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Abstract

We measure the mass of the B0
s meson by reconstructing the decay chain

B0
s ! J= �, J= ! �+��, and � ! K+K�. The data are obtained from

19.3 pb�1 of integrated luminosity of pp collisions at
p
s = 1:8 TeV using the

Collider Detector at Fermilab (CDF). A sample of 80,000 inclusive J= !
�+�� events is used to study systematic biases in track reconstruction and to

calibrate the momentum scale. We reconstruct the kinematically similar decays

B+ ! J= K+ and B0 ! J= K�0 to study the mass measurement technique

used for the B0
s meson. Based on the observation of 32 � 6 candidates, the

mass of the B0
s
meson is measured to be 5369.9 � 2.3 � 1.3 MeV/c2 and the

mass di�erence between B0
s and the average mass of B+ and B0 is determined

to be 89.7 � 2.7 � 1.2 MeV/c2.

PACS Numbers: 13.25.+m, 14.40.Jz



1 Introduction

The Fermilab Tevatron and the Collider Detector at Fermilab (CDF) provide a rich

environment for studies of B hadrons [1] because of the large (50 �b [2, 3]) cross

section for bb production. Fully reconstructed B hadrons are observed in B ! J= X

decay modes (X = K, K�0, �) where the J= ! �+�� decay provides a convenient

trigger. From the full reconstruction the of B0

s
! J= � decay, the mass of the B0

s

meson is measured.

Non-relativistic Quark Models predict a B0

s
mass in the range of 5345 to 5388

MeV/c2 [4]. The B0

s
mass is sensitive to constituent quark masses, the QCD potential,

the wave function at the origin, and relativistic corrections. Recent lattice QCD calcu-

lations [5] predict the mass splitting of theB0

s
and B+ states to be 87 � 12 +7

�9 MeV/c2.

Agreement with experimental measurements would provide support for using the mul-

tistate smearing technique employed in these calculations.

The previous world average mass of the B0

s
meson is 5375 � 6 MeV/c2 [6] which

includes the results obtained by by experiments performed at LEP [7] and the value
obtained by CDF in Ref. [8]. This paper updates that CDF result using the entire
1992-1993 data sample (19.3 pb�1) with improved track reconstruction.

2 Detector

The CDF detector has been described in detail elsewhere [9, 10]. It is shown schemati-
cally in Fig. 1. A silicon vertex detector (SVX) [11] consisting of four layers of silicon
strip detectors located between radii of 2.9 and 7.9 cm and extending � 25 cm in

z from the center of the detector provides spatial measurements for charged tracks
with a resolution of 13 �m in the r-� plane [12]. The geometric acceptance for the
SVX is � 60% as the interactions are distributed along the beam axis with a RMS
width of � 30 cm. Surrounding the SVX is a time projection chamber (VTX) which
provides tracking measurements in the r-z plane. The VTX is used in this analysis to

provide the event vertex position in z. Momenta of charged particles are measured in

three dimensions by the central tracking chamber (CTC), an 84-layer drift chamber
which covers the pseudorapidity interval j�j < 1:1 where � = �ln[tan(�=2)]. The 84
layers are divided into 9 alternating superlayers of 12-wire axial and 6-wire 3� stereo

sense wires. The SVX, VTX, and CTC are located in an axial magnetic �eld with an

average strength of 14.1 kG. Electromagnetic and hadronic calorimeters are located
outside the tracking volume. Muons are identi�ed using three di�erent subsystems

each consisting of four layers of drift chambers. The central muon chambers (CMU),
located behind � 5 absorption lengths of calorimeter, cover 85% of � in the range

j�j < 0:6. Gaps in � coverage are �lled in part by the central upgrade muon cham-

bers (CMP) with total coverage in � of 85% and j�j < 0:6. These chambers are
located behind a total of � 8 absorption lengths. Finally, central extension muon

chambers (CMX) provide 67% coverage in � for the region 0:6 < j�j < 1:0 behind
� 6 absorption lengths. The muon system provides the means for identifying and

triggering on events containing J= ! �+�� decays. The large tracking volume with

1



the CTC and SVX and strong magnetic �eld provide excellent momentum resolution

(�PT=PT � 0:001 � PT (GeV/c)).

