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Measurement of B hadron lifetimes using J/ ¢ final states at CDF
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The average bottom-hadron and individ@&ai, B°, and BS meson lifetimes have been determined using

decays with a)/¢y— u ™ u™ in the final state. The data sample consists of 110pbf p_p collisions at\/s

=1.8 TeV collected by the CDF detector at the Fermilab Tevatron collider during 1992—-1995. For the average
lifetime of B hadrons decaying intd/y+X, we obtain(7,)=1.533+0.015(stat} 333 syst) ps. For th&*

and B° meson lifetimes, we determiner(B*)=1.68+0.07(stat)+ 0.02(syst) ps, 7(B%)=1.58
+0.09(stat)* 0.02(syst) ps, ana(B™)/7(B% =1.06+0.07(stat)= 0.02(syst). For theg meson lifetime,

we find 7(BY) =1.34" 5-2Y stat) + 0.05(syst) ps[S0556-282(98)06309-7

PACS numbgs): 14.40.Nd, 13.25.Hw

I. INTRODUCTION the simple spectator quark decay model. Lifetime differences

can arise from unequal amplitudes for the annihilation and
The precise determination of the speciBclifetimes is ~ W-exchange diagrams, as well as from final state Pauli inter-

important for the determination of elements of the Cabibboference effects. These mechanisms play an important role in
Kobayashi-Maskawa matrix. Furthermore measurements dhe observed factor of 2.5 in the lifetime difference between
the lifetimes ofB-hadrons probe decay mechanisms beyondheD* andD° mesong1]. The lifetime difference between
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theB™ andB?° is expected to be much smaller, on the order
of 5-20 %[2-4] due to the heavieb-quark mass. Th&°
and Bg meson lifetimes are expected to be nearly identical
The observed value of th&,-baryon lifetime[5] is unex-
pectedly short.

The Collider Detector at FermilafCDF) [6—9] and sev-
erale*e” experiments have measured the avefageadron
lifetime [10] and the individualB™*, B® [11], and Bg [12]
meson lifetimes. The measurement precigib8)] is now ap-

proaching the 5% level. This begins to test the lifetime hier-

archy predictions of different theoretical models.

In this paper, we report measurements of the averag
B-hadron and individuaB™, B, and B meson lifetimes
using events containing & ¢— u* u~ decay in the final

state. The data sample consists~of110 pb ! of pp colli-
sions at\/s=1.8 TeV collected by the CDF detector at the
Fermilab Tevatron collider during 1992—-199&In 1). Of
this, approximately 20 pb' were collected during the
1992-1993 running perio@tun 1A), and approximately 90
pb~! were collected during the 1994—1995 running period
(run 1B). Partially reconstructeB— J/#X events were used
for the averag®-hadron lifetime. For th& " andB° meson
lifetimes, fully reconstructed— WK decays were identi-
fied, whereB = B* or B®, ¥ = J/¢ or 4(2S), andK =
K+, K*(892)", K2, orK*(892)°. For theB? meson lifetime
[14], the exclusive decay mod&®— J/y¢p, p—K K™, was
reconstructed.

F. ABE et al.
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FIG. 1. Schematic quarter section of the central part of the CDF
detector in collider run |, 1992—-96.

a gap of 2.15 cm at the center of the detector, therefore only
about 60% of all/y— u™ u~ events have both muon tracks
reconstructed in the SVX. Each barrel consists of four layers
of silicon strip detectors with 6@.m pitch between readout
strips for the three inner layers and %8n pitch for the
fourth layer. The readout strips are arranged parallel to the
proton beam. The layers are located at radii between 3.0 and
7.9 cm from the beam line. The impact parameter resolution
of the SVX isop(p1)=(13+40/p;) wm[16], wherepy is

the transvers¢l7] momentum of the track in Gew¥/ The
track impact parameté is defined as the distance of closest

We have organized this paper as follows. First, in Sec. llyynraach of the track helix to the beam axis measured in the

we briefly describe the components of the CDF detector rel

plane perpendicular to the beam.

evant to the analyses prgsented in this paper. In Sec. I, we qtside the SVX is a set of time projection chambers
describe the data collection and event selection procedurea,—rx) which measure the position of the primary interaction

Section IV covers the reconstruction of exclusBedecays.

vertex along the z-axis. The central tracking chan{kErC)

Sections V and VI describe the determination of the primaryig 5 3 mlong cylindrical drift chamber with inner and outer

interaction vertex and the variables used to extract the life
time. We present the measurement of the aveidmadron
lifetime in Sec. VII. This is followed by the determination of
the individualB™ and B® meson lifetimes in Sec. VIII and
the B? lifetime in Sec. IX. In Sec. X, we summarize our
results.

Il. THE CDF DETECTOR

The CDF detector is described[ih5]. A schematic draw-
ing of one quarter section of CDF is shown in Fig. 1. The
polar angled in cylindrical coordinates is measured from the
proton beam axisztaxis), and the azimuthal anglé from

fadii of 0.3 and 1.3 m and covering the pseudorapidity inter-
val| 5| <1.1, wherep= —In[tan(@/2)]. The CTC contains 84
layers grouped into five super-layers of axig2 layers each
alternating with four super-layers of stereo wirslayers
each. Combined, the CTC and SVX provide a transverse
momentum resolution of Sp;/pr~+/(0.907)%+(6.6)?
X103, wherepy is in GeVk.

The central muon system consisting of three components
(CMU, CMP and CMX is capable of detecting muons with
pr=1.4 GeVt in the pseudorapidity intervaly| <1.0. The
CMU system covers the regidm|<0.6 and consists of 4
layers of planar drift chambers outside the hadron calorim-
eter allowing the reconstruction of track segments for

the plane of the Tevatron. Throughout this paper “transverseharged particles penetrating the 5 absorption lengths of ma-

plane” refers to the plane normal to the proton be&m

terial. Outside the CMU there are 3 additional absorption

¢-plang. The detector components most relevant to the meatengths of steel followed by 4 layers of drift chambers

surements reported in this paper are the muon chambers a
the charged particle tracking system.

AMP). Finally, the CMX system extends the coverage up to
pseudorapidity} 7| <1.0. Depending on the incident angle,

The tracking system consists of three detectors in a 1.4 particles have to penetrate 6—9 absorption lengths of material
magnetic field generated by a superconducting solenoid ab be detected in the CMX.

length 4.8 m and radius 1.5 m. The innermost tracking de
vice is a silicon microstrip vertex detect@®VX) [16], which
provides spatial measurements in theé plane. The SVX

does not cover the totqdainteraction region. Th@?colli—

Ill. J/4¢ TRIGGER AND SELECTION

Approximately 18% of thel/ mesons and 23% of the

sion vertices are distributed along the beamline with rms/(2S) mesons produced ipa collisions at\s=1.8 TeV

= 31 cm(see Sec. V, Fig.)8 The SVX active region is 51

come from the decay dB-hadrong[18]. The remainder are

cm long and consists of two cylindrical barrels, separated byither directly produced or come from the decay of directly
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produced higher mass charmonium states.

In this section, we describe the data sample and selection
cuts common to the lifetime analyses described in this paper. 25000
CDF uses a three-level trigger system. The first two levels
are hardware triggers, and level 3 is a software trigger based

CDF Run 1
110 pb™ -

T

on a version of the offline reconstruction code optimized for “‘onooo— )
computational speed. E

At level 1, the relevant trigger for the analyses in this <15000- 4
paper required the presence of two charged tracks in the E
central muon chamber€CMU and CMX). At level 2 there S
were two different triggers which contributed to the sample. 1310000 T

(1) At least one of the muon tracks had to match a track in
the CTC found with the Central Fast Tra¢RFT) pro- 5000
cessor[19]. The efficiency of finding a track in the 3
GeV/c CFT-bin rose from 50% at 2.6 Ge¥/to 94% for !
pr>3.1 GeVt. 29 295 3 305 31 315 32 325 33
(2) An additional level 2 trigger was introduced in run 1B M, (Gev/c%)
which required both muon tracks to be matched to a CFT kg, 2. nvariant mass distribution of oppositely charged muon
track. In this case the level 2 CFT trigger threshold waspairs after selection cuts. Both muons were reconstructed in the
lowered. The 50% efficiency point was at 1.95 GeV/ SvVX. A signal of 243 00&:540J/¢ candidates over a background
for the 2 GeVE CFT-bin reaching the plateau at 2.3 of 34 000+ 130 events is observed. The width of they mass peak
GeVlc. is 16 MeVk?. The center area indicates th&y signal region and
the cross-hatched areas indicate the sideband regions used in the
verage lifetime measurement.

