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We report on mass and lifetime measurements of several ground state charmed and bottom
baryons, using a data sample corresponding to 9.6 fb−1 from pp̄ collisions at

√
s = 1.96 TeV,

and recorded with the Collider Detector at Fermilab. Baryon candidates are reconstructed from
data collected with an online event selection designed for the collection of long-lifetime heavy-flavor
decay products and a second event selection designed to collect J/ψ → µ+ µ− candidates. First
evidence for the process Ω−

b → Ω0
c π

− is presented with a significance of 3.3σ. We measure the
following baryon masses:

M(Ξ0
c) = 2470.85 ± 0.24(stat) ± 0.55(syst) MeV/c2,

M(Ξ+
c ) = 2468.00 ± 0.18(stat) ± 0.51(syst) MeV/c2,

M(Λb) = 5620.15 ± 0.31(stat) ± 0.47(syst) MeV/c2,

M(Ξ−
b ) = 5793.4 ± 1.8(stat) ± 0.7(syst) MeV/c2,

M(Ξ0
b) = 5788.7 ± 4.3(stat) ± 1.4(syst)MeV/c2, and

M(Ω−
b ) = 6047.5 ± 3.8(stat) ± 0.6(syst) MeV/c2.

The isospin splitting of the Ξ−,0

b states is found to be M(Ξ−
b )−M(Ξ0

b) = 4.7± 4.7(stat)± 0.7(syst)
MeV/c2. The isospin splitting of the Ξ0,+

c states is found to be M(Ξ0
c)−M(Ξ+

c ) = 2.85±0.30(stat)±
0.04(syst) MeV/c2. The following lifetime measurements are made:

τ (Λb) = 1.565 ± 0.035(stat) ± 0.020(syst) ps,

τ (Ξ−
b ) = 1.32 ± 0.14(stat) ± 0.02(syst) ps,

τ (Ω−
b ) = 1.66+0.53

−0.40(stat) ± 0.02(syst) ps.

PACS numbers: 13.30.Eg, 13.60.Rj, 14.20.Mr
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I. INTRODUCTION

The quark model describes the spectroscopy of hadrons
with great success. In particular, this has been the case
for the D and B mesons, where all of the ground states
have been observed [1]. The spectroscopy of c baryons
also agrees well with the quark model, and a rich spec-
trum of baryons containing b quarks is predicted [2, 3].
The accumulation of large data sets from the Tevatron
and Large Hadron Collider has made possible the obser-
vation and measurements of most of the b-baryon ground
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states containing a single heavy quark [4–10] and several
resonant states [6, 11–13]. The samples of most b baryons
accumulated to date are small, and the measurements of
the properties of these particles are limited by the sam-
ple size. The exception to this is the Λb baryon, where
the reconstructed samples are now large enough to probe
its properties with precision. Early measurements of the
Λb lifetime disagreed with predictions from heavy-quark
expansion theory, if compared with the B0 lifetime [14].
With the large samples that are now available, precision
measurements of the Λb lifetime are providing a strong
test of the heavy-quark expansion in describing b hadrons
[15].

In this paper, we report the measurements of mass
and lifetime, τ , for the Λb, Ξ−

b and Ω−
b baryons through

the decay processes Λb → J/ψΛ, Ξ−
b → J/ψ Ξ−, and

Ω−
b → J/ψΩ−. Mass measurements of the Ξ0

c , Ξ+
c ,

Ξ−
b , and Ξ0

b are made by reconstructing the processes

Ξ0
c → Ξ− π+, Ξ+

c → Ξ− π+ π+, Ξ−
b → Ξ0

c π
−, and

Ξ0
b → Ξ+

c π
−. In addition, we report first evidence for the

process Ω−
b → Ω0

c π
−, Ω0

c → Ω− π+. These decay chains
are reconstructed using the processes J/ψ → µ+ µ−,
Ξ− → Λ π−, Ω− → ΛK−, and Λ → p π−. Charge conju-
gate modes are implicitly included. These measurements
are made in pp collisions at a center-of-mass energy of
1.96 TeV using the Collider Detector at Fermilab (CDF
II), corresponding to an integrated luminosity of 9.6 fb−1.
This paper uses the full CDF II data set collected during
the 2001-11 operation of the Tevatron.

The strategy of this analysis is to calibrate and check
the measurement technique on the better known b-meson
states and then to extend the method to property mea-
surements of the b baryons reconstructed from the same
data. All mass and lifetime measurements are per-
formed on the B+ → J/ψK+ and B0 → J/ψK∗(892)0,
K∗(892)0 → K+π− final states to provide a large sample
for comparison to the world-average values. The decay
mode B0 → J/ψK0

S, K0
S → π+ π− is also used as a ref-

erence process. Although its sample size is smaller than
the samples of B+ and other B0 decays, this is an ap-
propriate reference because the K0

S is reconstructed from
charged particles that are significantly displaced from the
collision, similar to the final-state particles from the b-
baryon decays studied in this work.

We begin with a brief description of the detector and
its simulation in Sec. II. In Sec. III, the reconstruction of
J/ψ mesons, neutral K mesons, hyperons, and b hadrons
is described. In Sec. IV, we present measurements of the
properties of the Ξ0,+

c , Λb, Ξ−,0
b , and Ω−

b baryons, which
include particle masses and lifetimes. We conclude in
Sec. VI with a summary of the results.

