the ratioPDiu()\{‘)/PDiu(D{‘) the factorials cancel, and the

to calculate independently tHeB background contributions contributions to the normalized log-likelihood function are
to J/yu and J/ye. The shapes of these were found to beduite simple:
identical and a single parent dlstrlbutldﬁ+AJ , hormal-

2. The normalized log-likelihood function

(DMPf

o e O, (C6)

ized to unit area, was adopted for both. It is represented by £2=—2 In( 5) (C7)
the parameterj;iB that are constrained by Gaussian terms in Lo

the likelihood function. The Monte Carlo results for total

numbers of events and’®®=2.3+0.9 for J/ye and N'B# A
=1.44+0.25 for J/yu. The corresponding parameters are :in (AM*=Df)-Df In( D"”

n'B¢ and n’B#. The contribution ton* and A from BB (C9

background are, respectively,5#j2 andn’B¢j8 .
(vii) Sums.We present here the two functions that, where&'? is the first parté? which we now write down in
through their parameters, are adjusted for the best fit to thull

2 _ Z M ,u B 3 e_ el )\e
£2=2 (\=Df) =D Inf 5z | | +] (A D)DnDe (C9a
i i
+[(j{=3m =3 In(J +[ (jfe-afe)—afe |n< ' )” (C9b)
|
I (18902 (2 e
+ + + +
E(( AJCE AJE AFT~ AFTe (€99
nrf,u_Nrf,u, 2 rfe lee 2 n/B,u_Ner, 2 n/Be_NrBe 2
+ AN/f/.L + AN/fe + AN/B/.L + AN/Be (ng)
n/Ce rce_Rce 2 re—Re¢ 2
+2( lce Nlce) Nlceln(Nlce) + ARCE ) ( ARS ) (Cge

Line (C93 is the fit to theB, candidate distributions. Lines strain the normalizations for the five background distribu-
(C9b and (C90 constrain the parent distributions for the tions, the Monte Carlo calculation of the expected ratio of
various backgrounds and the shape-dependent fractions fetectron to muorB. events and the calculated ratio of re-
the false lepton distributions. Line€9d) and (C9¢ con-  sidual to identified conversion-electron background events.
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In this fit there are 14 bins in the mass distributions, giv-resent the normalized signal distributions*(m;) and
ing 28 data points represented in lif@99 by D¥ andD; . F¢(m,) represent the normalized falge and falsee back-
The fit varies 92 parameters to minimize the differences beground distributionsJB(m;) represents the distribution of
tween these data and the 28 values of the functighgnd  the BB background obtained from Monte Carlo calculations.
\{. There are constraints on 91 of these parametexsl6  jc¢(m,) represents the distribution for conversion and Dalitz
+7) in lines (C9b through(C9d. The one unconstrained decay electrons.

parameter isn’’. Thus, 28 data points minus one uncon-  The preliminary version of each of the above functions

strained parameter yields 27 degrees of freedom. was as a smooth spline fit to the appropriate binned distribu-
o _ tion. The fit was done prior to excluding events within 50
3. Log-likelihood for the mass analysis MeV of the B mass to eliminat®— J/ K. The final ver-

In the B, mass analysis, we performed an unbinned like-sion of the probability distribution was provided by a com-
lihood fit to the observed/yl mass distribution. The un- puter algorithm which, given a specific value for, re-
binned likelihood function for this analysis was the productturned the value of the spline function except wimsnwas
of the probability distributions for thé/ ¢l mass for theB,  within the excluded region foB—J/¢K, in which case it
signal and the backgrounds. The individual contributions tareturned zero. The areas of the final probability distributions
the probability distribution played a role similar to that de-were each normalized to unity over the range
fined for the bin fractions in Appendix C 1 except that the bin3.35—-11.0 GeW?. N'# andN’® are the total numbers of
indexi was replaced byn;, theJ/#l mass for théth event.  events ande events.

Further, the signal distribution differs for each assurBed The normalized probabilities for the muon and electron
massM(B.): §'—S“(m;,Mg ) and ST— S*(m, Mg ) rep-  distributions are\/D* and\“/D®, where

NA(my, Mg )= (1—r®)n"'S*(m; Mg )+n'“F#(m;)+n’B#38(m;) (C10a
Ae(m ,MBC)=r£n"Se(mj ,MBC)+n’feFe(mj)+n’BeJBe(mj)+n’°eJ°e(mj) (C10b
D#=(1-r)n"'+n' "4+ n’Bx (C109
Dé=ren’'+n’f€+n’'Betn’ce, (C100

The unbinned likelihood function contains the product of these probabilities for all the events. The parameters in the prob-
ability functions were adjusted for the best fit to the data. The likelihood function also contained constraints on the parameters
determined independently of the candidate events. We define the log-likelihood function by

