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Measurement of B-meson lifetimes using fully reconstructedB decays produced
in pp collisions ats=1.8 TeV
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(Received 13 March 2002; published 20 May 2p02

We present an improved measuremenb-oheson lifetimes using fully reconstruct@ldecays produced in
pa collisions at\s=1.8 TeV, using 114 pb! of data collected at the Collider Detector at Fermilab. We
obtain 7(B ") =1.636+ 0.058(stat}- 0.025(syst) pss(B°) =1.497+0.073(stat}-0.032(syst) ps and for the
lifetime ratio 7(B*)/7(B% =1.093+ 0.066(stat}- 0.028(syst).

DOI: 10.1103/PhysRevD.65.092009 PACS nuniberl4.40.Nd, 13.25.Hw

[. INTRODUCTION cylindrical drift chamber from 0.3 to 1.3 m in radius cover-
ing the pseudo-rapidity intervéy|<1.0. The CTC contains

Accurate measurements Bfmeson lifetimes are essential . . . . .
. ) 84 layers of sense wires, grouped into nine alternating axial
in measuring standard model parameters and related phe- g . ) .

: S and stereo superlayers providing three-dimensional tracking.
nomena, for example in the accurate determination of th

: ' . The outer 54 layers of the CTC are instrumented to record
Cabibbo-Kobayashi-MaskawCKM) matrix elementVey, o specific ionization B/dx of charged particles.

an_d the measurement of the .tim.e dependencB-Bf oscil- Outside the solenoid are central electromagneBEM)
lations. To first order, meson lifetimes can be calculated by &g hadroni¢dCHA) calorimeters (7]<1.1) with a segmen-
procedure in which the lighter quark in the meson is ne+aiion of A 7X Ap~0.1x15°. The energy resolution of the
glected and the lifetime of the meson is determined by the(’:entral calorimeter is o(Eq)/E =[(13.5%/\/E_)2
heavier quark. In this so-called spectator model, all hadrongr(z%)z]l/z for electromagnetic sThowTers wheBs is {he

containing ab quark have the same lifetime. This model transverse energy measured in GeV. A layer of proportional

breaks down as the difference in mass of the light and heaVXhambers(CES with wire and strip readout, is located six

quarks bound in Fhe meson becomes smaller anq other COf giation lengths deep in the CEM calorimeter approximately
rections are considered. Several processes contribute corr

&fear shower maximum for electromagnetic showers. The
tions to the spectator mod¢l]; these include then ex- g

h for tta®. and th ihilati h for th CES provides a measurement of electromagnetic shower pro-
change process for tit&", and the annihilation graph for the ,iles in both thee and z directions. Proportional chambers

B™ [2]. Other non-spectator corrections are caused by Paufl. e hetween the solenoid and the CEM comprise the cen-
final state interference effects. Calculations using the spectgz pre-radiator detectdiCPR which samples the early de-
tor model and severfl correoctions predict'a.ratio of ”fetime%elopment of electromagnetic showers in the material of the
0f 1.05-1.2 for_theB .andB mesons.+Th|s IS Osma”.ef than g5jenoid coil, providing position information in-¢. The
the corresponding ratio of 2.5 for #Hi2" and D" lifetimes  contra| muon system, consisting of three components, is ca-
[3] and is due to the relatively heavibrquark. i pable of detecting muons wittpr=1.4 GeVkt in the
We repo_rt on the new measurement of the I|fe'%|m¢§of pseudo-rapidity intervaly|<1.0. The CMU system covers
mesons using ﬂ.J”y reconstructed decays3of andB” with the region|»|<0.6 and consists of 4 layers of planar drift
/¢ and (29) final states. The results reported here SUPETehambers outside the hadron calorimeter allowing the recon-
sede the results of our previous measurement reportetl.in - ,ction of track segments for charged particles penetrating
: S US€0 MOfffe 5 absorption lengths of material. Outside the CMU there
data[5], a more refmed fitting mgthod, arld for the first time 56 3 aqditional absorption lengths of steel followed by 4
we rlav? included final states witfy—e"e" and ¢¥(2S)  |5yers of drift chamber¢CMP). Finally, the CMX system
TR extends the coverage up to pseudo-rapidipy<1.0. De-
pending on the incident angle, particles have to penetrate
6—9 absorption lengths of material to be detected in the
CMX.
In the following section we describe the Collider Detector
at Fermilab (CDF) [6], starting with the tracking system
which is immersed in a 1.4 T solenoidal magnetic field. The
innermost tracking device is a silicon micro-strip vertex de- CDF has a three level trigger system. The first two levels
tector (SVX) [7] that provides spatial measurements in theare implemented in hardware, while the third is a software
r-¢ [8] plane with an impact parameter resolution of trigger which is a version of the offline reconstruction soft-
op(pt)=(13+40/p7) wm wherepy is the transverse mo- ware optimized for speed. For this measurement two types of
mentum of the track in units of GeV/[]. The SVX is triggers are relevant: the dimu$h2] and the single electron
followed by a set of time projection chambeksTX) which  triggers. No dielectron trigger was available.
measures the position of the proton-antiproton interaction For the dimuons the level 1 triggers require two track
(the primary vertex along the beam line. Surrounding the segments in the muon chambers. At level 2, tracks found in
VTX is the central tracking chambglCTC), a 3 mlong the CTC by the central fast track proces$GFT) [10] are
associated with track segments in the muon chambers. Two
different pt thresholds at approximately 2 and 2.5 GeV/
*Present address: University of California, Santa Barbaraare used in our trigger, depending on whether one or both
CA 93106. muons are required to be found in the CFT. The level 3