II. DETECTOR DESCRIPTION AND

SIMULATION

The CDF II detector has been described in detail
elsewhere [16]. This analysis primarily relies upon the

charged-particle tracking and muon-identification sys-
tems. The tracking system consists of four different de-
tector subsystems that operate inside a 1.4 T solenoid
with its axis parallel to the beamline. The first of these
is a single layer of silicon strip detectors (L00) at a radius
of 1.35 − 1.6 cm from the axis of the solenoid. It mea-
sures charged-particle positions (hits) in the transverse
view with respect to the beam, which is parallel to the
z direction. A five-layer silicon detector (SVX II). sur-
rounding L00 measures hits at radii of 2.5 to 10.6 cm [17].
Each of these layers provides a transverse measurement
and a stereo measurement of 90◦ (three layers) or ±1.2◦

(two layers) with respect to the beam direction. The
outermost silicon detector lies between 19 cm and 30 cm
radially, and provides one or two hits, depending on the
track pseudorapidity (η), where η ≡ − ln[tan(θ/2)], with
θ being the angle between the particle momentum and
the proton-beam direction. An open-cell drift chamber
(COT) completes the tracking system, and covers the
radial region from 43 cm to 132 cm [18]. The COT con-
sists of 96 sense-wire layers, arranged in 8 superlayers
of 12 wires each. Four of these superlayers provide ax-
ial measurements and four provide stereo views of ±2◦.
Transverse momentum, pT , (defined as the component
of the particle momentum perpendicular to the proton-
beam direction) of charged particles is measured in the
COT with a resolution of σ(pT )/p2

T = 0.0017 [GeV/c]−1.

Electromagnetic and hadronic calorimeters surround
the solenoid coil. Muon candidates from the decay
J/ψ → µ+µ− are identified by two sets of drift cham-
bers located radially outside the calorimeters. The cen-
tral muon chambers cover the region |η| < 0.6, and detect
muons with pT > 1.4 GeV/c [19]. A second muon system
covers the region 0.6 < |η| < 1.0 and detects muons with
pT > 2.0 GeV/c. Muon selection is based on matching
the measurements from these chambers to COT tracks,
both in projected position and angle.

The analysis presented here is based on events recorded
with two different online event-selection (trigger) algo-
rithms. The first is dedicated to the collection of a
J/ψ → µ+µ− sample. The first level of the three-level
trigger system requires two muon candidates with match-
ing tracks in the COT and muon chambers. The second
level imposes the requirement that muon candidates have
opposite electric charge and limits the accepted range of
azimuthal opening angle. The highest level of the J/ψ
trigger reconstructs the muon pair in software, and re-
quires the invariant mass of the pair to fall within the
range 2.7 − 4.0 GeV/c2.

The second data set used is triggered by a system de-
signed to collect particle candidates that decay with life-
times characteristic of heavy flavor hadrons. The first
level of this trigger requires two charged particles in the
COT with pT > 2.0 GeV/c. In the second level of the
trigger, the silicon vertex trigger [20] is used to asso-
ciate SVX II data with the tracks found in the COT to
precisely measure the impact parameter (defined as the
distance of closest approach in the transverse view) with
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respect to the beamline. The impact parameter resolu-
tion (typically 40 µm) for these tracks allows the isola-
tion of a track sample that does not originate directly
from the pp̄ collision [17]. The silicon vertex trigger re-
quires two tracks with impact parameters d in the range
0.1 − 1.0 mm with respect to the beam and a point of
intersection at least 200 µm from the beamline in the
transverse view. These and other requirements bias the
trigger efficiency toward candidates that have a long de-
cay time. Lifetime measurements made with these data
therefore require a careful study of these biases and ap-
propriate corrections. The additional statistical power
from lifetime measurements that use these data is insuf-
ficient to overcome the systematic uncertainty due to the
trigger conditions. Therefore, only mass measurements
are extracted from the hadronic trigger data in this work.

The mass resolution and acceptance for the b hadrons
used in this analysis are studied with a Monte Carlo simu-
lation that generates b hadrons consistent with CDF mea-
surements of pT and rapidity distributions. The final-
state decay processes are simulated with the EvtGen

[21] program, and all simulated b hadrons are produced
without polarization. The generated events are input to
the detector and trigger simulation based on a GEANT3

description [22] and processed through the same recon-
struction and analysis algorithms that are used for the
data.

III. PARTICLE RECONSTRUCTION METHODS

A. J/ψ reconstruction

The analysis of the data obtained with the muon trig-
ger begins with a selection of well-measured J/ψ →
µ+µ− candidates. The trigger requirements are con-
firmed by selecting events that contain two oppositely
charged muon candidates, each with matching COT and
muon-chamber tracks. Both muon tracks are required to
have associated position measurements in at least three
layers of the SVX II. This data sample provides approxi-
mately 6.5×107 J/ψ candidates, measured with an aver-
age mass resolution of approximately 20 MeV/c2. These
candidates are required to have a two-track invariant
mass within the range listed in Table I.