3 J= ! �+�� Sample

3.1 Trigger

Dimuon events are collected using a three-level trigger. The Level 1 trigger requires

two muon chamber track segments consistent with a PT larger than 3.3 GeV/c. The

trigger e�ciency rises from 50% for muons with PT of 1.6 GeV/c to 90% for muons

with PT of 3.1 GeV/c with a plateau of 94%. For most of the run, one of the muon

segments was required to be in the CMU. At Level 2, at least one of the two muon

track segments is required to match a track in the CTC found by a hardware fast

track processor (CFT). A PT requirement at level 2 is 50% e�cient at 2.65 GeV/c
and 90% e�cient at 3.1 GeV/c with a plateau of 93%. If a CMX muon is involved, it
is required to have a matched CFT track. In addition, hadronic energy deposition in

the calorimeter tower towards which the muon track points is required to be larger
than 0.5 GeV as expected for a minimum ionizing particle. In Level 3, software event
reconstruction is performed. Dimuon J= candidates are selected by imposing the
requirement that two oppositely charged muons (PT > 1.4 GeV/c) have extrapolated
CTC tracks matching muon chamber track segments to within 4 � (based on multiple
scattering calculations). In addition, the invariant mass of the dimuon is required to

be between 2.8 and 3.4 GeV/c2.

3.2 O�ine Reconstruction

Dimuon events which pass all three levels of trigger requirements are processed o�ine

using improved calibration constants and track reconstruction algorithms. In the
presence of a uniform axial magnetic �eld, a charged particle will travel in a helical
trajectory that can be described using �ve track parameters (cylindrical coordinates):

curvature, C (inverse diameter of the circle obtained by projecting the helix in the
r-� plane signed by the particle's charge); cot�; impact parameter, d0; �0; and z0;

where the subscript, 0 indicates that the parameter is with respect to the point of
closest approach to the nominal beam axis. The transverse momentum of a track is

inversely proportional to the curvature and proportional to the axial magnetic �eld:

PT (GeV=c) = 0:5� 10�14c(cm=s)
B(kG)

C(cm�1)
=
�

C
(1)

where c is the speed of light and � is de�ned by this equation. Track candidates are

found in the CTC using road-based pattern recognition algorithms. Track parameters
of a given track are determined by �tting tracking chamber hits to a trajectory of a

helix which is perturbed because of small non-uniformities in the magnetic �eld [13].

If a well-matched pattern of SVX hits is found when extrapolating the CTC track into
the SVX volume, those hits are included in the �t, generally improving the resolution
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ofC, d0, and �0. In addition to determining the �ve helical track parameters, the track

�tting procedure also determines a covariance matrix which expresses measurement

uncertainties of the �ve track parameters and their correlations (including e�ects

such as multiple scattering). We �nd that we must multiply all of the elements of

the covariance matrix by a factor of 1.8 so that the CTC-SVX matching uncertainty

agrees with the measured resolution. The underestimation of the covariance matrix

is due in part to the fact that multiple scattering within the volume of the CTC (gas

and wires) is not accounted for in the track �tting procedure.

3.3 Final J= Selection

For J= reconstruction, the two muon tracks are constrained to come from a common

vertex. The e�ect of this constraint is to improve the mass resolution as determined

by a single Gaussian �t from 22 to 17 MeV/c2. To select J= ! �+�� candidates, a

minimal set of selection criteria are used. Matching between the extrapolated track
and the hits in the muon chambers are required to be within 3 � in r-� and 3.5 � in z
for the CMU chamber where � represents the expected uncertainty in extrapolation
due to multiple scattering. These requirements remove approximately 10% of the
background while preserving > 99% of the signal. Figure 2 shows the CDF dimuon
mass spectrum. For B hadron reconstruction, J= candidates are those dimuons with

a vertex constrained dimuon mass within 100 MeV/c2 of the world average J= mass
of 3096.93 MeV/c2 [6].

4 Track Corrections and Momentum Scale

Compared with the results of Ref. [8], improvements in the o�ine reconstruction
are made with the alignment of the SVX to the CTC, internal CTC calibration,
and in using measured non-uniformities in the solenoidal magnetic �eld. We �rst
describe calibrations and corrections applied to the nominal CTC and SVX track

reconstruction. High statistics studies with J= ! �+�� decays and with high energy
electrons, where energy and momentum are measured independently, are used to

provide corrections to the reconstructed tracks. These improvements a�ect the overall

mass resolution and also remove several systematic e�ects. After these corrections
have been made, we use the reconstructed J= mass to determine the momentum
scale. In the next section, we discuss B meson reconstruction at CDF.