Finally, the level 3 software trigger required the presencea

of two oppositely charged muon candidates with invariant
mass between 2.8 and 3.4 Ge¥/ quired to be less than 600 Med#. The two muons from the

Background events in the dimuon sample collected withd/# and the two pion tracks were required to come from a
these triggers are suppressed by applying additional muofPmmon vertex. Events in which the transverse n_10mentum
selection cuts. First, the separation between the track in thgf the four track system was less than 3 GeWere rejected.
muon chamber and the extrapolated CTC track was calculne ‘%23) candidates were required to be within0.02
lated in both the transverse and longitudinal planes. In eacf€V/c” of the world averagey(2S) mass of 3.686 Geef
view, the difference was required to be less than 3.0 standaf@0l- The invariant mass distribution @f(2S) candidates is
deviations ¢) from zero, whereos was the sum in quadra- shown in F|g: 3. Fitting a Gauss.|an_ S|g_nal plus Im_ear back-
ture of the multiple Coulomb scattering and measuremen@round function to th_e mass distribution we estimate the
errors. Secondly, the energy deposited in the hadronic calgumber ofy(2S) candidates to be 357% 97 over a back-
rimeter by each muon was required to be greater than 0.8round of 13 700 events in the 0.04 Ge¥ivide mass win-
GeV, the smallest energy expected to be deposited from a
minimum ionizing particle. Finally, runs with known hard-

T T T T T
ware problems were removed. 1a00L. COF Run 1 Y(2s) >/ Yy
For optimal vertex resolution both tracks were required to 110 pb™
be reconstructed in the SVX detector. The invariant mass 1200+ 4

distribution of pairs of oppositely charged muons is shown in

Fig. 2. The invariant mass was calculated after constraining N{ 1000F 4
the two muon tracks to come from a common point in space 2

(“vertex constraint”) to improve the mass resolution. The z 800 W
resulting width of thel/y mass peak was 16 Me¥d. The }

observed width is dominated by the mass resolution of the € GOOW .
tracking detectors since the intrinsic width of the) is very o

narrow (87-5 KeV/c? [20]). Using a mass window aof 50 400+ .
MeV/c? around the world averagh y mass20] we observe

a signal of 243 00f 540J/y events over a background of 200+ -
34 000t 130 events. About 19% of th¥ ¢ candidates were

collected during run 1A. 0 364 366 368 37 372 374

For theB™ andB® reconstruction, final states having ei- m (GeV/c?)
ther aJ/y or ¢(2S) were included. Thes(2S) candidates i

were reconstructed from the decg2S) — J/¢ w7~ by FIG. 3. Invariant mass distribution af(2S) — J/y = m~
combiningJ/y—u* u~ events with two additional, oppo- . 4+ 4~ 77~ candidates. A signal of 357 97 ¥(2S) candi-
sitely charged tracks. When calculating the invariant massdates over a background of about 13700 events is observed in the
each of these two additional tracks was assigned the chargeédarch region which is marked by the two arrows. The width of the
pion mass, and the invariant mass of the two pions was res(2S) mass peak is 4 Me¢P.
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dow. From the fit we estimate a mass resolution of approxi-

T
mately 4 MeV£2. CDF Run 1 K% = n*
110 pb™
8000} P

IV. EXCLUSIVE B RECONSTRUCTION ~
<

In this section we will describe the reconstruction of the E 6000
exclusiveB ", B® andB? decays. ~
P

< 4000
g
A. Reconstruction of B* and B® decays -

B* mesons were reconstructed in the decay mallgs 2000

K™, Iy K*(892)", ¢(2S) K", and¢(2S) K*(892)". B®
mesons were reconstructed in the decay moﬂi/qmg,

* 0 0 * 0 1 1 1 I ] ] 1
I K> (892)", ¢(29) K, andy(2S) K* (892)". The Ifacins 1 00750.05-0025 0 0.025 0.05 0.075 0.1
were reconstructed using the decay chanméss =" 7™, AM (GeV/c?)
K*(892°—K*7~, and K*(892)"—KJx". Here and
throughout this papew* and K™ refer to a charged track FIG. 4. Invariant mass distribution #f; candidates, we observe
that was assigned the charged pion or kaon mass respectively 600 candidates, after background subtraction, inltiesample.
when combined with other tracks. AM is the mass difference between the world averidemass

Upon the reconstruction of & ¢ or (2S) candidate, a value and the measured mass. The arrows mark the mass window
search folk® — =+ 7~ candidates was initiated by consid- W€ used to defin&? candidates. The width of th¢2 mass peak is
S

2
ering all pairs of oppositely charged tracks not already as® MeV/c™

signed to thel/ or (2S) candidate. Both tracks were as-

sumed to be charged pions, and the tracks were constrain@&ar theld/s K* and ¢(2S) K* modes, the additional track

to come from a common vertex. Since the proper decayas assigned the charged kaon mass, and the three or five
length of theK? is 2.6762 cm[20], it can be tagged by track combination was vertex constrained. For e K?,
requiring a displac_ed vertex. The absolute valu_e_ of the imy,(23) K2, 3/ K*(892)", and ¢(2S) K*(892)" modes,
pact parameter with respect to the beam p05|t|<2)n of bothracks from thek® were both mass and vertex constrained
plons was required to be larger thaw,2where o"=or, it the requirement that thi? pointed to theB vertex. For
tOhs Om was the measurement uncertainty, af(g),dvvas the modes with aK*(892)°, a search was conducted for two
beam spot sizésee Sec. Y. The reconstructels was re- o5 qitaly charged tracks to combine withlay or ¢(2S)
quired to havg a posmvg decay length W!th rgspect taite candidate. The tracks were assumed to Bemacombination
vertex. The minimum distance between its flight path and th%nd all tracks were vertex constrained. The transverse mo-

J/y vertex was required to be Ies_s than 2 mm in the.pla.m?nenta of the charged kaon and pion were required to be
transverse to the proton beam. Finally, track pairs with in-

variant mass within- 20 MeV/c? of the world average value greater than 1.0 and 0.5 Gerespectively. The mass win-

. . dow for K* (892)° acceptance was 80 MeV/c? around the
2 0
of 497.672 MeV¢~ [20] were considere ¢ candidates. The world average value of thie* (892)° mass.

invariant mass distribution a2 candidates is shown in Fig.  gjnce theB candidate selection process involved search-
4. Fitting a Gaussian signal plus linear background function,y oyer all possible tracks, the possibility existed that more
to the mass distribution we estimate the numbeK fcan- than oneB candidate pei/y or ¢(2S) passed the con-
didates to be 42 600. With the 0.04 Ge¥vide mass win-  straints stated above. Since using overlapping candidates
dow the signal to background ratio is approximately 1.7:1\ould bias the decay length distribution, only one of these
From the fit we estimate a mass resolution of 5 MeV/ candidates was used in the lifetime calculation. The duplicate
To reconstruct th&* (892)", K¢ candidates were paired removal process occurred in two steps. The first involved
with an additional track assumed to be a charged pionfiltering candidates whose only difference was the assign-
Tracks from thek? were both mass and vertex constrained.ment of charged kaon and pion masses to the two-track re-
The KS w" combinations were required to be within80  construction of thek* (892)°. Since the fity? probabilities
MeV/c? of the average&k* (892)" mass of 891.59 MeV/ik  of the K7 and K mass assignments were equal, the
[20]. A relatively wide mass window was necessary becaus&* (892)° candidate closest to the world average mass value
the natural width of th&K* (892)" is about 50 MeW? [20].  was chosen. The second step was to choos® thandidate
JIy or (2S) candidates were combined with kaon can-having the highesy? probability for fitting N tracks to a
didates to formB* and B® candidates. In all cases the in- common vertex. ReaB mesons should usually return a
variant mass of the.™ u~ pair was constrained to th#y  higher quality fitted secondary vertex than background
mass (mass constraijtand thel/w* 7~ invariant mass events.
was constrained to thes(2S) mass. Since the intrinsic To reduce the statistical uncertainty on the background
widths of thed/« and ¢(2S) are significantly less than our subtracted signal, we required that fhyeof the B be greater
experimental resolutions on the invariant masses, a magban 6 GeV¢ and that thep; of the K be greater than 1.25
constraint improved the resolution on the track parametersseV/c.
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FIG. 6. Invariant mass distributions of reconstrucB®dmesons.