B. Neutral Hadron Reconstruction

The reconstruction of K0
S , K∗(892)0, and Λ candi-

dates uses all particles with pT > 0.4 GeV/c found in
the COT that are not associated with muons used in
the J/ψ reconstruction or tracks used by the hadronic
trigger. Pairs of oppositely charged particles are com-
bined to identify these neutral decay candidates. Silicon
detector information is not used on these to avoid decay-
length-dependent biases on the reconstruction efficiency

due to the long lifetimes of the particles. Candidate se-
lection for these neutral states is based upon the mass
calculated for each track pair, which is required to fall
within the ranges given in Table I after the appropriate
mass assignment is made for each track. Backgrounds
to the K0

S (cτ ≈ 2.7 cm) and Λ (cτ ≈ 7.9 cm) sig-
nals [1] are reduced by imposing requirements on the
transverse flight-distance, given for neutral particles as
f(h) ≡ (~rd−~ro)·~pT (h)/|~pT (h)|, where ~pT (h) is the trans-
verse momentum of the hadron candidate, and ~rd, ~ro are
the transverse positions of the decay point and point of
origin, respectively. The transverse flight-distance of the
K0

S and Λ candidates with respect to the primary vertex
(defined as the beam position in the transverse view) is
required to be greater than 1.0 cm.

TABLE I: Mass ranges around the known mass values [1] used
for the b-hadron decay products.

Resonance (final state) Mass range (MeV/c2)
J/ψ (µ+µ−) ±80

K∗(892)0 (K+π−) ±30
K0

S (π+π−) ±20
Λ (pπ−) ±9

Ξ− (Λπ−) ±9
Ω− (ΛK−) ±8
Ξ0

c (Ξ−π+) ±30
Ξ+

c (Ξ−π+π+) ±25
Ω0

c (Ω−π+) ±30

C. Charged Hyperon Reconstruction

For events that contain a Λ candidate, the remain-
ing particles reconstructed in the COT, again without
additional silicon information, are assigned the pion or
kaon mass, and Λ π− or ΛK− combinations are identified
that are consistent with the decay process Ξ− → Λ π−

or Ω− → ΛK−. Candidates are required to have a
mass that is consistent with the ranges listed in Table I.
Charged particles with pT as low as 0.4 GeV/c are used
for Ξ− reconstruction. However, event simulation indi-
cates that the pT distribution of K− mesons produced
from Ω− decays has a higher average value, and declines
more slowly, than the pT distribution of the pions from
Λ or Ξ− decays. Therefore, pT (K−) > 1.0 GeV/c is re-
quired for the Ω− sample.

Several features of the track topology are used to re-
duce the Ξ− and Ω− backgrounds. In order to improve
the mass resolution for Ξ− and Ω− candidates, the re-
construction requires a good fit of the three tracks that
simultaneously constrains the Λ decay products to the
Λ mass, and the Λ trajectory to intersect with the helix
of the π−(K−) originating from the Ξ−(Ω−) candidate.
In addition, the transverse flight-distance of the Λ can-
didate with respect to the reconstructed decay vertex of
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the Ξ−(Ω−) candidate is required to exceed 1.0 cm. Due
to the long lifetime of the Ξ− (cτ ≈ 4.9 cm) and Ω−

(cτ ≈ 2.5 cm) particles [1], a transverse flight-distance
of at least 1.0 cm (corresponding to a measurement un-
certainty of approximately one standard deviation for a
typical candidate) with respect to the primary vertex is
required. Transverse flight-distance for charged particles
is defined as the arc length from the point of closest ap-
proach to the origin to the decay point. Possible kine-
matic reflections are removed from the Ω− sample by re-
quiring that the combinations in the sample fall outside
the Ξ− mass range listed in Table I when the candidate
K− track is assigned the mass of the π−. In instances
where the correct vertex assignment for the decay tracks
is ambiguous, a fit is performed for all configurations and
a single, preferred candidate is chosen by retaining only
the fit combination with the lowest χ2.

D. Charmed Hyperon Reconstruction

The Ξ− and Ω− candidates are used to reconstruct
the processes Ξ0

c → Ξ− π+, Ξ+
c → Ξ− π+ π+, and

Ω0
c → Ω− π+. Each c-baryon candidate is subjected to

a simultaneous fit of all the tracks in the decay process
that constrains the track intersections and decay prod-
uct momenta to be consistent with the appropriate decay
topology. In addition, the tracks from the Λ decay are
constrained to the known Λ mass.

The kinematic properties of Ξ− and Ω− decays and
the lower pT limit of 0.4 GeV/c on the final-state tracks
cause the majority of accepted charged hyperon candi-
dates to have pT > 1.5 GeV/c. This fact, along with the
long lifetimes of the Ξ− and Ω−, results in a significant
fraction of hyperon candidates having decay vertices lo-
cated several centimeters radially outward from the beam
position. Therefore, we refine the charged-hyperon re-
construction by using the improved determination of its
trajectory available from tracking these particles in the
silicon detector. The Ξ−(Ω−) point of origin, point of
decay, and momentum obtained from the full four- or
five-track fit are used to define a helix that serves as the
seed for an algorithm that associates silicon detector hits
with the charged-hyperon track. Charged-hyperon can-
didates with track measurements in at least one layer
of the silicon detector have excellent impact parameter
resolution (average of 60 µm) for the charged hyperon
track.