Il. THE CDF DETECTOR

Ill. TRIGGER AND LEPTON SELECTION
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trigger requires two muon candidates after full reconstruc- BB IWEKS oy
. . . . . . B B> v K w@28) > Iy n
tion. The following muon selection criteria are applied: the - gtjy;gfgﬂ,\lygsg?v i
separation between the track in the muon chamber and th_ . B INET) W
extrapolated CTC track is calculated in both the transverse%lwo % 450 ct>100um
and longitudinal planes. In each view, the difference is re- = 10 = 0

. L = S 350
quired to be less than 3.0 standard deviatians ffom zero, 5 1200 S 300
where o is the sum in quadrature of the multiple scattering 510 § 250
and measurement uncertainties. The energy deposited in th 22 Z 20
hadronic calorimeter by each muon is required to be greate | 132
than 0.1 GeM11]. . _ _ 3 s

The single electron trigger requires electromagnetic en- b i1t v 1y Py il i i

52 53 54 52 53 54

ergy deposition in the CEM at level 1 and a matching CFT
track at level 2. The efficiency of finding an electron at level
1 rises from 15% atE{(e)=5 GeV to 90% forE(e) FIG. 1. The mass distribution fd* candidategleft). For the
>6.5 GeV. The level 3 trigger requires an electron candi+ight histogram, a cut7>100 um is applied to illustrate the low
date after full reconstruction. We distinguish between theébackground mass distribution for higher lifetime. The cut is not
electrons which fired the trigger and “soft” electrons not used in the analysis.

necessarily found by the standard electron reconstruction

which does not identify electrons belof(e)=5 GeV. superlayers of the CTC. The two leptons originating from
The trigger electrons are identified by requiring that the lonthe J/¢ or (2S) decay are required to be measured in
gitudinal shower profile is consistent with an electronat least 3 out of the 4 layers of the SVX, resultmg in a
shower. The lateral shower profiles as measured with théample of ~ 60003/111—>e e, ~7800y(2S)—u" Mo

CEM and CES are required to be consistent with test bearrr 35004(2S)—J/ym"m~ and ~2600001/y—pu* ™

data. To identify “soft” electrons a special algorithm was candidates. For all other tracks SVX information is used
used which requires a good match between the extrapolatdtiavailable.

CTC tracks and the CES strip and wire clusters; the ratio of In the case oB decays intal/y—e"e™ final states, the

the energy deposited in the electromagnetic and the hadronfgemsstrahlung losses of the electrons cause a smaller mea-
compartment of the calorimeter is required to hg,HEg,,  Sured transverse momentum of the) and lead to a low
<0.125. The ionization loss in the CTC has to be consistenfnass tail in the dielectron invariant mass spectrum. The re-
with that of an electron and a minimum charge deposition inconstructed values of the invariant mass and transverse mo-
the CPR corresponding to several minimum ionizing par-mentum of theB meson would be lower than the true values.

mass [GeV/c’] mass [GeV/c’]

ticles is required. The reconstructe® mass is corrected by adding the differ-
ence of the true and reconstruct¥@ masses. The necessary
IV. CANDIDATE SELECTION correction to the reconstructeB transverse momentum

[P1(B)] due to bremsstrahlung is estimated using Monte

In this section we describe the selection criteria for fully Carlo generated data, including a full simulation of the CDF
reconstructed” and B® meson candidates. The four char- detector which includes the correct description of the mass
monium decay modes used in this study af¢— u" u ", distribution in the detector. The relative differenfless
Jyp—eTe”, y2S)—utu~ and (29— wtm~  ([Py(true)— Pr(measured)y P+(true)) as a function of the
—utu 7 7. B mesons are reconstructed in the decaydielectron mass can be parametrized with sufficient accuracy
modesd/ K™, I/ yK* T, y(2S)K™, and#(2S)K* *, while by a straight line. The correction varies from 3.5% to 1.0%
B® mesons are reconstructed in the decay mdde& 2 and  for dielectron mass values varying from 2.9 to 3.05 G&V/
J/pK* 0 The kaons are reconstructed using the decay charFhis correction is applied to all events with a dielectron in-
nels K* K"z~ K*+—>Kg7'r+, and KS—>’7T . K*0

candidates are accepted if their invari& mass is within — g:w;o omeshe!