Zl(g S f;//lar_lant: mass dl;?;butlons t?f reconstrr]uc&ﬁ Irgeson AM is the mass difference between the world average and the mea-
candidates IS the mass difference between the world averagey, oy mass. All the events passing the cuts described in the text are

and the measured Mass. All the events pa_ssi_ng t'he cuts describ?dsiﬁ'own in the upper plot. The distribution for events with the proper
the text are shown in the upper plot. The distribution for events W'thdecay length\>100 m is shown in the lower plot. In the fit to

the proper decay length>100 um is shown in the lower plot. In he lifetime, the peak region is defined as the six central bins and

the fit to the lifetime, the peak region is defined as the six centr he sideband regions are defined as the six leftmost and six right-
bins and the sideband regions are defined as the six leftmost and S$¥ost bins

rightmost bins.

The distributions of the mass difference between the TheJ/#¢ invariant mass spectrum is shown in Fig. 7. A
world averageB-mass of 5.279 Ge\¢# [20] and the recon- typical uncertainty on the candidaﬁ reconstructed invari-
structed mass are shown in Figs. 5 and 6 for the charged araht mass was 0.01 Ged#. A fit to a Gaussian plus a second
neutral B mesons respectively. The upper and lower plotsorder polynomial background is superimposed. A signal of
respectively are with and without a 1@0n cut on the proper 58+ 12 events is observed.
decay length. Although not used in the lifetime analysis, this
requirement illustrates that the background is concentrated at V. THE PRIMARY INTERACTION VERTEX
short lifetime values and the enrichment of signal events at o i
large proper decay length values. The lifetimes reported here were _determlned by measur-

ing the distance between the primarp interaction and the
secondary decay vertex in the transverse plane. All the mea-
B. Reconstruction of the decayB%—J/¢ surements described in this paper used the average beam

0 ) ) _position as an estimate of the primary vertex. This was cal-
The B candidates were reconstructed in the decay chaigated offline for each data acquisition run. We chose not to

BI—J/ ¢, with J/y—pu* u~ andp—K*K™. The method measure the primary vertex event-by-event because the pres-
of reconstructing the decé82— J/ ¢ has been described in ence of a secont-quark in the event coupled with the low
detail elsewherg21]. A brief description is given below. multiplicity in the J/ ¢ events can lead to a systematic bias in
Once aJ/y was found, we searched fgf—K*K™ can- the lifetime. This technique would not improve the statistical
didates by selecting oppositely charged track pairs that werencertainty of the measurements. In the following we de-
not muons and reconstructing their invariant mass while asscribe some of the beam properties.
signing each track the mass of a kaon. If this candidaite  The distribution of primary vertices in is shown in Fig.
mass lay within+ 0.01 GeVt? of the world averaged mass 8. The interaction probability as a function ofvas approxi-
of 1.01943 GeW? [20], then the invariant mass of all four mately a Gaussian function with a sigma~ef30 cm. Near
tracks was calculated while constraining them to come fromhe interaction region, the beams follow a straight line but
a common vertex and mass constraining the invariant masspuld have an offset and slope with respect to zkaxis of
of the muon pair to thd/« mass. the tracking detectors. The profile of the beam for a typical
To improve the signal-to-background ratio, we requireddata acquisition run is shown in Fig. 9. Plotted is the devia-
that thex? probability of the constrained fit was greater thantion of reconstructed primary vertices in the transverse plane
1% and that the transverse momenta of ¢handBY were  from the calculated average beam position. To ensure that
greater than 2.0 Ge¥W/and 6.0 GeW, respectively. the spread of the beam and not the resolution of the vertex fit
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r VI. THE TRANSVERSE DECAY LENGTH L,
s [ CDF Run1

In this section, we describe the quantities used to measure
the lifetime. First, we describe the variables used for the
exclusiveB-lifetime measurement. Then, we discuss the in-
clusive case where the momentum of Biés not completely
reconstructed and where tl3éy vertex is used as an esti-
mate for theB-vertex.

The parameters required for the definition of the trans-
verse decay length,, are shown in Fig. 11. The vectot
points from the primary verte)zp,im to the secondary vertex

QB in the plane normal to the incoming proton beam:

Signal= 58+ 12 Events

[
=
T

Events/0.01 (GeV/c?)

>

X=Xg— Xprim - (6.2)

For the primary vertex, we used the calculated beam posi-

tion. To estimateZB, we did a vertex fit to the tracks ema-

- nating from the decay of th&-meson, constraining the

Tl T~ T tracks to come from a common vertex. The transverse decay
J/¥¢ Mass (GeV/c?) lengthL,, was then defined as the projection of this vector

onto the momentum of thB:

FIG. 7. The invariant mass distribution & candidates for

pr(¢)> 2 GeVk is shown fitted to a Gaussian plus a polynomial X. 58
background. The typical uncertainty on the reconstructed mass was LEy:»_BT' (6.2
0.01 GeVe2. |pY

: . o . L,y is a signed variable, that is, it is negative for the configu-
'S th_e d_omlnant contribution FO the.WIdt.h of the Obsfar\_/edration where the particle seems to decay before the point
distribution, we used only vertices with high track multiplic-

) dditi I ks with iated ol in th where it was produced. For a zero-lifetime sample, one ex-
lty. In addition only tracks with 4 associated clusters in thepects 5 Gaussian distribution peakedl gt= 0. Experimental

SVX were used in the vertex fit. The upper two plots showiests of this expectation are discussed in Sec. VII E. For the
the 2-dimensional distribution of the beam spot for a typicalgyc|ysive decays, the proper decay length was

data acquisition run during the 1994-95 running period. The

lower two plots show the andy projections, respectively, LB M
with a fit to a Gaussian distribution superimposed. The beam AB= XyB Ey- —:, (6.3
was roughly Gaussian and circular withsaof 23 um in x (BY)7 Pr
and 22um iny for this particular data acquisition run.
These values are averaged over taenge covered by € ' ' ' '
the two SVX modules and over the run. One expectstiod :140' Mean = 1.5 cm ]
the beam to vary weakly im as[22] >
Ho0Fk RMS = 30.75 cm i
[
>
o(2)=VeB* X[1+(z—20)/ B* V7], 5.0 ook ]
80 .

where € is the transverse emittancg* is the amplitude
function at the interaction point, arg the z position of the
minimum. The variation of thex andy projections of the 60
beam width withz for a typical data acquisition run is shown
in Fig. 10. We observed that the width varied by approxi-
mately 20% over the length of the SVX. Table | summarizes
the results of fitting functiori5.1) to the points for one data
acquisition run. This set of parameters was typical for the 5g
94-95 running period. The values agree well with the esti-
mates of the Fermilab accelerator divisi&8].