Mass distributions are shown in Fig. 1 for all combi-
nations and for the subset where the Ξ− or Ω− track
reconstruction is improved by using at least one hit in
the SVX II and the impact parameter of the c baryon
with respect to the beam is less than 100 µm. The im-
provement in charmed-hyperon purity is evident. An es-
timate of the yield in each case is made by performing a
binned fit on these distributions, which models the data
with a Gaussian signal and linear background. Due to
the small sample size, the Gaussian width term for the

Ω0
c is fixed at 8 MeV/c2, which is the resolution predicted

by the event simulation. The background under each sig-
nal is estimated by integrating the background function
from the fit over the range ±2σ around the signal mass,
where σ is the characteristic width of the Gaussian signal.
Signal yields and purity, defined as signal-to-background
ratio, are listed in Table II for all fits. A requirement of

TABLE II: Signal yields and purity for charmed hyperon sam-
ples. Only statistical uncertainties are listed.

State Full sample Tracked in SVX II
Yield Purity Yield Purity

Ξ0
c 5614± 247 0.15 ± 0.01 3412 ± 84 0.63 ± 0.01

Ξ+
c 7984± 354 0.11 ± 0.01 5065± 104 0.61 ± 0.01

Ω0
c 416 ± 135 0.03 ± 0.01 124 ± 31 0.22 ± 0.05

silicon-detector information on the Ξ− candidate track is
approximately 60% efficient for the inclusive Ξc baryon
sample. Signal purity increases markedly when the sil-
icon is used. The efficiency of this requirement on the
Ω− signal is lower, as expected from the shorter life-
time of the Ω−. A substantial fraction of Ω− decay prior
to reaching the SVX II, so they fall outside the accep-
tance of the detector. However, the use of silicon when
it is available provides a significant improvement in sig-
nal purity. Consequently, charmed hyperon candidates
retained for further analysis are required to have a Ξ−

or Ω− candidate measured in the silicon detector. At
least one π+ with pT > 2.0 GeV/c and d > 100µm is
required, for consistency with the trigger. We also re-
quire pT > 4.0 GeV/c and ct > 100µm for the charmed
hyperon candidates, where t is the measured decay time
given by t = f M/pT , M is the reconstructed mass of the
candidate, and f is the transverse flight distance defined
in Sec. III B.

E. b baryon reconstruction

A good fit is required on the final-state tracks of all b-
baryon candidates that constrains them to originate from
the vertices appropriate for the particular decay channel
being considered. In addition, we require ct > 100µm
and d < 100µm for each b-baryon candidate, to remove
prompt and poorly reconstructed candidates. All hadron
decay products used in the b-baryon reconstruction are
required to have a measured mass consistent with the
known values, according to the ranges listed in Table I.

Several selection criteria are used that are common to
all b-hadron candidates with a J/ψ meson in the final
state. We require the transverse momentum of the b
hadron to exceed 6.0 GeV/c and pT (h) > 2.0 GeV/c,
where h is the hadron accompanying the J/ψ meson.
These requirements reduce combinatorial background. In
addition, the final-state fit constrains the mass of the
µ+ µ− pair to the known mass of the J/ψ meson [1]. The
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hadron tracks are reconstructed without silicon-detector
information. Therefore, all b-hadron decay position infor-
mation is derived solely from the muons, and the decay-
time resolution is simular for all b hadrons in this data
set.

The hadronic trigger data provides a sample of Ξb

baryons through the decay channel Ξb → Ξc π
−, Ξc →

Ξ− π+ (π+), Ξ− → Λ π−, and Λ → p π−. A similar decay
chain is used for Ω−

b reconstruction. The final-state track
fit used in these decay processes includes a constraint on
the Λ decay products to the known Λ mass. The π−

candidates from the b-baryon decay are required to have
electric charge opposite to the Λ baryon number, and to
be consistent with having satisfied the trigger by having
pT > 2.0 GeV/c and d > 100µm. The backgrounds
under the Ξb states are also reduced by restricting the
sample based on the measured decay time of the Ξc can-
didates to the range −2σt < t(Ξc) < 3τ0(Ξc) + 2σt,
where σt is the calculated uncertainty on the decay time
and τ0(Ξc) is the known lifetime of the appropriate Ξc

baryon [1].
The lifetime of the Ω0

c is so short (cτ ≈ 21µm) [1]
that the tracking system has no ability to resolve it.
Consequently, no t(Ω0

c) requirement is made in the se-
lection of Ω0

c π
− combinations. Figure 2 shows Ω− π+

and Ω− π+ π− mass distributions of selected combina-
tions. Figure 2(a) shows the distribution of all Ω− π+

combinations that, combined with a π− candidate, yield
a mass within 50 MeV/c2 of the Ω−

b mass previously mea-
sured by this experiment [8]. The known mass of the Ω0

c

[1] is also indicated. The Ω− π+ combinations shown
in Fig. 2(b) are chosen from two Ω− π+ π− mass side-
bands, selected to be 50 MeV/c2 in width and centered at
±100 MeV/c2 from the Ω−

b mass. There is a clear indica-
tion of Ω0

c candidates in events where the Ω− π+ π− mass
is consistent with the Ω−

b mass, whereas no enhancement
compatible with an Ω0

c signal appears in the background
sample. A similar comparison is made between Figs. 2(c)
and 2(d), where the Ω− π+ π− mass is shown for candi-
dates consistent with Ω0

c decays and candidates from the
sidebands of the Ω− π+ mass distribution.