4.1 CTC Calibration and False Curvature

The CTC is aligned and calibrated in several steps in order to determine the relation-

ship between drift time and distance to a sense wire. Electronic pulsing calibrations

are used to determine the relative time pedestal for each sense wire. Additional cor-
rections from the data are applied if non-uniformities are found as a function of time.

The relative position of each of the 84 CTC layers is calibrated by requiring the ra-

tio of energy to momentum, E=P , of high-PT electrons, to be charge independent.
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The alignment procedure is iterative. The J= ! �+�� sample can be used to il-

lustrate the e�ect of these calibrations. Before the �nal alignment, a false curvature

systematic e�ect (C�tted = Ctrue + �) was present as can be seen in studying the re-

constructed J= mass as a function of the di�erence in curvature between the positive

and negative muon (Fig. 3). After �nal alignment, there is no statistically signi�cant

remaining false curvature. It should be noted that for the case of a charge symmetric

decay such as B0

s
! J= � with J= ! �+�� and � ! K+K� (equal numbers of

positively and negatively charged tracks with the same momentum spectrum in the

�nal state), a false curvature systematic e�ect would worsen the resolution but result

in no systematic shift in the average mass.

Electron candidates are measured both by the calorimeter and tracking cham-

ber. The ratio of E=P for these candidates should not show an asymmetry between

positive and negative electrons over the detector geometry. In studies used by CDF

to measure the W boson mass [14], systematic mismeasurements are observed where
the �tted curvature is a function of � and cot �. The following correction was derived

and is used in this analysis:

�(C) = �� [�0:00025 � sin(�� �)� 0:00035 � (cot � + zvertex=187)] (cm
�1) (2)

where � equals 3.6 radians and zvertex is measured in cm. As these corrections average
to zero over the detector geometry and there is no statistically signi�cant asymmetry
in B decays over the detector geometry, no systematic uncertainty will be assigned
for the B meson mass determination.

4.2 Corrections for Energy Loss

Corrections of track parameters due to dE=dx losses are based on extrapolating parti-
cles through a model of the known detector material from the particle's origin through
the inner wall of the CTC (before the track is measured). Photons which convert into

electron-positron pairs are reconstructed as a function of radius. The normaliza-
tion of the material is obtained by measuring the conversion rate in the inner CTC
support cylinder where the amount and composition of material is precisely known.

The result is that the amount of material before the gas volume of the CTC corre-
sponds to 8.1 � 0.4% radiation lengths. For J= ! �+�� decays, without correcting

for the energy loss, the mass would be measured low by 3:6 � (1 + �D) MeV/c2

where �D = (+0:15
�0:24). �D expresses the uncertainty in the dE=dx correction which is

dominated by the incomplete knowledge of the composition of materials between the

beam and the CTC. The uncertainty in the dE=dx correction dominates the momen-
tum scale uncertainty and contributes to a systematic uncertainty in the B meson

mass determination. We also apply an additive correction to the dimuon mass of
0.8 � 0.2 MeV/c2 to account for the e�ect of internal bremsstrahlung on the mass �t.

The correction and its uncertainty are based on Monte Carlo studies of the process.
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4.3 �cot � Systematic E�ect

The longitudinal momentum, Pz, is expressed in terms of PT and the cot � track

parameter.

Pz = PT cot � (3)

Figure 4 shows the �tted J= mass in bins of the di�erence in cot � for the two muons.

A large systematic e�ect is seen (top). A correction is applied to scale cot � by a fac-

tor 0.9985 which lessens the dependence (bottom). The root cause of this systematic

e�ect is not completely understood. In evaluating systematic uncertainties, the cor-

rection 0.9985 will be modi�ed by � 0.0008 (chosen as half the total correction) to

estimate the systematic e�ect on measuring the masses of the B mesons. In Fig. 4,

a slight slope as a function of � cot � is observed after the correction is applied. A

possible physical interpretation is a small twist between the two CTC endplates. This

slope is within the bounds of the variation of the cot � scale factor used for evaluating
systematic uncertainties shown by the dotted lines in Fig. 4.