&
o
T

I

.- . . |
~ We also analyzed how the position of the beam varied in _(1’00 75 50 25 0 25 50 75 100
time during a data acquisition run. We observed that the
beam was very stable in time, rarely moving by more than a
few microns during a data acquisition run, resulting in a very  FIG. 8. Distribution of primary vertices along the proton direc-
small contribution to the variation of the primary vertex po- tion (z) for a typical data acquisition run. The two lines represent
sition. the activez acceptance of the SVX detector.

z (cm)
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FIG. 9. The two dimensional distribution of the beam spot for a typical data acquisition run during the 94—95 running period is shown
in the upper two plots. The andy projection, respectively are shown in the lower two plots. Typically, the beam was roughly circular. For
this run the RMS of the distribution was 2dm in x and 22um iny. These values are the average over the length of the SVX detector.
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. 10. The widthsg, and o, of the beam irx andy direc-
tions as a function of z are plotted with the fitted functions super-
imposed. Each triangle represents theobtained from fitting a

Gaussian function to the distribution of reconstructed primary ver-
tices. The statistical uncertainty on each measurement point is usu-

ally smaller than the size of the triangle.

where (8v)? is the Lorentz factor times s#h For the uncer-
tainty of the transverse decay length, the only relevant con-
tributions came from the uncertainties on the primary and
secondary vertex coordinates. Contributions arising from the
transverse momentum uncertainties were negligible. For a
circular beam spot, the experimental uncertainty. i is

ot = = oL (03, P2+ 205, PRPU+ (0, PY)?
pT)
+(opP3) 2+ (0pPy)?] (6.9)
where
o2, 02, 02, =covariance matrix elements

xv 1Ty 1 Oxyy
of the secondary vertex fit,

o, =sigma of the primary vertex
(beam spot,

pS=transverse momentum &f

—meson,
and

P?.Py=Xx,y components oB momentum.
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TABLE |. Results of the fit to the width of the beam as a ¢& T T T T T T T
function of z using thex andy projections for one data acquisition 3 Mean® 55 M
run. Errors are statistical only. N
Eeooo - .
Parameter Fit value o
>
X: emittance (1.16:0.07)x10 ° m w
x: B* 0.40-0.03 m 6000 .
X Zp 0.06£0.01 m
y: emittance (1.06:0.06)x10° m
y: B* 0.39+0.03 m
Y. Zo 0.003+0.007 m 4000 ]
In the case of the inclusive lifetime measurement, a fit to 20001 Cut ]
the two muons from thd/ decay allowed for a good esti-
mate of the B-meson vertex. Since thi/ lifetime is much
smaller than our detector resolution, its vertex is virtually
identical to theB-vertex. From Monte Carlo simulations we ! [ | ! i\ "
estimated that for a/¢ in our sample the average angle 0 25 50 75 100 125 150 175 200

between thel/y momentum and th&-hadron momentum
was 7.6 degrees and on average Jhg carried more than
70% of theB momentum. Therefore, for the inclusive life-

Uny(Ufm)

FIG. 12. Distribution of the calculated uncertairm(Xy of the

time measurement, the transverse decay length of th&ansverse decay length fdfy events.

B-hadron was approximated by

X
i

(6.9

Liy=

Since we only partially reconstructed tiige we had to

correct for the missing momentum in determining the prope

decay length. As a first approximation &g, we used the
relativistic quantity 3y)¥ of the J/y, giving

Ly . w My

Byt Y pt

The distribution of the calculated uncertainty lld’y for
J/ ¢ events is shown in Fig. 12. The mean uncertaint)Lép
was 55um, which meant that fod/ ¢ events the contribu-

tion from the secondary vertex dominated the uncertainty

compared to the primary vertexrf~23 um) contribution.
We found that there was no correlation betwegp uncer-
tainty andL,, magnitude. We applied a correction factor

<

FIG. 11. Parameters required for the definition of the transverse

decay lengtiL,, .

F(p¥%) parametrized as a function of the transvelsg mo-
mentump?¥ to connect\ , and\g,

(BYT Ny
(ByY re

F(p)= (6.7)

[I'he Monte Carlo procedure to obtain the average correction
factor is described in Sec. VII B. With this definition of

(F(pY)), the variable “pseudo proper decay lengthX)(

was defined as

n=—t g Mo
(F(pY)y 7 pUF(ph)

(6.9

VIl. MEASUREMENT OF THE AVERAGE B-HADRON
LIFETIME

The averageB-hadron lifetime measurement used a sub-
set of thel/ ¢ data sample described in Sec. Ill. Only the run
1B data sample and onll/ ¢ candidates selected by the level
2 trigger requiring both muons to be matched to a CFT track
were used, leaving 167 000 candidates. As we show later, the
precision of this measurement is limited by systematics, so
including the additional 31% of data would not improve the
result.

The steps in measuring tl lifetime from the inclusive
J/ ¢ sample were:

(1) Measure the 2-dimensional decay lengtly for the J/
meson sample.
(2) Correct the measuret,, of the J/¢ mesons for the
difference between thes(y)¥ of the J/ 4/ mesons and the
(,By)-? of the B hadron. The distribution of this corrected
decay distance, which closely approximates the proper
decay length distribution of thB mesons, was called the
pseudo proper decay length)( distribution.
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(3) Measure the\ distribution of the background under the L L L L L I
J/ ¢ by studying thew™ x~ mass sidebands of thi . > ]
(4) Fit thel)\ Qistribution to the sum of t_)ac.kground,.direct 8800 i s Data — bkgd subtracted i
(zero-lifetimg andB decay(non-zero lifetimé contribu- P . - QCD prediction :
tions and extract the lifetime. s P di ) e power law
o
We describe each of these steps in more detail below. %’600 2 A
(0]
>
L

A. Track and vertex selection

More than 80% of thel/¢ sample consisted of prompt 400
J/IYy mesons. When extracting the lifetime we assumed -
Gaussian resolution. Any non-Gaussian component that we

have not taken into account in the fit could bias the lifetime ok
measurement. To make sure that the vertex was well mea- 290 i ]
sured, to reduce non-Gaussian tails and to have good under |
standing of ther of the vertex fit we applied strict track and | &
vertex quality cuts. In addition to the cuts described in Sec. ol=a. R R -
11, the following cuts were applied: 0 S 10 15 20 25
. _ _ J/¥ Py (GeV/c)
(1) Both muons were required to have associated clusters in
all four layers of the SVX. FIG. 13. The transverse momentum Mfiy mesons for NDE,
(2) For the SVX track fit(4 degrees of freedomwe re-  power law and data. The data is shown beforeR#1E>4.0 GeV/c
quired y*/DOF< 5. cut. The data distribution was background subtracted, and the

(3) For the calculated uncertainty on the decay length wéoPer dhecaymllength was ;equitr)eg to beT"';]“ger thl;"” ﬂf@:)/lto
required!a'ny<l50 um. ensure that al l// originate fromb-decays. € numbper o onte

) ) 9 Carlo events were normalized to the number of data events with
(4) For the vertex fit we requireqyqox<12 (1 degree of PY>4.0 GeVt.

freedon).

N ) wheremy, andn are constants. The choice of,=4.75 and
In addition, we requireg¥>4 GeVk to reduce the over- =2 g gave the best agreement with the data.

all Uncertainty of the measurement. This reduced the statis- The hadronization of thb_quarks was modeled using the
tics but also reduced the systematic uncertainties whiclpeterson fragmentation functig@s] with e,=0.006 as the
dominated the precision of this measurement. value of the fragmentation parameter. We used the following
The reductpn in systematic uncertainty camﬁ from sevfragmentation fractions for the hadronization into different
eral sources. First, the average correction fagkqpy)) var-  p-flavored hadrons:f,:fq :fs:f,,=0.375:0.375:0.15:0.10

ies only weakly forp¥>4 GeVk (see Sec. VII B. Second, which is consistent with our measurem¢26]:
this cut is away from the turn-on of the trigger. Monte Carlo

studies done by varying the parameters of the production and f,=0.39+0.04+0.04,
decay kinematics showed that the differences between the

various models were important at logy but were less sig- f4=0.38+0.04+0.04,
nificant at highem+. In addition the transverse momentum

of J/4 mesons fronB-decays was stiffer than that of prompt fs=0.13+0.03+0.01,
JIy’s so this cut enriched the fraction df ¥ mesons from

B-hadron decays. f,,=0.096-0.017.