F. Evidence for the Ω−
b → Ω0

c π
− decay

The indication of an Ω−
b signal in the Ω0

c π
− mass dis-

tribution shown in Fig. 2(c) requires additional consider-
ation. Because the process Ω−

b → Ω0
c π

− has never been
observed, a standard significance test is performed where
the mass distribution is fit once with a signal amplitude
that is allowed to float and once where it is fixed to zero
(the null hypothesis). The signal mass used is fixed and
the measurement resolution is fixed to 20 MeV/c2, as
determined by the simulation. Two different Ω−

b mass
assumptions are used, corresponding to the value mea-
sured in this work, and the value recently measured by
the LHCb Collaboration [10], in order to assess the sen-
sitivity of the significance to the mass value. Twice the

change in the logarithm of the fit likelihood between the
null and floating signal hypotheses, 2∆ lnL, is found to
be 10.3 and 13.3 for the different Ω−

b mass assumptions.
The probability that the signal shown in Fig. 2(c) arises

from a background fluctuation is obtained from a simple
simulation of the distribution of ten independent mass
values generated uniformly over the range used in Fig.
2(c). The generated unbinned distribution is then fit
with the likelihood function twice, as is done with the
data. The value of 2∆ lnL between the two fits is then
recorded. The process is repeated 107 times and values
of 2∆ lnL = 10.3 or greater occurs with a frequency of
5.5 × 10−4. This corresponds to a single sided fluctua-
tion of a Gaussian distribution of 3.3σ, corresponding to
evidence for the process Ω−

b → Ω0
c π

−.

IV. PARTICLE PROPERTIES

The mass and lifetime of the b hadrons are measured
by a fit with data binned in decay time, but not in mass
[8]. The mass and signal yield in each ct bin are found
by maximizing a likelihood given by

L =

Nb
∏

j

Nj
∏

i

[

fjPs
i + (1 − fj)Pb

i,j

]

, (1)

where Nb is the number of ct bins chosen for the fit,
Nj and fj are the numbers of candidates and the signal
fraction, respectively, for time bin j, and Ps

i and Pb
i,j

are the mass probability density functions for the signal
and background, respectively, for candidate i. The signal
probability distribution is given by

Ps
i = (1 − α)G(mi,m0, s0σ

m
i ) + αG(mi,m0, s1σ

m
i ), (2)

where G are Gaussians with average m0; mi and σm
i are

the measured mass and uncertainty for candidate i; and
α, s0, and s1 are parameters determined in the fit that
describe, respectively, the relative contribution from each
Gaussian and possible deviations between the calculated
and true mass uncertainty. The background is modeled
as

Pb
i,j =

2
∑

n=0

an,jPn(mi), (3)

where Pn(mi) are orthonormal polynomials of order n,
which are normalized over the range of the fit, and an,j

are constants obtained in the fit. The background con-
stants are obtained independently for each time range
j. The overall normalization is assured by fixing a0,j =

1 − ∑2

n=1 an,j .

The lifetime is determined by virtue of the fact that
the fractional occupancy of each particular range of ct
implies a specific lifetime for a particular measurement
resolution. This is implemented in a two-step process,
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which begins by maximizing the likelihood function in
the mass distributions given in Eq. (1). In the second
step, all parameters obtained in the mass fits are fixed
and an additional lifetime term is added to the likelihood,
rewriting it as

L =

Nb
∏

j

G(Rj , wj(τ, στ ), σR
j )

Nj
∏

i

[

fjPs
i + (1 − fj)Pb

i,j

]

,

(4)
where Rj = fjNj/

∑

j fjNj , σ
R
j is the uncertainty on

Rj , and wj(τ, σt) is the predicted fractional occupancy
in each time range for lifetime τ measured with uncer-
tainty σt. The predicted occupancy is found by inte-
grating the decay-time distribution convoluted with the
decay-time-measurement resolution, which is assumed to
be Gaussian and is calculated analytically. Decay-time
bins are chosen to have approximately equal occupancy
for the initial lifetime chosen for the fit. The highest bin
has no upper bound.

There are several advantages to this technique over
the usual method of simultaneously fitting the signal
and background lifetimes. The only distribution where
signal and background components are fit together is
the mass distribution in which these components are
clearly discriminated given the differences in shape be-
tween the narrow signal distributions and the smooth,
quasi-uniform background distributions. The number of
parameters in the fit is limited, typically two for the mass,
one for the lifetime, and two for each decay time bin to ac-
count for the yield and slope of the background. Finally,
this method does not require a model of the effective
decay-time distribution of the background.

Unless otherwise mentioned, all the implementations
of the fit used in this analysis set the lowest limit of
the lowest decay time bin to ct = 100µm, use an initial
lifetime estimate of ct = 450µm, and utilize four decay-
time bins (Nb = 4). Also, the decay time resolution is
set so σct = 30µm, which is typical of all candidates
and is discussed further in Sec IVG. The lower limit
of all mass fit ranges is chosen to be approximately one
pion mass lower than the expected average mass of the
reconstructed hadron in order to avoid backgrounds due
to partially reconstructed states. Upper limits are chosen
to obtain a reasonable estimate of the background.