4.4 Additional Studies for Systematic Tracking E�ects

A number of additional studies using the high statistics J= sample have been per-
formed to examine possible systematic tracking e�ects. The reconstructed J= mass

as a function of time throughout the data taking period shows some systematic struc-
ture of order 0.4 MeV/c2. These 
uctuations are larger than could be explained by
monitored small magnetic �eld 
uctuations. No systematic uncertainty is assigned
because both the J= mass and B meson mass reconstruction are averaged over the
entire data taking period. Another check has been to look for a systematic e�ect in

the J= mass when a muon passes through the extreme edges of the tracking volume
where residual magnetic �eld non-uniformities would be expected to be most preva-
lent. There is no observed statistically signi�cant systematic e�ect. A systematic
e�ect has been found due to a small mis-alignment of the axial magnetic �eld and
detector axis. This e�ect causes no shift since it is averaged over �. Other checks

which show no systematic e�ects include studying the mass di�erence between J= 
reconstructed with and without the vertex constraint and studying the mass di�erence

between using and not using SVX information.

The reconstructed J= mass has been examined as a function of the inverse PT
2

averaged for the two muons (a possible higher order systematic e�ect in C). There
is no statistical evidence of a systematic e�ect over the PT range probed by dimuons

from J= decay. The J= muons probe down to a PT of 1.4 GeV/c since muons of

lower PT are stopped within the calorimeter. In Section 6, possible systematic e�ects
at lower PT will be studied using  (2S)! J= �+�� and B0

! J= K�0 decays.

4.5 Momentum Scale

The overall momentum scale is set by requiring the reconstructed J= mass deter-

mined by a binned-likelihood �t of Fig. 2 to be equal to the world average. After

the corrections which have been discussed, we �nd a J= mass of 3096.5+0:6
�0:9 MeV/c2
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which agrees well with the world average of 3096.93 MeV/c2. Table 1 shows the con-

tributions to the measurement uncertainty of the J= mass. The J= mass depends

on both the momentum scale factor (equivalently the magnetic �eld) and the dE=dx

correction. We can express the change in reconstructed J= mass as a function of a

small (< 0.02 kG) change in the magnetic �eld, B, and a small (<30%) change in the

dE=dx correction, �D.

�M(J= ) = 0:22
MeV=c2

Gauss
� �B+ 3:6MeV=c2 � �D (4)

Using our best knowledge of the dE=dx correction, the momenta of tracks in this

analysis are scaled by 1.00014+0:00030
�0:00020 to adjust the measured mass to the world av-

erage. This momentum scale factor is equivalent to using an average magnetic �eld

(see Eq. 1) of 14.127+0:004
�0:003 kG compared with the measured value of 14.125 kG.

E�ect Uncertainty
(MeV/c2)

Statistical 0.1
Internal bremsstrahlung 0.2

Background shape 0.1

Subtotal �t uncertainty 0.3

dE=dx correction +0:5

�0:9

Total uncertainty +0:6

�0:9

Table 1: Summary of the contributions to the uncertainty in the J= measured mass.

The momentum scale is checked by reconstructing �! �+��. Figure 5 shows

the reconstructed � ! �+�� with a binned likelihood �t to a Gaussian and second
order polynomial. Including an additive correction of 3 � 1 MeV/c2 determined
from Monte Carlo for internal bremsstrahlung, we �nd the mass of the �(1S) to be
9459.6 � 2.2(stat) +2:1

�1:8(syst) MeV/c2 which agrees well with the world average mass
of 9460.4 � 0.2 MeV/c2 [6]. The �(2S) and �(3S) states are also reconstructed at

masses which agree with the world averages within our statistical precision.

5 B Meson Reconstruction

All charged tracks passing quality cuts are considered as pion and kaon candidates.

