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We report an observation of new bottom baryons produced in pp̄ collisions at the Tevatron. Using
1.1 fb−1 of data collected by the CDF II detector, we observe four Λ0

bπ
± resonances in the fully

reconstructed decay mode Λ0
b → Λ+

c π−, where Λ+
c → pK−π+. We interpret these states as the

Σ
(∗)±
b baryons and measure their masses to be:

m
Σ+

b

= 5807.8+2.0
−2.2 (stat.) ± 1.7 (syst.) MeV/c2 m

Σ∗+

b

= 5829.0+1.6
−1.8 (stat.)+1.7

−1.8 (syst.) MeV/c2

m
Σ−

b

= 5815.2 ± 1.0 (stat.) ± 1.7 (syst.) MeV/c2 m
Σ∗−

b

= 5836.4 ± 2.0 (stat.)+1.8
−1.7 (syst.) MeV/c2

PACS numbers: 14.20.Mr, 13.30.Eg
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Recently the CDF II detector at the Fermilab Teva-
tron has accumulated the world’s largest sample of fully
reconstructed Λ0

b baryons, which consist of the u, d, and
b quarks, with 3180 ± 60 (stat.) Λ0

b → Λ+
c π− candi-

dates. This is made possible by the large bb̄ production
cross-section in pp̄ collisions at

√
s = 1.96 TeV and the

ability of the CDF II experiment to select fully hadronic
decays of b hadrons with a specialized trigger system. In
this Letter, we present an observation of four Λ0

bπ
± res-

onances, where Λ0
b → Λ+

c π− and Λ+
c → pK−π+, using

1.1 fb−1 of data. The Λ0
bπ states are interpreted as the

lowest-lying charged Σb baryons and will be labeled Σ
(∗)
b .

The symbol Σb refers to Σ±

b , while Σ∗

b refers to Σ∗±

b . Un-
less otherwise noted, any reference to a specific charge
state implies the antiparticle state as well.

The Σ
(∗)+
b baryons contain one b and two u quarks,

while the Σ
(∗)−
b baryons contain one b and two d quarks;

these states are expected to exist but have not been ob-
served. Baryons containing one bottom quark and two
light quarks can be described by heavy quark effective
theory (HQET) [1]. In HQET a bottom baryon consists
of a b quark acting as a static source of the color field
surrounded by a diquark system comprised of the two

light quarks. In the lowest-lying Σ
(∗)
b states, the diquark

system has strong isospin I = 1 and JP = 1+, which
couples to the heavy quark spin and results in a doublet

of baryons with JP = 1
2

+
(Σb) and JP = 3

2

+
(Σ∗

b). This
doublet is degenerate for infinite b quark mass. As the b
quark mass is finite, there is a hyperfine mass splitting

between the 3
2

+
and 1

2

+
states. There is also an isospin

mass splitting between the Σ
(∗)−
b and Σ

(∗)+
b states.

Single gluon exchanges between the heavy quark and
the light diquark system determine the spectroscopic
properties of baryons [2]. There exists a variety of predic-

tions for the Σ
(∗)
b masses from non-relativistic and rela-

tivistic potential quark models [3], 1/Nc expansion [4],
quark models in the HQET approximation [5], sum
rules [6], and lattice quantum chromodynamics calcu-
lations [7]. On the basis of [3–7], we expect m(Σb) −
m(Λ0

b) ∼ 180 − 210 MeV/c2, m(Σ∗

b) − m(Σb) ∼ 10 −
40 MeV/c2, and m(Σ

(∗)−
b ) − m(Σ

(∗)+
b ) ∼ 5 − 7 MeV/c2.

The difference between the isospin mass splittings of
the Σ∗

b and Σb multiplets is predicted to be [m(Σ∗+
b ) −

m(Σ∗−

b )] − [m(Σ+
b ) − m(Σ−

b )] = 0.40 ± 0.07 MeV/c2 [8].

dom, hUniversity of Heidelberg, D-69120 Heidelberg, Germany,
iUniversidad Iberoamericana, Mexico D.F., Mexico, jUniversity
of Manchester, Manchester M13 9PL, England, kNagasaki Insti-
tute of Applied Science, Nagasaki, Japan, lUniversity de Oviedo,
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The natural width of Σ
(∗)
b baryons is expected to be dom-

inated by the P-wave one pion transition Σ
(∗)
b → Λ0

bπ,
whose partial width depends on the available phase space
and the pion coupling to a constituent quark. For

the range of predicted Σ
(∗)
b masses, the natural widths

Γ(Σ
(∗)
b ) calculated from an HQET prediction vary be-

tween 2 and 20 MeV/c2 [9].