A. The B meson reference signals

The µ+µ− trigger data are well suited for use in par-
ticle property measurements. The trigger is insensitive
to the decay time of any b hadron, so the correspond-
ing samples are available for lifetime measurements with-
out any trigger-induced bias. This data sample provides
the B meson reference signals that are used to verify
mass and lifetime measurement techniques used in this
analysis. Mass measurements are obtained most directly
from this fitting technique by using all candidates with

ct > 100µm. The method reduces to the unbinned
mass distribution fit that is traditionally used for mass
measurements. Lifetime measurements are obtained by
implementing the fit in several decay-time bins as de-
scribed previously. As an example, the time-dependent
mass distributions and decay-time distributions for the
B0 → J/ψK0

S reference signal are shown in Fig. 3. The
results of the B+ and B0 measurements are listed in Ta-
ble III and discussed in Sec. IVG.

B. Masses of the Ξ0
c and Ξ+

c baryons

The large samples of Ξc baryons in the full data set
and the mass resolution available from the tracking sys-
tem allow precise Ξc baryon mass measurements. The
masses are obtained using the unbinned likelihood fit ap-
plied to all candidates with ct > 100µm. The Ξ−π+ and
Ξ−π+π+ mass distributions along with projections of the
fits are shown in Fig. 4. Results from the mass fits are
listed in Table IV.

C. Λb Measurements

The approach to fitting the mass and lifetime of the
Λb is identical to that used for the meson reference sig-
nals. The mass distribution integrated in decay time and
the projected fit are shown in Fig. 5. The decay-time-
dependent mass distributions and decay-time distribu-
tion for the Λb candidates are shown in Fig. 6. Mass and
lifetime results of the fits are listed in Table IV.

The effect of reflections from the B0 → J/ψK0
S ,

K0
S → π+ π− decays is studied by recalculating the mo-

menta of the J/ψΛ candidates reconstructed under the
B0 → J/ψK0

S hypothesis. We find 420 ± 29 candidates
consistent with B0 → J/ψK0

S decays within the J/ψΛ
mass range used to fit the Λb. This B0 background pop-
ulates a portion of the J/ψΛ mass distribution that is
systematically lower than the Λb mass. The shape of
the B0 background is parametrized and used as template
for an additional background component in an alterna-
tive fit to the J/ψΛ mass distribution. The resulting
Λb yield shifts by approximately 1% compared to the re-
sult obtained with the simple linear background, and is
uniform over the time ranges. The total shift is approx-
imately 20% of the statistical uncertainty in each time
range, and fully correlated. We conclude that any effect
due to the B0 background is negligible with respect to
other uncertainties. Any systematic shift in the lifetime
measurement due to B0 background treatment must be
substantially less than 20% of the statistical uncertainty.

D. Ξ−
b measurements

The approach to fitting the mass and lifetime of the Ξ−
b

is identical to that used for the meson reference signals.



9

TABLE III: B meson mass and cτ comparisons to known values [1]. Results from the entire data set (total) and the subset
not included in the world averages (new) are listed. Only statistical uncertainties are listed.

Final state Mass (MeV/c2) cτ(µm)

Measured Difference Measured Difference
J/ψK+ (total) 5278.75± 0.06 −0.5 ± 0.2 489.0± 2.1 −3.0 ± 3.0
J/ψK+ (new) 5278.74± 0.08 −0.5 ± 0.2 491.9± 3.0 −0.1 ± 3.8
J/ψK0∗ (total) 5279.01± 0.11 −0.5 ± 0.2 458.6± 3.3 3.2 ± 3.9
J/ψK0∗ (new) 5278.95± 0.17 −0.6 ± 0.2 458.4± 4.7 3.0 ± 5.1
J/ψK0

s (total) 5280.03± 0.12 0.4 ± 0.2 458.6± 4.2 3.2 ± 4.6
J/ψK0

s (new) 5280.09± 0.18 0.5 ± 0.2 461.0± 5.9 5.6 ± 6.1

TABLE IV: Baryon mass and lifetime results. Only statistical
uncertainties are listed .

Final state Mass (MeV/c2) cτ(µm) Yield
Ξ0

c(Ξ
− π+) 2470.85± 0.24 - 3582 ± 82

Ξ+
c (Ξ− π+ π+) 2468.00± 0.18 - 5714± 108

Λb(J/ψΛ) 5620.15± 0.31 468.4 ± 10.5 2920± 120
Ξ−

b (J/ψ Ξ−) 5793.2± 1.9 396 ± 43 112 ± 19
Ξ−

b (Ξ0
c π

−) 5794.8± 5.0 - 33 ± 6
Ξ0

b(Ξ
+
c π

−) 5788.7± 4.3 - 62 ± 9
Ω−

b (J/ψΩ−) 6050.0± 4.1 497+159
−119 22 ± 6

Ω−
b (Ω0

c π
−) 6029± 11 - 5.5±+2.5

−2.4

The mass distributions for the J/ψ Ξ− and Ξ0
c π

− com-
binations integrated in decay time and the projected fits
are shown in Fig. 7. The time-dependent mass distribu-
tions and decay-time distribution for the Ξ−

b → J/ψ Ξ−

channel are shown in Fig. 8. Mass and lifetime results of
the fits are listed in Table IV.

E. Ξ0
b measurements

The process Ξ0
b → J/ψΞ0 is expected to occur, in anal-

ogy to Ξ−
b → J/ψ Ξ−. However, this process requires

the accurate reconstruction of a low-momentum π0, so
it is outside the sensitivity of this experiment. Conse-
quently, we are limited to a Ξ0

b mass measurement in the
Ξ0

b → Ξ+
c π

− channel. The Ξ+
c π

− mass distribution and
the projection of the fit overlaid on the data are shown
in Fig. 9, and the fit result is listed in Table IV.