These quality cuts require that the track be measured in three dimensions by the CTC
and must have a minimum of 4 (2) associated hits on a minimum of 4 axial (2 stereo)
superlayers. The daughter meson (K, K�0, or �) in B+ ! J= K+, B0 ! J= K�0,

and B0

s
! J= � decays is selected as follows. The K is any charged track. The K�0

candidate consists of any two oppositely charged tracks that have an invariant mass in

a � 50 MeV/c2 window around 896.1 MeV/c2 when one track is assigned a kaon mass

and one a pion mass. In the case where the opposite K � � mass assignment also is
consistent with being aK�0, only the candidate closest to theK�0 mass is used. Monte

6



Carlo studies allow us to estimate that this procedure is correct approximately 75%

of the time with insigni�cant loss of mass resolution. A � candidate consists of any

two oppositely charged tracks which have an invariant mass within 10 MeV/c2 of the

� mass. The narrowness of the � resonance relative to the K�0 reduces considerably

the combinatoric background in the B0

s
! J= � reconstruction.

Combining all K, K�0, and � candidates with the J= results in large combi-

natorial backgrounds in the B meson mass region. These backgrounds are reduced

relative to the respective signals using constrained �tting techniques to improve the

mass resolution. In addition, selection criteria on the transverse momentum of the

daughter and B mesons and on the proper lifetime improve signal-to-noise.

5.1 Constrained Fitting

The primary collision vertex in r-� is determined by using SVX track measurements

averaged over many events. The uncertainty is dominated by the beam spot size of
� 40 �m. The VTX provides the z primary vertex position event-by-event with an
uncertainty of 500 �m.

When the respective tracks of the daughter mesons are combined with a J= 
candidate, a simultaneous constraint is performed where the dimuons are constrained
to have the J= mass, all tracks originate from a common secondary vertex, and the

momentum vector of the B candidate points back along the line from the secondary
vertex to the primary collision vertex in the r-� plane. From the constrained �t,
the secondary vertex is determined and the resolution of the track parameters are
improved. For B+ ! J= K+ reconstruction (see Fig. 6), the mass resolution as
determined by the � of a binned-Gaussian �t is improved from 37 to 14 MeV/c2. In

addition, a CL(�2) from the �t is calculated using the changes in the respective track
parameters relative to measurement uncertainties. A requirement that CL(�2) > 1%
removes combinatoric background associated with track candidates which are incon-
sistent with the constraint or are mismeasured.

5.2 Selection Criteria

Requirements imposed upon the transverse momenta of the daughter and of the

reconstructed B mesons improve signal-to-noise of the reconstructed states. These
requirements were selected on the basis of Monte Carlo studies of the kinematics of the

particles involved in B ! J= X decays reconstructed by CDF. The selection criteria

can be examined in the data using the sideband-subtracted B meson signal regions
to estimate (to within approximately 10%) the observed e�ciency of the di�erent
requirements. The requirement that the transverse momentum of the reconstructed

B meson candidate be larger than 6 (8) GeV/c given the kaon has a PT above 2 GeV/c

is 95 (80)% e�cient for signal and only 60 (30)% e�cient for combinatoric background.

The B mesons under study all have a lifetime of approximately 1.5 ps [15]

which can be distinguished from a zero lifetime expected for tracks originating from
the primary vertex. When the reconstructed B has at least two SVX tracks (true for

approximately 50% of the candidates), the c� resolution is � 50 �m (otherwise the
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resolution is nominally � 200 �m). For the case where at least two of the �nal state

tracks have SVX information, the requirement that c� > 0 (100) �m is � 85(70)%

e�cient for signal and only � 55(25)% e�cient for the background. When the sec-

ondary vertex is not measured by the SVX, a requirement of c� > 0 (100) �m is

� 70(60)% e�cient for signal and only � 55(45)% e�cient for background. The

looser requirement that c� be positive is made for B0

s
candidates since the combi-

natoric background is relatively smaller due to the narrow window used to select �

candidates.

Table 2 summarizes the set of selection criteria which will be used for each of

the reconstructed B mesons.

Selection Quantity Signal Sideband

B ! J= X PT (X) PT (B) c� Window Window

Decay (GeV/c) (GeV/c) (�m) (GeV/c2) (GeV/c2)

B+ ! J= K+ >2 >8 >100 5.22 { 5.32 5.4 { 5.8
B0 ! J= K�0 >3 >8 >100 5.22 { 5.32 5.4 { 5.8
B0

s
! J= � >2 >6 >0 5.32 { 5.42 5.5 { 5.9

K�0 within � 50 MeV/c2 of 896.1 MeV/c2

� within � 10 MeV/c2 of 1019.4 MeV/c2

Table 2: Final selection criteria used to reconstruct B mesons.