We have 67 800 pairs of oppositely charged muons in the
signal region and 7 900 pairs in the combined two sidebanghe decay of thé-hadrons was then modeled using the

regions after all cuts. Monte Carlo developed by the CLEO Collaborat[@7—29.
The resulting long-lived particles served as input to a full
B. Monte Carlo procedure to determine (F (p¥)) simulation of the CDF detector and triggers. The trigger ef-

Monte Carlo events were used to determine the averag 'piencies asa function gir were well understood and were
correction factofF(p¥)) and to study the systematic varia- iscussed in Sec. IlI. . .
tions due to production and decay kinematics. For each step of the simulation process, the relevant

The b-quarks were generated with tigg-spectrum from model parameters were varied to estimate the systematic un-

the next to leading order QCD calculation of Nason, Dawsoncert".ilntles in modeling the production and Qecay.
Figure 13 compares thp-spectrum derived from the

and Ellis (NDE) [24]. As a comparison and for systematic ta along with the Monte Carlo predictions. To ensure that

studies, we also generated events according to a power Iat is J/  pr-Specirum representely mesons fronb-decay

distribution defined as the distribution was background subtracted, and the proper
do A decay length was required to be larger than 208. The
— = (7.1)  number of Monte Carlo events were normalized to the num-

dpr  (pr+mp) ber of data events withP¥>4.0 GeVt. Compared to the



5392 F. ABE et al. 57

data, the power law Monte Carlo produced a spectrum whictbackground distribution function was defined as
was softer, whereas that from NDE was harder.

The correction factotF (p¥)) (see Fig. 14was obtained [ forx=0:

by averaging By)%/(B87)¥ for different bins inp¥. We ob- L e N2so)? e
served that forp$>5.0 GeVt the correction factor was a (1—f7—f )\/_—+ —e
constant. The superimposed fit has the following functional 2msoj N
form: Fokgl M 177 = § and for\;<0:

F(pY)=B exp(C-py)+D o NFasa)?

(1 —f)————+ —eN
whereB, C, andD are constants. V27S0; AT
: (7.2

C. Fitting technique

The fitting techniques, as well as the background and sighere
nal parametrizations, are discussed in this section. The fit to
the lifetime distribution was done in two steps. First, we fit
the\ distribution of thel/ ¢ sidebands to get the shape of the N ) . ) )
background. The background under the signal was assumed | = the fraction of the right side exponential,
to have the same shape as in the sidebands. Then the events . ) ) )
in the signal mass region were fit fixing all parameters from A =the slope of the right side exponential,
the sideband fit except the number of events. The number of
background events was constrained within Poisson fluctua- f~ =the fraction of the left side exponential,
tions to the number of sideband evemsgg divided by a
factor of 2, since the sideband invariant mass windows were A~ =the slope of the left side exponential.
twice as large as that of the signal region and the distribution S . . .
was assumed to be flat. The pseuda distribution for the signal region, defined as

The shape of the background was obtained by parametriz= 50 MeVic? around thel/ ¢ mass, consisted of three com-
ing the \ distribution of the sidebands 29V ,<3.0 Gev/  Ponents: a Gaussian distribution for the prorpy mesons,
c? and 3.2<M,<3.3 GeVLt? as the sum of three terms: a the background distributiogpg(;,0;) and an exponential
central Gaussian, a left side exponential and a right side exéonvoluted with a Gaussian resolution functibg(\;, o)
ponential. The two exponentials account for any non-=G*E to describe thel/y mesons fromb-decay. For each
Gaussian tails. We expect some enhancement of events wifiéasured pseudo proper decay lengthand its calculated
positive)\ due to the presence of Sequentia' Sem”ept@'\ic Uncertaintyﬂ'j y the Signal distribution function was defined
decays in the dimuon sample. Therefore the fractions an@S
slopes of the left and right side exponential could be differ-
ent. For each sideband event with the measured pseudo fA 5 07) = Torg@okg(Nj 1 07) + (1= foig)
proper decay length; and its calculated uncertainty; , the

s=the error scale factor,

1_fB 2 2
X|——=— e N2 o . F(\;,0) |,
~ 1 T T T T T \/2’7TSO'J' B s )
ol (7.3
where
09
Ag Was the mean propeB decay length,
fg was the fraction ofd/¢ from B decay,
0.8
s was the error scale factor, and
A QCD prediction: .
F(P) = 2.44 X exp(—1.18 XPY)+0.84 fpig Was the background fraction.
0.7 § The convolution was defined as
® Power law. .
F(P”") = 2.82 X exp(—1.27 XP)+0.82 1 -
2 2
FS()\J 'O_j): f e*(ctf}xj) /2(80'j) efct/)\Bd(Ct).
0.6 . ) ) ) V2mSojhg/0

1
4 6 8 10 12 14 (7.4

P, (GeV/c . ) . .
( /¢) We used an unbinned maximum likelihood fit to extract

FIG. 14. The correction factof(p¥) for the QCD prediction  the lifetime from the data. A binned likelihood fit provided a
and for a power law. check of our method and was used for systematic studies.
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The unbinned maximum likelihood fit usdd\;,o;) as the TABLE Il. Parameters of likelihood fit to sideband and signal
probability distribution function. The likelihood function was regions.
defined as:
Parameter
(sideband region Value Uncertainty
N £r (%) 27 + 0.6
L=7>(0.5><NSB)><I1[ f(\j,oi:fg.Ng,8) (75« (um) 429 - 11
f (%) 11.3 + 0.5
AT () 231 + 10

where N was the total number df¢ candidates); was the
pseudo proper decay length ang was the calculated error pgrameter Value  Uncertainty
for 3/4; . The termP(0.5X Ngg) represents the Poisson term (signal region

constraining the number of background events within Pois

son fluctuations to half the number of sideband events. Thés (um) 460 *5

corresponding log-likelihood functionC=—2In(L) was (corrected for fitting bias

minimized with respect to the parametdgs, Az ands. fg (%) 17.7 =02
The modeling of thex distribution is incomplete. An ad- s 1.15 + 0.05

ditional smearing from th@+y-correction, increasing linearly
with pseudo e, was not modeled by our fitting function.
Rather than modifying the fitting function we correct for the tion was normalized by its erron,xy/cr,_xy, the resulting
introduced bias. Monte Carlo studies showed that the use qf5yssjan distribution should have a sigma of unity. Here we
the pseudo proper decay lengthintroduced a bias of 0.5% present some experimental checks of this assumption.
towards longer lifetime. o A sample of track pairs selected from QCD jet events
To check if the bias depended on the lifetime value, Weshowed that the proper decay length resolution function for
examined Monte Carlo samples generated with proper decgyscks coming from the primary vertex was symmetric and
lengths between 400 and 5@0n and found no dependence. centered at zero.
When quoting the final lifetime result, we correct for this Using Y(1S)—u* ™ events provided us with a sample
bias. of prompt decays of a heavy particle into two muons. The
invariant mass spectrum of oppositely charged muon pairs in
the Y (1S) mass region is shown in Fig. (%). Figure 16B)
D. Results of fit to the data shows theL,, distribution of Y/(1S) mesons after sideband

Table Il summarizes the results of the background fits to
the sidebands and the signal region. The background clearl € '
had non-Gaussian tails. In addition, the distribution wasoi CDF

clearly asymmetric, with a larger tail at positive lifetime. The {10 4 SLdt=90 pb™ 4
presence of the nonzero lifetime component in the back-2 E
ground sample was not surprising. The asymmetry is due t¢g Bkgr. Parametrization

sequential semileptoniB decays in the dimuon sample. No o
such enhancement was observed when using a sample ¢ 10
“fake” J/y's obtained from QCD jet events by selecting
oppositely charged track pairs in the same kinematic range a
the “true” dimuon data. 102

The\ distribution for the signal region with the fit super-
imposed is shown in Fig. 15. The dark shaded area shows th
contribution from background where the shape has been de
rived from the sidebands and the magnitude has been derive 10
by normalizing the number of sideband events within pois-
son fluctuations to the same range in invariant mass as use
for the signal. The light shaded region shows the contribu- L
tion due to adding the exponential distribution framvdecay };;ﬂ"m
convoluted with a Gaussian resolution function to the back- ) 0.2 0.4
ground. The remaining unshaded region shows the contribu A (cm)
tion from promptJ/¢ mesons.