F. Ω−
b measurements

The approach of fitting the mass and lifetime of the Ω−
b

is identical to that used for the meson reference signals,
with the exception that only three decay-time ranges are
used in the lifetime calculation due to the small sample

of candidates. The mass distributions for the J/ψΩ−

and Ω0
c π

− combinations integrated in decay time and the
projected fits are shown in Fig. 10. The time-dependent
mass distributions and decay-time distribution for the
Ω−

b → J/ψΩ− channel are shown in Fig. 11. The mass
resolution terms s0 are fixed to the values obtained in
the analogous channels used in the Ξ−

b fits. The results
of the mass and lifetime fits are listed in Table IV.

G. Systematic uncertainties

The systematic uncertainties on the mass measure-
ments reported here are similar to those obtained for
other b hadrons in previous CDF II analyses. The mass
scale uncertainty is taken from earlier work [23]. Here,
the J/ψ, ψ(2S) and Υ decays, reconstructed in dimuon
final states, were used to set the mass scale. The differ-
ences of the measured masses from the true masses are
parametrized as functions of the total kinetic energy in
these decays and are then used to obtain the mass scale
uncertainties listed in Table V. The effect of the mass-
resolution model on the mass-uncertainty scale is tested
in several variations of the fits on the B meson and Ξc

baryon signals. These variations indicate that the choice
of resolution model can affect the resulting mass measure-
ment by 0.05 – 0.1 MeV/c2. The effect of the tracking-
system material on the mass scale is tested by examining
the mass of the B0 reconstructed in the J/ψK0

S channel
as a function of the K0

S decay point. A systematic shift
of 1.1± 0.5 MeV/c2 is found for combinations where the
K0

S decay point is outside the silicon system. In order to
determine the sensitivity of b-baryon reconstruction to
the tracking-system material, we determine the fraction
of b-baryon candidates whose Λ,Ξ−, or Ω− decay outside
the silicon system by using the data for the Ξc and Λb

baryons and simulation for the Ξb and Ω−
b baryons. This

fraction of the shift observed in B0 decays is taken for a
systematic uncertainty on the mass due to material de-
scription of the detector. Masses of the p, π−, K−, and
Λ are sufficiently well determined that their contribution
to the systematic uncertainty is insignificant. These ef-
fects are listed in Table V, where they are combined in
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quadrature to obtain the total systematic uncertainties.
The B mesons reconstructed in the J/ψ sample serve

as a precision reference sample to support the evaluation
of the systematic uncertainties. The mass and lifetime re-
sults obtained for the B+ and B0 are listed in Table III.
Comparisons between the measurements and the known
values [1] are listed. The known values contain contri-
butions from a subset of the CDF Run II data [23, 24].
Consequently, values are given for the full data set and
the data taken since the previous measurement [8]. We
find the more recent data to be completely consistent
with our earlier measurements, indicating that no signif-
icant degradation of the tracking resolution occurred. A
comparison of the results in reference signals with the
known values demonstrates that the mass measurements
are well understood.

The masses of the Ξ−
b and Ω−

b baryons are each mea-
sured in two different final states. The mass results are
combined to provide a single measurement following Ref.
[27]. These combined results, and the mass results for the
other baryons, are listed in Table VI. The momentum
scale uncertainty cancels in measurements of the mass
differences between the Ξ0

c and Ξ+
c , and the Ξ−

b and Ξ0
b

baryons. The estimates for these isospin splittings are
also listed in Table VI.

The lifetime fit is repeated on the reference signals to
determine the sensitivity of the technique to the input pa-
rameters chosen for the fit. The decay-time uncertainty
σct is shown in Fig. 12 for the B0 → J/ψK0

S sample,
where the background contribution is removed by sub-
tracting mass sideband uncertainties. If this uncertainty
is varied between 15 and 45µm, the results of the life-
time fit are found to have a relative variation of less than
10−3. Variations in the number of decay-time bins have
similar impact.

Systematic uncertainties on the lifetime measurements
of the b baryons are identical to those of the B mesons.
The B meson reference signals all have lifetime results
that are within 1% of their known values, as is shown in
Table III. If we use only the recent data for the B0 →
J/ψK0

S process, we find complete consistency with the
known lifetime within ±6µm, or 1.3%. This is taken
as the systematic uncertainty for all b-baryon lifetime
measurements.

V. FINAL RESULTS

Final results for the properties of the b baryons are
listed in Tables VI and VII. The measurements of the
masses of the Ξc baryons are competitive with the world
averages, and consistent with them [1]. The isospin split-
ting of the states is also comparable to the world average.
These measurements serve to improve our overall knowl-
edge of heavy baryon dynamics. Theoretical calculations
of the Ξc baryon masses are not as precise as the cur-
rent measurements, so these results serve to constrain
the models considered for heavy baryon mass predictions

[2, 3]. As with the charmed baryons, the Λb mass is now
known with high precision. All other b baryons are cur-
rently only seen in small samples, so the measurements
are limited by the sample size. The mass obtained for
the Ξ0

b confirms our earlier observation [9] and provides
a small improvement to our unique measurement of the
isospin splitting in the Ξb system, which is consistent
with the prediction of Ref. [3]. The present measure-
ment of the mass of the Ω−

b provides further support to
our first result [8] and is inconsistent with the measure-
ment associated with the first observation of this particle
[7].