6 Mass Determination

Figure 6 shows the reconstructed decays (a) B+ ! J= K+ and (b) B0 ! J= K�0

using the selection criteria of Tab. 2. Figure 7 similarly shows the reconstructed decay
B0

s
! J= �.

6.1 Mass Fits

The data in Figs. 6 and 7 are �t (excluding the region below M(B) - M(�)) using an
unbinned likelihood �t assuming a Gaussian signal on a linear background. In the �t,
the calculated mass uncertainty of a given candidate, obtained by propagating the

track parameter uncertainties (already multiplied by 1.8), is scaled by an additional

factor of 1.3 to obtain agreement with the observed mass resolution. We �nd 147 � 14
B+ candidates at a mass of 5279.1 � 1.7 MeV/c2, 51 � 8 B0 candidates at a mass of
5281.3 � 2.2 MeV/c2, and 32 � 6 B0

s
candidates at a mass of 5369.9 � 2.3 MeV/c2.

Performing a binned likelihood �t to a linear background and Gaussian signal shape

gives measured resolutions of 14.4 � 1.6 MeV/c2 for B+, 11.5 � 1.9 MeV/c2 for B0,

and 10.4 � 2.6 MeV/c2 for B0

s
.
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6.2 Systematic Uncertainties

Systematic uncertainties on the mass measurement arise from several sources. Each

e�ect has been studied with signal and sideband events of all three reconstructed B

mesons. To the precision that the systematic uncertainty is quoted, the e�ect is the

same for all three states unless otherwise noted.

6.2.1 Measurement Uncertainties of the Track Parameters

The covariance matrix which describes uncertainties of the individual �tted track

parameters is corrected by a multiplication factor of 1.8. This scale factor has been

varied in magnitude and varied asymmetrically between the transverse and longitu-

dinal track parameters. In these studies, no systematic shift in B meson masses are

seen. The �t procedure uses individual event mass uncertainties and is thus sensitive

to our uncertainty in the covariance matrix. Variations in the �tted mass were seen
if the mass uncertainty scale factor, nominally 1.3, was varied between bounds of 1.0

and 1.5 where the mass uncertainty is under and over estimated. The maximum e�ect
over all three resonances was 0.3 MeV/c2 which is taken as a common systematic due
to our incomplete understanding of the uncertainties on measured track parameters.

6.2.2 Selection Criteria

Each of the selection criteria for each of the states is varied to study possible system-
atic e�ects. Over a large range of PT cuts, c� and CL(�2) requirements, and the mass
windows used to de�ne the daughter mesons, no statistically signi�cant systematic
e�ects are observed.

6.2.3 �cot �

The e�ect of scaling cot � by 0.9985 � 0.0008 is studied by applying the extreme range
of the cot� scale to tracks of B candidates and sideband events. The mean of the
event-by-event mass di�erences for the B+, B0, and B0

s
mesons allows the assignment

of systematic uncertainties of 0.8 MeV/c2, 0.9 MeV/c2, and 0.6 MeV/c2 respectively.

6.2.4 Momentum Scale and Energy Loss

The event-by-event mass di�erences for B candidates and the sideband events are

studied when the momentum scale factor (expressed in terms of the magnetic �eld)
and the size of the dE=dx correction are varied. All three B states behave similarly
upon small variations in the magnetic �eld and dE=dx correction represented by the

following:

�M(B) = 0:11
MeV=c2

Gauss
� �B+ 2:6MeV=c2 � �D (5)

The momentum scale factor and the dE=dx correction have been varied within their

uncertainties while requiring that the resultant change in J= mass given by Eq. 4
remain stable to within the 0.3 MeV/c2 mass �t uncertainty. Each of theB candidates

shifts maximally by 0.4 MeV/c2 which is taken as the systematic uncertainty.
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6.2.5 Checks at Low PT