The CDF II detector is described in detail else-
where [10]. Its components and capabilities most relevant
to this analysis are the tracking system and the ability
to select displaced tracks from heavy flavor decays. The
tracking system lies within a uniform axial magnetic field
of 1.4 T. The inner tracking volume, with radii between
2.5 and 28 cm from the beam line, is occupied by a sys-
tem of double-sided silicon microstrip detectors [11]. An
additional layer of single-sided silicon microstrip detec-
tors is mounted directly on the beampipe at an average
radius of 1.5 cm. The remainder of the tracking volume
is occupied by a cylindrical drift chamber [12], with a
radial extent of 40 to 137 cm.

A displaced track trigger is employed to select bottom
and charmed hadrons [13]. This trigger requires a pair of
tracks with opposite charge, identified in the transverse
view [14]. The tracks must have impact parameters d0

which fall within the range |d0| ∈ [0.12, 1.00] mm, where
d0 is defined as the distance of closest approach of the
track to the primary vertex in the transverse plane [15].
Each track is required to have transverse momentum
pT > 2.0 GeV/c. The scalar sum of the tracks’ transverse
momenta must exceed 5.5 GeV/c and the azimuthal an-
gle between the tracks is required to be within the range
2◦ − 90◦. In addition, the intersection point of the trig-
gered tracks is required to have a transverse displacement
of at least 200 µm with respect to the beam line.

In reconstructing the decays Λ0
b → Λ+

c π− and Λ+
c →

pK−π+, the proton from the Λ+
c decay and the π− from

the Λ0
b decay are most likely to satisfy the displaced track

trigger requirements. Therefore, we require that both
must have pT > 2 GeV/c, while the K− and π+ candi-
dates have pT > 0.5 GeV/c to ensure well-understood
tracking efficiency. We also require pT(p) > pT(π+)
to suppress Λ+

c combinatorial background. No parti-
cle identification is used in this analysis. All particle
hypotheses consistent with the candidate decay struc-
ture are considered. In a 3-D kinematic fit, the Λ+

c

daughter tracks are constrained to originate from a sin-
gle point. The Λ+

c candidate is constrained to the known
Λ+

c mass, and the Λ+
c momentum vector is extrapolated

to intersect the π− momentum vector to form the Λ0
b

vertex. The probability of the 3-D Λ0
b kinematic vertex

fit must exceed 0.1%, and the Λ+
c and Λ0

b must have
pT greater than 4.5 and 6.0 GeV/c, respectively. To
suppress prompt backgrounds from the primary inter-
action, we make the following decay time requirements:
ct(Λ0

b) > 250 µm and its significance ct(Λ0
b)/σct > 10.
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We define ct(Λ0
b) ≡ Lxy(Λ

0
b)mΛ0

b

c/pT(Λ0
b) as the Λ0

b

proper time, where Lxy(Λ
0
b) is defined as the length of

the projection, onto the two-track momentum vector,
of the transverse plane vector from the primary vertex
to the Λ0

b vertex. We use a primary vertex determined
event-by-event when computing this vertex displacement.
To reduce combinatorial backgrounds and partially re-
constructed decays, we also require

∣

∣d0(Λ
0
b)

∣

∣ < 80 µm,
where d0(Λ

0
b) is the impact parameter of the Λ0

b candi-
date. To suppress the contributions from B̄0 → D+π−

decays, where D+ → K−π+π+, we require m(pK−π+)
to be within 16 MeV/c2 of the known Λ+

c mass [16],
and ct(Λ+

c ) ∈ [−70, 200] µm. We define ct(Λ+
c ) ≡

Lxy(Λ
+
c )mΛ+

c
c/pT(Λ+

c ) as the Λ+
c proper time, where

Lxy(Λ
+
c ) is defined as the length of the projection, onto

the three-track momentum vector, of the transverse plane
vector from the Λ0

b vertex to the Λ+
c vertex.