FIG. 15. The pseudo proper decay length distribution of the
signal region with the unbinned likelihood fit superimposed. The
plot shows the contributions from the three different sources. The
distribution of background events as obtained from the fit toxthe

The error in the proper decay length resolution was anjistribution of theJ/y sidebands, the sum of the background dis-
important component of the shape of the probability functionribution and the Gaussian function convoluted with the exponential
used for the unbinned fit. A zero-lifetime sample should be &om b decay and finally the remaining Gaussian centered at 0
Gaussian distribution peaked laf,=0. If the L,y distribu-  (unshaded argavhich is due to decays of prompty's.

E. Error scale and resolution function
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FIG. 16. (A) The dimuon invariant mass spectrum in i€1S) region. Both tracks were required to be reconstructed in the SVX. The
mass resolution is 0.055 Ged#/ (B) The L,y distribution of Y(1S) candidates after sideband subtraction. The shape is Gaussian with a
mean consistent with zero and a resolution ofi#8. (C) The ny/any distribution after sideband subtraction. A fit of a Gaussian function
to the distribution yielded a sigma of 1.13 indicating that the calculated efrgy was underestimated by 13%®) ny/(er distribution
for the J/ ¢ sample. A fit to the prompt part of the distribution indicated that the error was underestimated by 13%.

subtraction. The shape is Gaussian, the mean of the distribéer L,(y/aLX >0. Finally the ny/aLx distribution for the
tion is consistent with zero, and the resolution isi48. The  j/y sampleyis shown in Fig. 1B). Restricting the fit to the
ny/any distribution after sideband subtraction is shown inprompt part of the distribution (K’ny/ULXy< 2) indicated
Fig. 16C) . A fit of a Gaussian function to the distribution that the error was underestimated by 13%, which is in good
yields a sigma of 1.13 indicating that the calculated erroragreement with the scale fact®«1.15+ 0.05 obtained from
oL, was underestimated by 13% in average. To check thahe lifetime fit (see Table ).

the distributions shown in Fig. 1B) and Fig. 16C) are

symmetric we have fitted independent Gaussian functions to .

the positive and negative side of the distributions. For the F. Systematic errors

Lxy distribution we obtainr=42+2 um for L,,<0 ando In this section, we describe the sources of systematic un-
=432 um for Ly,>0. For thel, /o distribution we  certainties, which apply to the inclusive lifetime measure-
obtain 0=1.10+0.05 for ny/O'ny<0 and0=1.17-0.06 ment and estimate their magnitude. Two sources of system-
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atic uncertainties apply to all measurements described in this TABLE lll. Systematic errors due to production and decay ki-
paper. These are the alignment of the silicon detector an@ematics in %.
any bias arising from a possible impact parameter depen=

dence of the CFT trigger. We describe these two systematigyStematic Uncertaint{6)
uncertainties first and then describe the systematics specifigpe versus power law —1.4 +1.4
to the inclusive measurement. ¢ (Peterson0.004—0.008 ~06 +13
. . L2 trigger -0.1 +0.1
1. Alignment of the silicon vertex detector BY fraction 03 103
Details of the SVX alignment procedure and checks of thepolarization -1.0 +1.0
alignment can be found in referentk6]. When tracks were A, production -0.2 +0.2

used to align the detector, the radius of the fourth SVX layer

was kept constant while the radial positions of the three innef ot —-19 +2.2

layers were allowed to float. Significant radial shifts of the

order of 80um between the optical survey alignment con-

stants and the track based alignment constants were obl) Compare the NDBb-quarkpr spectrum to a power law

served. The sign of the shift reversed depending on whether ~ SPectrum. _

the strips were facing towardayer 0 or away from the (2) Vary the Peterson fragmentation parameter0.006 by

beampipe(layers 1 and R +0.002 where the value and its uncertainty were taken
To estimate the uncertainty due to the length scale of the ~from [30].

SVX, we compared the lifetime result obtained using align-(3) Vary the fraction of produce®? mesons by= 1o [26].

ment constants derived from the optical survey with the re{4) Vary the level 2 trigger parametrization bylo.

sult using the track based alignment having the radial shifts(5) Vary the polarization of thel/¢ by the allowed range

We achieve better decay length resolution with the track from current CDF resultf31].

based alignment than with only using the optical survey data6) Vary the fraction of produced ,, mesons from 5 to 15%

therefore we used a binned fit for this comparison which is  of the total number of b flavored particles produced. The

not as sensitive to the error scale as the unbinned fit. In the nominal value was 10%.

data, we observed a lifetime which is 0.3% smaller when

using the track based alignment. This was consistent with the B. production was assumed to be very sriafl] and was
result of a high statistics Monte Carlo study where we com-_ ¢ P y

pared the result of the lifetime fit before and after the radialnOt considered in the systematics. Table IIl summarizes the

positions of the inner silicon layer had been varied. There—< ™) uncertainties due to each of these variables.

}‘g:%,tr\:v:c?:gned a 0.3% systematic uncertainty to the SVX 4. Background parametrization
We estimated the systematics due to the background pa-
rametrization by varying by one sigma all the parameters of
the background fit coherently in terms of their effect on the
The track impact parameter was defined as the closesitetime, trying different parametrizations of the background
approach of the track helix to the beam axis measured in theistribution function, using the smoothed histogram for the
plane perpendicular to the beam. Any variation of the CFThackground function, and letting the background fraction
trigger efficiency with the magnitude of the track impact f,,  float in the fit. After all these checks, we assigned a

parameter would bias the lifetime distribution. Although the systematic uncertainty of 0.4% to the background param-
CFT algorithm is based upon prompt tracks, we did not exetrization.

pect a lifetime bias from the CFT since the impact parameter

resolution of this device was 50 times that of the SVX and 5. Fitting procedure bias
3 times the average displacement of secondary tracks from B

decay. To check for any possible bias, a sampleliaf
events was selected by a level 2 trigger which required onl
one of the two muons to be reconstructed by the trigger trac
processor. The second muon then could be used to study t
efficiency of the CFT. We observed that the trigger effi- ) ) o
ciency did not vary with the impact parameter resulting in a_ TABLE IV. Summary of systematic errors for the inclusive life-
negligible effect on the lifetime distribution. time measurement.

2. Impact parameter dependence of the trigger

As described in Sec. VII C, the incomplete modeling of
he \ distribution introduced a bias of 0.5% towards a longer
jfetime that we correct for. We assign the total difference of

0% as systematic error.