) L
£=-21In . (C1)
l:min
It is given by
V(mi,MB)) (ij,MB)
2 _ _ c c
&= 2|E| In( 57 + j In S (C12a
—2{—D*+N’#In D*—D®+N'¢In D¢} (C12b
r‘F—R¢ 2 nlf,u,_N/f,u, 2 n/B,u_N/B,u 2
( AR® ( AN/f,U. ) ( AN!B/.L ) (Clzd
n/fe_Nrfe 2 nrce_Nrce 2 ane_N/Be 2
+ AN/fe ) + AN’ce ) + AN'Be ) (ClZd
‘C (C12¢

whereC was chosen so tha?,=0 at L= L. Line (C123 is the fit to theB, candidate distributions. LinéC12b is the
constraint to the total numbers df . andJ/ e events. LineC129 and(C12d constrain the ratio oé to u signals and
the number of background events for each background.
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4. Log-likelihood for the lifetime analysis

The unbinned likelihood function used to fit tBg lifetime was a product over the 42 e and 293/ candidates of the
probability distribution forct*.

The normalized probabilities which combine both signal and background distributiogs- ot} for the J/ ¢y andJ/ e
are AY/D"* and A®/D"®, where

AKX ,e7)=(L—ro)n" FL (X ,c7) +n" T Fri(x) +n"BLFB(x;) (C133
AS(xj,c7)=r°n" Fgi(x;,c7) +n" e F(x)) + n"BeFBE(x;) + n"°CFCe(x;) (C13b
D//p,:(l_ra)n//l_l_n//f,u_l_n//B;L (Cl?)d
D"e: rsnlrl + nIIfE+ n//Be+ nr/ce. (C13d

The symbols are defined in Sec. VII. Thefunctions, of as in the previous parts of this appendix.

course, depend on all the fitted parameters, but we choose to We considered differences between the prompt back-

emphasize the dependence onwhich is the only uncon- ground and that in the B-like region wittt* >60 xm. Our

strained parameter. dE/dx measurements indicated that fdty+track events,
These probabilities are functions of the parameters giveghe pion fraction for the third tracks in the prompt region was

in Table 1ll which describe the various backgrounds. Forfp — 74+ 40, compared withf2 =56+3.4% noted in Sec.

each background, the shape parameters were determined byap 1 for the B-like region. These uncertainties are statisti-
background fit that yielded the values in the table, which we,

i ) ] o cal only. In order to account for systematic uncertainties, we
represent byl , and a variance matri¥y, wherej is the assumegh,=f2/f?=0.75+0.25. In the fit, we also allowed
background label andl and| label the three or four shape i ’

arameters. The lifetime fit varied a parametaf, corre- a variation in the relative probability,= 3.3= 0.4 for pions
P . ' tetime Tit varl b ' and kaons to be mistakenly identified as electrons. The effect
sponding to each of tha!l, and these were constrained by a

contribution to the log-likelihood function of this is to modify thg values.of some 6¢ . V.VhICh become
cumbersome algebraic functions of the fitting paramegers
_222 (al—Al)X (Vi) 1x(al—Aj). (C14) and w. For clarity in the equations, we omit these details.
A e K k' b The log-likelihood functioh that combines the unbinned
The number of events in each signal and background corfit to the ct* values for the candidate events and constraints
tribution was subjected to a Gaussian or Poisson constrain the parameters describing the probabilities is

—21In L= —2 In(LeL M) (C153
N NEZ
=—2> In A%(x)—2>, In A*(x;) (C15b
1 |
+2[n"Be+n"fe4 nreercet n”Bet nfuy n"BrtIn(N"e1) +In(N"#1)] (C159
N Lali C15
AR® (C159
ce_ Ree 2
+2(n°*—N"®® In n®®+In(N"°®1))+ AR ) (C15e
nf,u__N//f,u_ 2 nB,u_N//Bp, 2 n//fe_ N//fe 2 r,IBe_ N//Be 2
+ ANufp. ) + ANHB,LL + AN//fe + ANHBG ) (Cle)

"The log-likelihood function used here has a minimum-d? In £ ¢°™°= —430. This value depends on the fact thét was expressed in
cm in the computer program, although we have ugedin this report. Had the programs usgth, the value would have been higher by
2N"! In(10%)=1308.
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2
+X$e+X<2:e+Xf2,u' (C159

+

P~ Po 2+ W™ Wo
Apo Awg

Note that term$\N”¢ In D"¢ andN”# In D"* do not appear because they cancel between the denominator of the log-probability
sum{[line (C15b] and the numerator of the Poisson constraint on the numbels/ef andJ/ . events[line (C159]. Line

(C159 is the constraint on thé/ e fraction in the number 0B, events. Ling(C156 contains the Poisson constraint on the
number of detected conversion electron background events and the Gaussian constraint on the ratio of undetected to detectec
background. Ling(C15f) contains Gaussian constraints on the numbers of other types of background events. Finally, line
(C159 provides constraints op, w, and the shape parameters for the background probability functions.
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