The invariant mass distribution of Λ+
c π− candidates is

shown in Fig. 1 overlaid with a binned maximum likeli-
hood fit. A clear Λ0

b → Λ+
c π− signal is observed at the

expected Λ0
b mass. The invariant mass distribution is de-

scribed by several components: the Λ0
b → Λ+

c π− signal,
a combinatorial background, partially and fully recon-
structed B mesons which pass the Λ+

c π− selection cri-
teria, partially reconstructed Λ0

b decays, and fully recon-
structed Λ0

b decays other than Λ+
c π− (e.g. Λ0

b → Λ+
c K−).

The combinatorial background is modeled with an expo-
nentially decreasing function. All other components are
represented in the fit by fixed shapes derived from Monte
Carlo (MC) simulations [17, 18]. Within the Λ0

b baryon
and B meson groups of shapes, the normalizations are
constrained by Gaussian terms to branching ratios that
are either measured (for B meson decays) or theoreti-
cal predictions (for Λ0

b decays). The branching ratios of
many yet-unobserved Λ0

b decay modes are extrapolated
from B(Λ0

b → Λ+
c π−) [19] and B(Λ0

b → Λ∗+
c π−) [20] us-

ing the ratios of branching ratios in analogous B̄0 de-
cays [16]; factorization is assumed in two-body b → c
decays of Λ0

b . In the fit, the Λ0
b components are nor-

malized relative to the Λ0
b → Λ+

c π− signal. To normal-
ize the B meson components, we explicitly reconstruct a
B̄0 → (K−π+π+)π− signal in the Λ+

c π− sample by re-
placing the proton mass hypothesis with the pion mass
hypothesis. The yield is NB̄0 = 774 ± 72 (stat.) events.
We scale this number by the ratio of all B decays into
four tracks observed in the MC simulation to the sub-
set which results in a (K−π+π+)π− signature; this ratio
is found to be 1.75 [16]. The fit to the invariant Λ+

c π−

mass distribution results in 3180±60 (stat.) Λ0
b → Λ+

c π−

candidates.

The reconstruction of Σ
(∗)
b proceeds by combining Λ0

b

candidates in the Λ0
b signal region with all remaining high

quality tracks. A pion mass hypothesis is used when

computing the invariant mass of the Σ
(∗)
b candidate. To

minimize the contribution of the mass resolution of each
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FIG. 1: Fit to the invariant mass of Λ0
b → Λ+

c π− candi-
dates. Fully reconstructed Λ0

b decays such as Λ0
b → Λ+

c π− and
Λ0

b → Λ+
c K− are not indicated on the figure. The Λ0

b signal
region, m(Λ+

c π−) ∈ [5.565, 5.670] GeV/c2, consists primarily
of Λ0

b baryons, with some contamination from B mesons and
combinatorial events. The discrepancies between the fit and
data below the Λ0

b signal region are due to incomplete knowl-
edge of the branching ratios of the decays in this region and

are included in the Σ
(∗)
b background model systematics.

Λ0
b candidate, we search for narrow resonances in the

mass difference distribution of Q = m(Λ0
bπ) − m(Λ0

b) −
mπ. The Σ

(∗)
b candidates are divided into two subsamples

using the charge of the pion from Σ
(∗)
b decay, denoted by

πΣb
: in the Λ0

bπ
− subsample the πΣb

has the same charge
as the pion from Λ0

b while in the Λ0
bπ

+ subsample the πΣb

has the opposite charge as the pion from Λ0
b .

On the basis of the theoretical predictions in [3–7], the

Σ
(∗)
b signal region is defined as Q ∈ [30, 100] MeV/c2.

We optimize the Σ
(∗)
b selection criteria using the pure

background sample in the upper and lower sideband re-
gions of Q ∈ [0, 30] MeV/c2 and Q ∈ [100, 500] MeV/c2.
These sideband regions are parameterized by a power law
multiplied by an exponential. The signal is modeled by
the pythia [21] event generator where only the decays

Σ
(∗)
b → Λ0

bπ, Λ0
b → Λ+

c π−, and Λ+
c → pK−π+ are al-

lowed. For the optimization, we combine the Λ0
bπ

− and

Λ0
bπ

+ subsamples. We optimize cuts on the pT of the Σ
(∗)
b

candidate, the impact parameter significance |d0/σd0
| of

the πΣb
track, and the cos θ∗ of the πΣb

track, where θ∗ is
defined as the angle between the momentum of the πΣb

in the Σ
(∗)
b rest frame and the direction of the total Σ

(∗)
b

momentum in the lab frame. In this optimization, we
maximize ε(SMC)/

√
B, where ε(SMC) is the efficiency of

the Σ
(∗)
b signal measured in the MC simulation and B

is the number of background events in the signal region
estimated from the upper and lower sidebands. The max-
imum of ε(SMC)/

√
B is realized for pT(Σb) > 9.5 GeV/c,

|d0/σd0
| < 3.0, and cos θ∗ > −0.35.