Systematic Uncertaint{p6)
3. Production and decay kinematics
Since the(F(p¥)) was used in the calculation of the Pro?(ucnondand decay km.ematlcs _(1)'2 +(2)'Z
pseudo proper decay length variable, any variation ifaC ghrounl p?_rametr'zat'on _0'3 +0'3
(F(p¥)), such as from variation of the production and decay:;_ettr?gt sca efja |gn:enl _0'5 +0'5
kinematics of the event, would affect the inclusive 9 Procedure bias e +O
b-lifetime. In order to understand systematics due to thergtg] ~20 +23

model dependence, the following studies were done:
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6. Summary of systematic errors TABLE V. Fit parameters for th&* andB? lifetime measure-

The systematic uncertainties and their quadratic sum argent
summarized in Table IV. The dominant contribution arises

+ 0
from modeling the production and decay kinematics. Parameter B B
G Einal it | A (um) 505+ 21 475+ 27
. FInal average Ifetime result a (%) 26.5+0.9 257+ 1.3
The measured Iifetime,_which is the average over all events (events 824+ 36 436+ 27
B-hadrons produced irpp collisions at \s=1.8 TeV  f; (%) 1.95+0.20 1.26-0.22
weighted by their production cross sections, branching ratios; (%) 4.43+0.65 4.69-0.93
to J/ ¢, and detection efficiencies, is f, (%) 7.97+0.87 9.99-1.30
o +0.035 )\1 (,LLm) 516i 39 40%48
(75)=1.533-0.015(stay 931 (Sysh ps. Ay () 106+ 15 87+13

VIIl. B AND B* LIFETIMES

In this section we discuss how we determined the lifetimewhere \; is the proper decay length for evepto; is the
of theB™ andBP. The reconstruction of thB™ andB® has  calculated error on\;. The fitting parameters are summa-
been described in Sec. IV. We also discuss the systematiized in the next section.
errors on these measurements.

2. Signal distribution and likelihood function

) o . o The peak region, defined as30 MeV/c? about the world
Since there were fewds™ andB™ events, the fitting was averageB mass, contained both signal and background

done slightly differently from the inclusive lifetime case. eyents. For trueB meson candidates in this region, the

Here we performed a simultaneous, unbinned Iog-hkehhoodproper decay length distribution was parametrized as the

fit on both the signal and sideband events. The sidebang,, oiution of an exponential function with a Gaussian reso-
events plus the background events under the peak were usﬁﬂion functionF(\; ,o)=G*E, as defined in Eq(7.4) in
to determine the shape of the proper decay length distribuSec VI C. The Sfitti]n’g ]function ,was '

tion of the background in the signal region. Thus, more sta-
tistics were used for the determination of the background

A. Fitting technique

than in the two stage fit. [ for the signal region:
o (1= @) Gpkg(Nj, o))
1. Background parametrization +a- Fs()\j ,a'j)
We used two sideband regions where the upper and lower heit(Nj,09) = (8.2
sideband windows were each 60 Me¥tvide and started at for the sideband regions:
+60 MeV/c? from the world average valuB-mass of 5.279 N0
GeV/c? [20]. The width of the sideband mass windows and \ GokglAj+j)-

the two 30 MeV¢? wide separations between the signal and
sideband regions significantly reduced the probability thaHerea was the fraction of signal and — «) the fraction of
real B mesons where one pion has not been reconstructesackground events in the signal region. The number of back-
appear in the sidebands. The background events in the pegkound events was constrained within Poisson fluctuations to
region were assumed to have the same proper decay lengthe number of sideband events divided by a factor of 2, since
distribution as events in the sideband regions. Xheistri-  the sideband invariant mass windows were twice as large as
bution of background and sideband events was parametrizatat of the signal region and the distribution was assumed to
as a Gaussian for the zero-lifetime events, two exponentialse flat. The eight fit parameters were
for the positive lifetime background, and an exponential for
the negative lifetime background. Two exponentials were Ag: mean proper decay length of the signal,
needed for positive lifetimes to accurately fit the data. This «: fraction of signal in the peak region, events
gave the background distribution as : number of fitted signal events,

f1: fraction of negative tail of the background,

for Aj=0: f,: fraction of positive tail of the background,
1-f;—f —f, 2o 2 f1 f,: fraction of additional positive tail of the background,
—\/_~e"‘1 207 + )\—e_”i M \.: slope of negative and positive tails, and%

ojpN2m ! \, :slope of additional positive tail.

f2
_2 NNy eali ;
Jokg(\j.0)) = + }\ze i The likelihood function was
N
and fora;<0: |—=1:[ hat(Nj,0))- (8.3
— - +_ -

1-f,—fy—f, e Nl2of | f_lexjn\l

o'j‘/z'n' 1 The log-likelihood function to be minimized wag=

8.1 — 2nQ).
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FIG. 17. The proper decay length distribution for all recon- FIG. 18. The proper decay length distribution for all recon-
structedB* mesons. The uppdtowen histogram shows the peak structed B® mesons. The peaksideband region distribution is
(sideband region distribution. The firsflas) bin of each histogram shown in the uppetlower) histogram. The firstlast bin of each
gives the number of underflooverflow) events. The superim- histogram gives the number of underfldeverflow) events. The
posed curves are the contributions from the signal, the backgrounsuperimposed curves are the contributions from the signal, the
and their sum as determined by the likelihood fit described in thebackground and their sum as determined by the likelihood fit de-
text. scribed in the text.

B. Results of fit to the data . . . I
in Sec. VII F 1 covering the systematic uncertainties of the

The fitted values are listed in Table V for the charged andncjusive B lifetime measurement.
neutralB mesons. The proper decay length distributions with
the fits superimposed are shown in Figs. 17 and 18.

As an independent cross check, we extracted the number
of B candidates by fitting a Gaussian plus a linear back- To estimate the lifetime bias from non-Gaussian tails of
ground to the invariant mass distributiofzge Figs. 5 and)6  the resolution function, we added exponential tails to the
Within the statistical errors, these numbers agree well withGaussian. The new resolution function was then defined as
the number of events listed in Table V.

3. Non-Gaussian tails of the resolution function

C. Systematic Errors ])'\_'8 .e*h”\tan+'3.e forA=0
There were four significant contributions to the systematic tai
error: (1) a possible bias due to the fitting techniq(®), the R(N)= 1-5 (8.4
radial length scale of the SVX3) non-Gaussian tails of the .eMail+ B.G for A<O.
resolution function, an¢4) uncertainty in the event-by-event Ntail
proper decay length error.
1. Fitting procedure bias SubstitutingR* E for G*E in Eq. (8.2 adds two new

To determine any bias from the fitting procedure we gen_parameters),\tai, and}, to the fit. We assigned half the dif-

S erence between the lifetimes obtained with the two param-
(:?Tt]?g ti]?eoé) al:/la%r(;tgf 228 ggocgird?ggtaeﬁl%?é? gésglr;?#g?ﬁj t(gatrizations as a systematic error. This added 1.2 and 1.1% to

simultaneous fit, the minimized value fdr was calculated. the systematic uncertainties f@" and B, respectively.

The bias due to the fitting procedure was defined as the meailﬁhls is the dominant systematic uncertainty.

difference between the fitted lifetime value and the input to

the Monte Carlo. We found a bias,Am for theB™ and 2 4. Error scale
wm for theB? and assigned the total difference as a system- To evaluate the uncertainty in the lifetimes arising from
atic error. any uncertainty of the error scale, we introduced a common

scale factor for the measurement errors as an additional fit
2. Length scale of the SVX parameter as we did for the measurement of the inclusive
The uncertainty of the length scale is a systematic errolifetime. We assigned half the difference obtained with or
inherent to the data sample. This uncertainty was discussesiithout the scale factor to this uncertainty.