+80 MeV/c? of the world averagek*® mass[3]. Since % 2 20 ct> 100um
swapping the assignment of the kaon and pion masses for th2 2 406
two tracks forming &*° candidate can also result inka° 2 2 150
candidate within the-80 MeV/c? mass window, the<*° & & 125
combination closest to the world average mass value is chog g 100
75

sen. Minimum transverse momentum{ thresholds for the
B meson and the kaons affect the signal-to-noise (S/N) ratio
They are chosen individually for each decay channel for

%3
23

L i | O O L L h
minimal statistical uncertainty of the fitted lifetimeR? 52 53 54 52 53 54

(=

2 2
thresholds for theB mesons vary between 4.5 and mass [GeV/e'] mass [GeV/e']

5.5 GeVk; for the kaons, we use thresholds between 0.75 FiG. 2. The mass distribution fd8° candidateleft). For the
and 1.25 GeW. To ensure well measuregidecay vertices right histogram, a cut7>100 xm is applied to illustrate the low
we require each track to be measured with several hits in aackground mass distribution for higher lifetime. The cut is not
least 2 out of 5 axial superlayers and at least 2 out of 4 steregsed in the analysis.
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TABLE |. The number of fitted candidate events, measured life- - 1¢*

£ E
times and corresponding statistical uncertainties for the individualf_ E
five B* and twoB° decay channels. g
& 10’
8 E
# of Fitted lifetime E F
B* decay channels candidates (ps) “ 0 E
K= p—p ™ 906+37  1.653-0.061 -
IyYK*; I p—ete 85+10 1.745-0.210 0L f
P(29K™; y(29)—ut ™ 57+11 1.404r 0.249 = i
WH(2SK™; Y(2S)— Iyt ™ 49+10 1.504+0.256 '|
I K> = K** K™ 86:+13 1.596+0.234 ! % ‘
L 1 L | L
-03 -0.2 -0.1 0.3 0.4
# of Fitted lifetime v foml
BC decay channels candidates (ps FIG. 4. The proper decay lengticq) distribution of all B
0. o .+ - + decay channels combined with the fitted function superimposed.
IyKs; Ks—a"a™ 135+ 14 1.373£0.137 The hatched area is the signal contribution.
K> K*¥Os K= 77 430+ 26 1.548-0.083

quisition run. Typically the transverse intensity profile of the
. _ beam was roughly circular and could be approximated by a
variant mass smaller than 3.057 Ge¥/ Figures 1 and 2 Gaussian withr~25 wm [4]. We define the proper decay

show the reconstructed invariant mass distributionsBér length (proper decay time scaled by the speed of lighas
anq B? candidate;, rgspectively. Th_e different gray scalescTzL -mg/P2 where P2 is the measured transverse mo-
indicate the contributions of the different selections. Wementuxr% anme is the vT/orId average mad@] of the B

B

ngl;thgsmaSS resolution of typically 13 Me¥for signal hadron. The average uncertainty onis ~40 um.

V. THE PROPER DECAY LENGTH cr VI. THE FITTING PROCEDURE

To extract the average lifetimes from the data, the mass
and lifetime distributions are fit simultaneously using an un-
binned logarithmic-likelihood method. The logarithmic-
likelihood function to be minimized in this combined fit has
the following form:

The vertex and mass constrain&d) and ¢(2S) candi-
dates together with th& ™, K* *, K2 or K*° candidates are
fit to a common vertex, yielding the two-dimensioriiame-
son decay Iengtlil)'?y defined as

B_2TT K N
Lxy= P8l ’ (1) L‘=—2i§1 121 logP. (2

wherePE is the transvers8 momentum vector and is the K is the number of data samplégecay channeJsN; is the
I : cde i

vector pointing from the primary vertexto trBedecgy Ve humber of events in data samplerhe normalized bivariate
tex. We use the average beam position as an estimate of tt&