In the Σ
(∗)
b search, the dominant background is from

the combination of prompt Λ0
b baryons with extra tracks

produced in the hadronization of the b quark. The
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remaining backgrounds are from the combination of
hadronization tracks with B mesons reconstructed as Λ0

b

baryons, and from combinatorial background events. The
percentage of each background component in the Λ0

b sig-
nal region, computed from the Λ0

b mass fit, is (89.5 ±
1.7)% Λ0

b baryons, (7.2 ± 0.6)% B mesons, and (3.3 ±
0.1)% combinatorial events. Other backgrounds such as
5-track decays of B+ mesons are negligible, as confirmed
in inclusive single b hadron simulations [17, 18]. The
high mass region above the Λ0

b → Λ+
c π− signal in Fig. 1

determines the combinatorial background. Reconstruct-
ing B̄0 → D+π− data as Λ0

b → Λ+
c π− gives the B

hadronization background. The Λ0
b hadronization back-

ground is obtained from a Λ0
b → Λ+

c π− pythia sim-
ulation. The events in this simulation are reweighted
so that the pT(Λ0

b) distribution agrees with data. As
the simulation has fewer low momentum tracks around
the Λ0

b than found in data, the simulated events are fur-
ther reweighted until the pT spectrum of tracks around
the Λ0

b is consistent with data. After establishing the
shape and normalization of each background Q distri-
bution, the background shapes are parameterized by a
power law multiplied by an exponential. The total back-
ground shape shown in Fig. 2 (inset) is compatible with

the Q sidebands and is a fixed component in the Σ
(∗)
b fit.

In the Q signal region we observe an excess of events
over the total background as shown in Fig. 2. The excess
in the Λ0

bπ
− subsample is 118 over 288 expected back-

ground candidates. In the Λ0
bπ

+ subsample the excess is
91 over 313 expected background candidates.

We perform a simultaneous unbinned maximum likeli-
hood fit to the Λ0

bπ
− and Λ0

bπ
+ subsamples for a signal

from each expected Σ
(∗)
b state plus the background, re-

ferred to as the “four signal hypothesis.” Each signal
consists of a Breit-Wigner distribution convoluted with
two Gaussian distributions describing the detector reso-
lution, with a dominant narrow core and a small broad
component for the tails. The natural width of each Breit-
Wigner distribution is computed from the central Q value
[9]. The expected difference of the isospin mass splittings
within the Σ∗

b and Σb multiplets is below our sensitivity
with this sample of data. Consequently, we constrain
m(Σ∗+

b ) − m(Σ+
b ) = m(Σ∗−

b ) − m(Σ−

b ) ≡ ∆Σ∗

b
. The four

Σb signal fit to data, which has a fit probability of 76%
in the range Q ∈ [0, 200] MeV/c2, is shown in Fig. 2.

Systematic uncertainties on the mass difference and
yield measurements fall into three categories: mass scale,

Σ
(∗)
b background model, and Σ

(∗)
b signal parameteriza-

tion. The systematic uncertainty on the mass scale is
determined by the discrepancies of the CDF II mea-
sured masses of the D∗, Σc, and Λ∗

c hadrons from the
world average mass values [16]. The Q value dependence
of this systematic uncertainty is modeled with a linear
function, which is used to extrapolate the mass scale

uncertainty for each Σ
(∗)
b Q value. This is the largest
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FIG. 2: The Σ
(∗)
b fit to the Λ0

bπ
+ and Λ0

bπ
− subsamples. The

top plot shows the Λ0
bπ

+ subsample, which contains Σ
(∗)+
b ,

while the bottom plot shows the Λ0
bπ

− subsample, which con-

tains Σ
(∗)−
b . The insets show the expected background plotted

on the data for Q ∈ [0, 500] MeV/c2, while the signal fit is
shown on a reduced range of Q ∈ [0, 200] MeV/c2.