5398 F. ABE et al. 57

TABLE VI. Summary of systematic errors for tH&" and B° 2. The invariant mass distribution

lifetime measurement. The invariant mass distributiog(m;) for the background

was parametrized as a second order polynomial

Systematic B* BO
Scale factor +0.2 % +0.2 % g(m;) =po+p1m;~+pa(m;— MBg)z, 9.9
Non-Gaussian tails +1.2% +11% ) ) ) ) 0
Fitting procedure bias +0.2 % +0.4 % where m is the J/¢¢ invariant mass and BO IS the By
Length scale +0.3% +0.3% meson mass. There was one equation of constraint due to the
normalization condition
Total *13% +12%
my
g(m;)dm;=1, (9.2
my

5. Summary of systematic errors

The systematic errors are listed in Table VI. For fie  wherem, (5.1 GeVE?) to m, (5.7 GeVt?) was the mass
and B® the sum in quadrature adds up to 1.3% and 1.2%ange ofBY candidates used in the fit. Therefore, the fit was
respectively. The uncertainty due to the length scale aréone forp; andp, with p, expressed in terms of these two.

completely correlated in th8" and B lifetime measure- The invariant mass distribution of the signal was param-
ments. etrized as a Gaussian distribution with meMIgg,
D. Final It fi B*), 7(B% and the ratio #(B*)/+(B° 1
inal result for 1-(. ), 7( .) an e ratio .1-( )/ 7(B®) Gm(mj )= e*(mj*MBS)Z’ZUrznj, ©.3
The results of this analysis are summarized here: ! \/Zmrmj
7(B")=1.68+0.07sta) +0.02sysh ps The calculated invariant mass of evgntvas m;, and the
error of the calculated invariant mass Wag, . The typical
7(B%)=1.58+0.09stah +0.02sysh ps uncertaintyo,, on the reconstructed mass was 0.01 G3V/
7(B")/7(B% =1.06+ 0.07 stah +0.02 sysh. 3. Bivariate probability distribution and likelihood function

) ) o ] The normalized bivariate probability density function for
When calculating the uncertainty on the lifetime ratio, we 5 simultaneous mass and lifetime fit is

remove the correlated systematic uncertainties as indicated in

the previous section. Although the measuBd lifetime is fONj.my,0),00)=(1—f9)a(M))Gpkg(Nj . 07j),
slightly larger than the measureé®f lifetime, as expected :
from some theoretical models, the current level of statistics HGm(My,om)Fs(Aj,0p), (9.4

is insufficient to make a definitive statement.
where fg was the fraction of signal events. The likelihood

IX. THE B2 LIFETIME function was

N
The Bg lifetime was determlqed by measuring a positive L=H F(N My, Om). (9.5)
proper decay length exponential as in the previous cases. i i
Due to a more limited number @2 candidates, a simulta- o _ o
neous log-likelihood fit was done to the invariant mass and'he log-likelihood function to be minimized wag

lifetime distributions. =—2In(L). The ten fit parameters were
Ne2 : BY lifetime,
A. Fitting technique fq . fraction of signal events,
1 The or distribution f*+  fraction of right side exponential,
] ) ) . . N . slope of right side exponential,
The signal region was defined as the invariant mass range: f= : fraction of left side exponential,
5.1 to 5.7 GeW?. The mass range was relatively wide so )~ - slope of left side exponential,
that the background shape was better determined. The back-g - for scale factor,
ground proper decay length distributigp,(\; ,o;) was pa- Mg, - B m
s . Bg mass,

rametrized in the same way as for the inclusive lifetime mea-
suremenfsee Eq.(7.2) in Sec. VII C] as the sum of three P1
terms: a central Gaussian, a left side exponential, and a right P2
side exponential.

For true Bg meson candidates in the signal region, the
proper decay length distribution was parametrized as the The result of performing the 10 parameter fit to the data is
convolution of an exponential function with a Gaussian resosummarized in Table VII.
lution function,F¢(\j,o;)=G*E, as defined in Eq(7.4) in The fit signal corresponded to 58 9 events, obtained by
Sec. VII C. multiplying f¢ by the total number of events in the sample

. first parameter of second order polynomial,
: second parameter of second order polynomial,

B. Results of fit to the data
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TABLE VII. Fit parameters for th mass and lifetime distri-
butions with a cut ofpr(¢) >2 GeVk. The range in mass was
5.1-5.7 GeM¢?. The total number of events was 804.

Parameter Value Uncertainty
Ago=c7(B2) (em) 402 e
fo (%) 7.2 +1.1
it (%) 10.3 +1.6
AF (um) 297 +47
f- (%) 14.9 +0.51
AT (um) 639 +214
s 1.09 +0.04
M go (GeVic?) 5.364 +0.002
Py [(GeVic?) 2]  -0.368 +0.379
P, [(GeVic?) ~3] -6.176 +2.207

(804). This, however, yielded an error that did not correctly
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(1) the uncertainty due to a possible length scale uncertainty
of the SVX has been described in Sec. VII F 1,

(2) an uncertainty in the parametrization of the background,

(3) an uncertainty due to a possible bias in the fitting proce-
dure.

Points(2) and(3) are discussed in detail below.

1. Background parametrization

Shifts in theBg fitted lifetime due to changes in the shape
fitted to the background proper decay length distribution
were studied for several effects. The resulting shifts were
combined in quadrature to assign a final uncertainty. The
effects which were studied and the corresponding shifts are
listed here.

(1) A flat contribution was added to the long-lived back-
ground and fitted for the fraction of events distributed

account for fluctuations in the number of events. To deter-
mine the error correctly, the fit of the mass spectrum was
done while allowing the number of events to float. This gave

flat in A. This fraction converged to 0.0 with an error of
+ 0.1. Then the flat-background fraction was fixed to

58+ 12 events.
A plot of the proper-decay length spectrum is given in
Fig. 19 for candidates withit: 0.05 GeV£? of the fittedB?

mass. The invariant mass distribution was shown in Fig. 7.
As a cross check, we applied the fitting method used to de-

termine theB® andB™ lifetimes to theB? case. We found
)\Bg=383 + 63 um for the mearB? decay length, which is

in good agreement with the value of 46261 um obtained
with the bivariate fitting method.

C. Systematic errors

We considered the following three systematic uncertain-

ties:
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FIG. 19. The proper decay length distribution of tBé for
events selected withitt 0.05 GeVt? of the BY fitted mass. The
results of the lifetime fit are shown, signélashed ling back-
ground(dotted ling, and the sum of the tw(solid line). The typical
error on the calculated proper decay length wagu40.

0.1, and the lifetime distribution was fit again. The ob-
served shift in lifetime was 1%.

The positive long-lived background was modeled as an
exponential decay function. This was replaced with an
exponential convoluted with a Gaussian resolution func-
tion, and the lifetime distribution was fit again. The cor-
responding shift in lifetime was 0.25%.

The mass distribution was fit with either a second order
polynomial or a flat distribution. The difference in life-
time from the two methods was 3.4%. This is the largest
source of uncertainty for the background parametrization
category.

)

Adding these in quadrature resulted in a total uncertainty of
3.5% from possible alternative background parametrizations.

2. Fitting procedure bias

A possible bias in the fitting procedure was studied by
generating several thousand mass and lifetime distributions
modeled after the data. The mean of the lifetimes measured
was consistent with the generated value with an uncertainty
of 0.5%, which we assign as the systematic error.

3. Summary of systematic errors

The total systematic uncertainty from all these effects was
3.5%, as summarized in Table VIII.

D. Final result for 7(B2)

In conclusion, theB? lifetime has been measured in a
hadronic collider in an exclusive decay mode. The result is

7(BY)=1.34" 34 stah +0.05 sysh ps
X. SUMMARY AND CONCLUSIONS

All CDF lifetime measurements which includeJay in
the final state are summarized below:
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TABLE VIIl. Summary of systematic uncertainties for tiig
lifetime measurement.

Systematic Uncertaint{26)
Background parametrization 3.5
Fitting procedure bias 0.5
SVX length scale 0.3
Total 3.5

(7p)=1.533+ 0.015sta}-0.031+0.035sysh ps
7(B*)=1.68+ 0.07stah +0.02sysh ps
7(B%)=1.58+ 0.09stah +0.0Asysh ps

7(B™)/7(B%=1.06+ 0.07 stah +0.02 sys

7(BY)=1.34:"3% stah +0.05 sys} ps.
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The results are consistent with othgrifetime measure-
ments[10—12. The current world best average lifetimes can
be found in[13]. The average lifetime of thB-hadron spe-
cies is expected to be smaller than Bie or BC lifetimes due
to contributions fromB-baryon decays, which are measured
to have shorter lifetimegs]. The data is consistent with the
theoretical prediction that the chargddtmeson lifetime
7(B*) and the neutraB-meson(B°) are nearly equal.
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