The PT distribution of K candidates from � decay for the B0

s
candidates begins at

� 0.7 GeV/c. Since muons in J= ! �+�� decays have PT above 1.4 GeV/c we

make further checks to insure that there is no systematic e�ect present at lower

transverse momentum. We check for this e�ect using two samples. The decay

 (2S) ! J= �+�� is reconstructed with PT (�) beginning at 0.4 GeV/c where our

track reconstruction begins to become e�cient. Fig. 8 shows the reconstruction of

 (2S) using a vertex constraint and dimuon mass constraint when requiring the di-

pion mass to be between 0.45 and 0.58 GeV/c2 and CL(�2) > 1%. The �tted mass

value of 3685.9 � 0.2 MeV/c2 agrees with the world average of 3686.00 � 0.09 MeV/c2

[6]. We also note that either theK or � inK�0 decays for B0 candidates have PT below

2.0 GeV/c approximately 50% of the time. Since the reconstructed B0 mass is also

in agreement with its world average, we assign no additional systematic uncertainty

on the momentum scale at low PT .

6.2.6 Other Systematics E�ects

Using the large statistics sample of J= ! �+�� decays, systematic e�ects such as
the precision to which the momentum scale is known on average can be quanti�ed.
In addition, residual systematic e�ects such as the dependence on �cot � have been
corrected. The resulting systematic e�ects on B0

s
mass determination from these

sources is small (0.7 MeV/c2). However, there are non-Gaussian tails in many of

the tracking distributions. We can estimate the contribution of remaining possible
systematics from the fact that the mass di�erence between B+ and B0 has been mea-
sured to be 0.34 � 0.29 MeV/c2 [6]). We measure a consistent mass di�erence of
2.2 � 2.8 MeV/c2. The 2.8 MeV/c2 statistical uncertainty provides an estimate of
an upper bound for other unaccounted systematic e�ects. To improve the statisti-

cal power of our estimate of other systematic e�ects, we consider B sideband track
combinations which are kinematically consistent with coming from one of the three
decays and which are consistent with coming from the primary vertex. By comparing
the constrained �t and unconstrained �t masses for these events (i.e. how much the

constrained �t moves the mass is a measure of how much a systematic could a�ect

the mass), we �nd the statistical precision to which we see no systematic shift to be
approximately 1 MeV/c2. We assign this 1 MeV/c2 systematic to account for possible
mass shifts due to e�ects which are not yet understood.

7 Conclusion

The following decays have been fully reconstructed: B+ ! J= K+, B0 ! J= K�0,
and B0

s
! J= �. In each case, the J= ! �+�� decay is used to allow the event

to be recorded for analysis. The mass of each state is determined using an unbinned

likelihood �t. Several sources of systematic uncertainty are summarized in Tab. 3.

The measured masses of the B+, B0, and B0
s
mesons are shown in Tab. 7.
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Systematic E�ect B+ Uncertainty B0 Uncertainty B0

s
Uncertainty

(MeV/c2) (MeV/c2) (MeV/c2)

Covariance Matrix 0.3 0.3 0.3

�cot� E�ect 0.8 0.9 0.6

Momentum Scale 0.4 0.4 0.4

Other E�ects 1.0 1.0 1.0

Total (MeV/c2) 1.4 1.4 1.3

Table 3: Contributions to the systematic uncertainties in the B meson measured

masses.

B Measured Statistical Systematic

Meson Mass Uncertainty Uncertainty

(MeV/c2) (MeV/c2) (MeV/c2)

B+ 5279.1 1.7 1.4
B0 5281.3 2.2 1.4
B0

s
5369.9 2.3 1.3

Table 4: Summary of the measured B meson masses.

The di�erence between this result and our previously published value of the B0

s

mass (5383:3� 4:5� 5:0 MeV/c2) [8] has been studied in detail and results primarily

from statistical 
uctuations. The individual masses of B0

s
candidates (signal and

sideband) common to the previous analysis and the current analysis show a systematic
di�erence of 3.0�0.5 MeV/c2. New signal events at lower measured masses and four
previous signal events within 1 MeV/c2 of a histogram bin edge (a binned �t was used
in the previous analysis) account for most of the di�erence with our previous value.

Taking the systematic uncertainties associated with the momentum scale and
�cot � as common systematics, we calculate the mass di�erence between M(B0

s
)

and M(B), de�ned as the average of the measured B+ and B0 states. We derive a
mass di�erence of 89.7�2.7�1.2 MeV/c2. Both the measured B0

s
mass and the mass

di�erence are in agreement with theoretical predictions.