. . . ?obability density functionP depends on the mass and
primary vertex. This was calculated offline for each data ac'proper decay length distributions:

e ) ) . .
Eol P(cr,mj|oL,,al)=(1—fg)-Feglcri|al,) - Mgq(mjlot)
§- ,: +fB’Fbgr(Clea'i:T)'Mbgr(mj|0']m)
g0
€ E
“oor TABLE Il. Summary of the systematic uncertainties.
10° E
= y Contribution
- a . + 0
10 f Description B B
: ' * Background parametrizations Am 4 um
14 ll . “W ‘ Non-Gaussian tails 6um 8.5 um
i A|‘||| " L Fitting procedure bias lum 1 um
03 0.2 01 0 Residual misalignment of the SVX 1.om 1.5 um
FIG. 3. The proper decay lengttt4) distribution of allB* Total systematic uncertainty 7.4m 9.6 um
decay channels combined with the fitted function superimposed. 0.025 ps 0.032 ps

The hatched area is the signal contribution.
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wherefg is the background fractiort,7; is the measurement VII. SYSTEMATIC UNCERTAINTIES
of the proper decay lengtlar, is the calculated uncertainty Table Il summarizes all sources of systematic uncertain-

of ¢y, m; is the measurement of the invariant mass, aid  tjes that were considered. In order to determine an uncer-
is the calculated uncertainty of the invariant mass nor-  tainty due to the possible choice of different background pa-
malized as rametrizations, the fractions and length scales of the three
exponential functions are varied hy1 o of the best fit
values and fixed in the fit. In addition different parametriza-
Mmax [ o tions were used, e.g. only one exponential to describe the
mem f_wP(CT’mWCT’Uiﬂ)d(cﬂdm: 1 3) positive ¢ region. Non-Gaussian contributions in the reso-
lution function were studied by adding a wider Gaussian
with o fixed to 100 wm to the resolution function. Then we
let the fraction of this second Gaussian float in the fit. A bias
signal mass window= 150 MeV/c2 around the world aver- QUe to the fitting procedure itself was estimated by generat-
age B meson mass. The lifetime distribution of the signal"9 several hundred Monte Carlo samples and comparing the
. o . . fit result with the true value. The bias due to misalignment
(Fsig) is parametrized by an exponential function ConVomu—:‘dchanging the length scale of the SVX detector was studied in
with a Gaussian function. We found that the lifetime distri-[4]_ This bias cancels out in the lifetime ratio.
bution of the backgroundH,) is well described by a cen-
tral Gaussian and the sum of two exponential functions for VIIl. RESULTS
the positivecr region and one exponential function for the
negativec 7 region. To study the shape of the lifetime distri- ~ The results of the combined fit provides our measurement
bution of the background we used two sideband region®f the following quantities:
where the upper and lower sideband windows were each iy
0.1 GeVk? wide and started at-0.050 GeVt? from the 7(B")=(1.63620.058=0.025ps,

whereM i, andM ., are the lower and upper bound of our

world average valuB mass of 5.279 Ge\¢ [3]. The back- 7(B%) = (1.497+0.073+ 0.032ps,
ground events in the peak region were assumed to have the
same proper decay length distribution as events in the side-  7(B*)/7(B% =1.093+0.066+ 0.028. 4)

band regions. The mass distributions of signisls(;) and , o i
background l,,) are parametrized by a Gaussian function This reduces the uncertainties (iompared té) our previous
and a first order polynomial, respectively. To combine th r%selr;ts[4] by 19% and 13% forr(B") and 7(B"), respec-

results from all decay channels that measure eithBf ar
B* meson lifetime, we first fit for the lifetime in each chan-
nel as described. With this preliminary determination of the
best fit lifetime, background shape and fraction complete, we We thank the Fermilab staff and the technical staffs of the
combine all the channels and fit all the decay channels foparticipating institutions for their vital contributions. This
either theB® or B*. The only parameters common to all work was supported by the U.S. Department of Energy and
decay channels are tfBemeson lifetime and mass. The back- National Science Foundation; the Italian Istituto Nazionale di
ground shapes and fractions for each mode are parametriz&isica Nucleare; the Ministry of Education, Culture, Sports,
and fit for separately. Science, and Technology of Japan; the Natural Sciences and
Table | shows the number of contributed signal events agngineering Research Council of Canada; the National Sci-
estimated by the fit and the lifetime results with their statis-ence Council of the Republic of China; the Swiss National
tical uncertainties for the different decay channels. The reScience Foundation; the A. P. Sloan Foundation; the
sults of the individual fits agree within statistical uncertain-Bundesministerium fuer Bildung und Forschung, Germany;
ties. Figures 3 and 4 show the combined proper decay lengtihe Korea Science and Engineering FoundatlboSEBR); the
distributions for charged and neutrBl candidates, respec- Korea Research Foundation; and the Comision Interministe-
tively. rial de Ciencia y Tecnologia, Spain.
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