The precision of the measurement of the lifetime of the
Λb baryon is comparable to that of the B0 meson. By
combining the two reference measurements of the B0 and
retaining the full systematic uncertainty found in Sect.
IVG, we obtain τ(Λb)/τ(B

0) = 1.021 ± 0.024(stat) ±
0.013(syst), which is more consistent with the predicted
values [25, 26] than earlier measurements. The lifetime
measurements of the Ξ−

b and Ω−
b baryons are unique and

limited by the size of the samples. The values obtained
appear to be typical of other b hadrons.

VI. CONCLUSIONS

In conclusion, the CDF Run II data set is analyzed
to identify the largest possible low-background sample
of Ξc and b-baryon ground states. The mass and life-
time properties of these particles are measured, and the
results compared to precisely measured quantities for B
mesons obtained in similar final states. The mass and
isospin splitting of the Ξc system are measured with pre-
cisions that are comparable to the world averages. The
first evidence for the process Ω−

b → Ω0
c π

− is shown. The

masses and lifetimes of the Λb, Ξ−
b and Ω−

b baryons are
measured and are found consistent with LHCb determi-
nations [10, 15, 28]. The isospin splitting of the Ξb sys-
tem is unique to this experiment and is updated with the
final data set. These results supersede previous measure-
ments, which were obtained using a subset of these data
[8, 9].
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TABLE V: Contributions to the systematic uncertainty on the mass measurements.

Source Uncertainty (MeV/c2)
Ξ0

c Ξ+
c B0 Λb Ξ−

b Ξ0
b Ω−

b

J/ψK0∗ J/ψK0
S J/ψΞ− Ξ0

c π
− J/ψΩ− Ω0

c π
−

Mom. scale 0.35 0.35 0.42 0.45 0.40 0.40 0.50 0.40 0.40 0.55
Reso. model 0.05 0.05 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Material 0.38 0.38 0.0 0.25 0.21 0.47 1.16 1.15 0.38 0.94
Total 0.55 0.51 0.43 0.53 0.47 0.6 1.4 1.4 0.6 1.2

TABLE VI: Ξc and b-baryon mass results. The first uncer-
tainty listed is statistical and the second is systematic.

Baryon Mass (MeV/c2)
Ξ0

c 2470.85± 0.24 ± 0.55
Ξ+

c 2468.00± 0.18 ± 0.51
Λb 5620.15± 0.31 ± 0.47
Ξ−

b 5793.4± 1.8 ± 0.7
Ξ0

b 5788.7± 4.3 ± 1.4
Ω−

b 6047.5± 3.8 ± 0.6
M(Ξ0

c) −M(Ξ+
c ) 2.85 ± 0.30 ± 0.04

M(Ξ−
b ) −M(Ξ0

b) 4.7 ± 4.7 ± 0.7

TABLE VII: b-baryon lifetime results. The first uncertainty
listed is statistical and the second is systematic.

Baryon lifetime (ps)
Λb 1.565 ± 0.035 ± 0.020
Ξ−

b 1.36 ± 0.15 ± 0.02
Ω−

b 1.66+0.53
−0.40 ± 0.02
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FIG. 1: Distribution of Ξ− π+ mass for (a) all candidates and
(b) the subset where the Ξ− is tracked in the silicon detector
and the impact parameter with respect to the beamline is less
than 100 µm. Panels (c,d) and (e,f) show similar distributions
for Ξ− π+ π+ and Ω− π+ candidates, respectively.
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FIG. 2: Distribution of Ω− π+ (a,b) and Ω− π+ π− (c,d) mass
for candidates obtained from the Ω−

b selection. Panel (a)
shows the Ω− π+ mass for candidates consistent with the
Ω−

b → Ω−π+ π− signal region; panel (b) shows the Ω− π+

mass for candidates restricted to the Ω−
b mass sidebands.

Panel (c) shows the Ω− π+ π− mass for candidates consis-
tent with the Ω0

c → Ω− π+ signal region; panel (d) shows
the Ω− π+ π− mass for candidates restricted to the Ω0

c mass
sidebands.
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FIG. 3: Distributions of (a) J/ψ K0
S mass and (b) ct for B0

reconstructed in the B0 → J/ψK0
S decay. The mass and

lifetime fits are overlaid in dashed red. For display purposes,
the upper limit of the ct distribution is chosen to be 0.135
cm so that the displayed distribution contains 95% of the
candidates, based on the initial lifetime estimate.
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FIG. 4: Distribution of (a) Ξ− π+ and (b) Ξ− π+ π+ mass
used for the Ξc mass measurements. The fits are overlaid on
the data in dashed red.
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measurement. The fit is overlaid on the data in dashed red.
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FIG. 6: Distribution of (a) J/ψΛ mass divided into four in-
dependent decay-time ranges and (b) ct of Λb candidates used
to calculate the lifetime. The fits are overlaid on the data in
dashed red.
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b candidates
used to calculate the lifetime. The fits are overlaid on the
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FIG. 11: Distribution of (a) J/ψΩ− mass divided into three
independent decay-time ranges and (b) ct of Ω−

b candidates
used to calculate the lifetime. The fits are overlaid on the
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