systematic uncertainty for the mass difference measure-
ments, ranging from 0.1 to 0.3 MeV/c2. The systematic

effects related to assumptions made on the Σ
(∗)
b back-

ground model are: the sample composition of the Λ0
b sig-

nal region, the normalization and functional form of the
Λ0

b hadronization background taken from a pythia sim-
ulation, and our limited knowledge of the shape of the Λ0

b

hadronization background (the largest systematic uncer-
tainty on the yield measurements, ranging from 2 to 15
events). The systematic effects related to assumptions

made on the Σ
(∗)
b signal parameterization are: underesti-

mation of the detector resolution, the uncertainty in the
natural width prediction from [9], and the constraint that
m(Σ∗+

b ) − m(Σ+
b ) = m(Σ∗−

b ) − m(Σ−

b ).

The significance of the signal is evaluated using the
likelihood ratio, LR ≡ L/Lalt, where L is the likelihood
of the four signal hypothesis and Lalt is the likelihood
of an alternative hypothesis [22]. We study the alter-
nate hypotheses of no signal, two Σb states (one per Λ0

bπ

charge combination), and three Σ
(∗)
b states, performed

by eliminating one of the states in the four signal hy-
pothesis. Systematic variations are included in the fit
as nuisance parameters over which the likelihood is in-
tegrated. The resulting likelihood ratios are given in
Tab. I. To assess the significance of the signal, we re-
peat the four signal hypothesis fit on samples randomly
generated from alternate signal hypotheses. In 12 mil-
lion background samples, none had a LR equivalent or
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greater than the one found in data. We evaluate the
probability for background only to produce four signals
of this or greater significance to be less than 8.3 × 10−8,
corresponding to a significance of greater than 5.2 σ.
The probabilities for each of the alternate hypotheses
to produce the observed signal structure is also given
in Tab. I. The final results for the Σb measurement are
quoted in Tab. II. Using the CDF II measurement of
mΛ0

b

= 5619.7 ± 1.2 (stat.) ± 1.2 (syst.) MeV/c2 [23], we
find the absolute masses of the Σb states given in Tab. II.
The systematic uncertainties on the absolute Σb mass
values are dominated by the total Λ0

b mass uncertainty.

Hypothesis LR p-value Significance (σ)
No Signal 2.6 × 1018 < 8.3 × 10−8 > 5.2
Two Σb States 4.4 × 106 9.2 × 10−5 3.7
No Σ−

b Signal 1.2 × 105 3.2 × 10−4 3.4
No Σ+

b Signal 49 9.0 × 10−3 2.4
No Σ∗−

b Signal 4.9 × 104 6.4 × 10−4 3.2
No Σ∗+

b Signal 8.1 × 104 6.0 × 10−4 3.2

TABLE I: Likelihood ratios (LR) in favor of the four signal
hypothesis over alternative hypotheses. Also shown is the
probability for each hypothesis to produce the observed data
(p-value), calculated using the LR as a test statistic on ran-
domly generated samples. The final column gives the equiv-
alent standard deviations from the normal distribution.

State Yield Q or ∆Σ∗

b
(MeV/c2) Mass (MeV/c2)

Σ+
b 32+13+5

−12−3 QΣ+

b

= 48.5+2.0+0.2
−2.2−0.3 5807.8+2.0

−2.2 ± 1.7

Σ−

b 59+15+9
−14−4 QΣ−

b

= 55.9 ± 1.0 ± 0.2 5815.2 ± 1.0 ± 1.7

Σ∗+
b 77+17+10

−16−6 ∆Σ∗

b
= 21.2+2.0+0.4

−1.9−0.3
5829.0+1.6+1.7

−1.8−1.8

Σ∗−

b 69+18+16
−17−5 5836.4 ± 2.0+1.8

−1.7

TABLE II: Final results for the Σb measurement. The first
uncertainty is statistical and the second is systematic. The
absolute Σb mass values are calculated using a CDF II mea-
surement of the Λ0

b mass [23], which contributes to the sys-
tematic uncertainty.

In summary, using a sample of 3180± 60 (stat.) Λ0
b →

Λ+
c π− candidates reconstructed in 1.1 fb−1 of CDF II

data, we search for resonant Λ0
bπ

± states. We observe a
signal of four states whose masses and widths are con-
sistent with those expected for the lowest-lying charged

Σ
(∗)
b baryons. This result represents the first observation

of the Σ
(∗)
b baryons.
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