8 Acknowledgements

We thank the Fermilab sta� and the technical sta�s of the participating institutions

for their vital contributions. This work was supported by the U.S. Department of

Energy and National Science Foundation; the Italian Istituto Nazionale di Fisica
Nucleare; the Ministry of Education, Science and Culture of Japan; the Natural

Sciences and Engineering Research Council of Canada; the National Science Council
of the Republic of China; and the A. P. Sloan Foundation.

11



References

[1] References to a speci�c charge state also pertain to the charge conjugate state.

[2] M. Mangano and P. Nason. Nucl. Phys. B373, 295 (1992).

[3] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 75, 1451 (1995).

[4] W. Kwong and J. Rosner, Phys. Rev. D44, 212 (1991).

[5] A. Duncan et al., Phys. Rev. D51, 5101 (1995).

[6] Particle Data Group, Phys. Rev. D 50 (1994).

[7] DELPHI Collaboration, P. Abreau et al., Phys. Lett. B324, 500 (1994); ALEPH

Collaboration, D. Buskulic et al., Phys. Lett. B316, 631 (1993) and Phys. Lett.
B311, 425 (1993); OPAL Collaboration, P. T. Acton et al., Phys. Lett B295,
357 (1992).

[8] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 71, 1685 (1993).

[9] CDF Collaboration, F. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A
271, 387 (1988); F. Bedeschi et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 268, 50 (1988); G. Ascoli et al., Nucl. Instrum. Methods Phys. Res., Sect. A
268, 33 (1988).

[10] CDF Collaboration, F. Abe et al., Phys. Rev. D50, 2966 (1994).

[11] D. Amidei et al., Nucl. Instrum. Methods Phys. Res. , Sect. A 350, 73 (1994).

[12] In CDF, � is the azimuthal angle, � is the polar angle and r is the radius from
the proton beam axis (z axis).

[13] C. Newman-Holmes, E. E. Schmidt, and R. Yamada, Nucl. Instrum. Methods
Phys. Res. , Sect. A 274, 443 (1989).

[14] F. Abe et al., FERMILAB-PUB-95/003-E, submitted to Phys. Rev. D, (1995).

[15] F. Abe et al., Phys. Rev. Lett. 74, 4988 (1995); F. Abe et al., Phys. Rev. Lett.

72, 3456 (1994).

12



CMP

SOLENOID RETURN YOKE

CMU

CHA

CEM SOLENOID

CDT
CTC

VTX

SVX

PEM

WHA

PHA

CMX

BBC
FEM

FHA

FMU

BEAMLINE
INTERACTION REGION

1 METER

CDF
θ φ

z

y

x
(EAST)

Figure 1: Side view representation of the CDF detector used in the 1992{1993 run.

13



Figure 2: Dimuon mass distribution from the CDF 1992{1993 run.
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Figure 3: False curvature tracking systematic e�ect observed when the J= mass

is plotted versus the di�erence in absolute curvature for the positive and negative

muons. The e�ect is removed upon applying alignment corrections as used for the
tracks in this analysis.
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Figure 4: A systematic e�ect observed when the J= mass is plotted versus the

di�erence in the cot � between the two muons. The e�ect is mitigated after �nal
CTC alignment and after scaling cot � by 0:9985 � 0:008. The dotted lines show

the e�ect at the extreme bounds of the scale factor used for determining systematic

uncertainties.
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Figure 5: Reconstruction of �! �+�� after applying all corrections and scale factors

used to set the J= ! �+�� peak at the J= mass. All � states agree within the
statistical uncertainty to the world average masses.
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Figure 6: (a) J= K+ mass distribution and (b) J= K�0 mass distributions for the

events passing the B+ and B0 selection criteria. The mass is determined by an

unbinned likelihood �t of a Gaussian signal and a linear background. The quoted
systematic uncertainty is evaluated within the text.
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Figure 7: J= K+K� mass distribution for the events passing theB0

s
selection criteria.

The mass is determined by an unbinned likelihood �t of a Gaussian signal and a linear
background. The quoted systematic uncertainty is evaluated within the text.
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Figure 8: Mass distribution for the reconstruction of  (2S)! J= �+��.

20


