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We report an observation of new bottom baryons produced inpp̄ collisions at
√

s= 1.96 TeV. Using the fully
reconstructed decay modeΛ0

b→ Λ+
c π−, with Λ+

c → pK−π+, we observe the four lowest lyingΛ0
bπ± resonant

states. We interpret these states as theΣ(∗)±
b baryons and measure their masses to be:

mΣ+
b

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

mΣ−b
= 5815.2±1.0 (stat.)±1.7 (syst.) MeV/c2

mΣ∗+b
= 5829.0+1.6

−1.8 (stat.)+1.7
−1.8 (syst.) MeV/c2

mΣ∗−b
= 5836.4±2.0 (stat.)+1.8

−1.7 (syst.) MeV/c2

The analysis is based upon 1070± 60 pb−1 of data collected up to February 2006.
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I. INTRODUCTION

Hadron colliders and e+e− machines provide a wealth of experimental data on bottom mesons. Yet until recently only one
bottom baryon, theΛ0

b, had been directly observed. Currently the CDF collaboration posseses the world’s largest sample of
bottom baryons, due to a combination of two factors – the CDF displaced track trigger, and the over 1 fb−1 of integrated
luminosity delivered by the Tevatron. Using a sample of fully reconstructedΛ0

b→Λ+
c π− collected on the displaced track trigger,

we search for the decayΣ(∗)±
b → Λ0

bπ±.
The QCD treatment of quark-quark interactions significantly simplifies if one of the participating quarks is much heavier

than the QCD confinement scaleΛQCD≈ 400 MeV/c2. In the limit of mQ→ ∞, where mQ is the mass of the heavy quark, the
angular momentum and flavor of the light quark become good quantum numbers. This approach, known as heavy quark effective
theory (HQET), thus views a baryon made of one heavy quark andtwo light quarks as consisting of a heavy static color field
surrounded by a cloud corresponding to the light diquark system. In SU(3) the two quarks are in diquark form̄3 and 6 according
to the decomposition 3⊗3 = 3̄⊕6, leading to a generic scheme of baryon classification. Diquark states containing quarks in
an antisymmetric flavor configuration,[q1,q2], are calledΛ-type whereas the states with diquarks containing quarks ina flavor
symmetric state,{q1,q2}, are calledΣ-type.

In the groundΣ-type state the light diquark has isospinI = 1 andJP
l = 1+. Together with the heavy quark this leads to a

doublet of baryons withJP = 1
2
+

(Σb ) andJP = 3
2
+

(Σ∗b). The ground stateΣ-type baryons decay strongly toΛ-type baryons by
emitting pions. In the limit mQ→ ∞, the spin doublet{Σb,Σ∗b} would be exactly degenerate since an infinitely heavy quark does
not have a spin interaction with a light diquark system. As the b quark is not infinitely massive, there will be a mass splitting

between the doublet states. There is an additional mass splitting between theΣ(∗)−
b andΣ(∗)+

b states due to isospin violation and
Coulomb effects.

There exists a variety of predictions for theΣ(∗)
b masses from non-relativistic and relativistic potential quark models [1–8],

1/Nc expansion [9, 10], quark models in the HQET approximation [11–13], sum rules [14, 15], and lattice quantum chromody-
namics calculations [16, 17]. A summary of these predictions is presented in Tab. I. The difference between the isospin mass
splittings of theΣ∗b andΣb multiplets is predicted to be[m(Σ∗+b )−m(Σ∗−b )]− [m(Σ+

b )−m(Σ−b )] = 0.40±0.07 MeV/c2 [18].

Σb property Expected value (MeV/c2)
m(Σb ) - m(Λ0

b ) 180 - 210
m(Σ∗b) - m(Σb ) 10 - 40
m(Σ−b ) - m(Σ+

b ) 5 - 7
Γ(Σb ), Γ(Σ∗b) ∼8,∼15

TABLE I: Summary of theoretical expectations for theΣ(∗)±
b states. Predictions are given in Refs. [1] through [17].

The natural width of theΣb baryons is expected to be dominated by single pion transitions. Decays of the typeΣc,b→ Λc,bγ
are expected to have significantly smaller (∼ 100 keV/c2) partial widths than the single pion transition, and are thus negligible.
The partial width of the P-wave one-pion transition dependson the available phase space. For charmed baryons, this partial
width is given by the following equation derived from HQET [19]:

ΓΣq→Λqπ =
1
6π

MΛq

MΣq

| fp|2 |~pπ|3 (1)

whereq denotes the heavy quark (c or b), and fp ≡ gA/ fπ; gA = 0.75±0.05 is the constituent pion-quark coupling, andfπ =
92 MeV is the pion decay constant. The momentum of the pion in theΣq center of mass frame is~pπ. When Eq. (1) is employed

for Σc andΛ+
c (i.e., q≡ c), it predicts widths for theΣ(∗)

c baryons which are in excellent agreement with the PDG data [20]. For

the range of predictedΣ(∗)
b masses, Eq. (1) predicts natural widthsΓ(Σ(∗)

b ) between 2 and 20 MeV/c2.

II. ANALYSIS STRATEGY

The present analysis is based on events collected by the CDF II detector from February 2002 through February 2006, with
an integrated luminosity ofL = 1070±60 pb−1. Events collected on the two displaced track trigger are used to reconstruct the
decay chainΛ0

b→ Λ+
c π, with Λ+

c → pK−π+. The selection criteria forΛ0
b reconstruction are listed in Tab. II. The fit to the

invariantΛ+
c π− mass distribution, shown in Fig. 1, results in 3180±60 (stat.)Λ0

b→ Λ+
c π− candidates.
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Variable Cut value
B_CHARM_SCENA

pT(π−b ) > 2 GeV/c
pT(p) > 2 GeV/c
pT(p) > pT(π+)
pT(K−) > 0.5 GeV/c
pT(π+) > 0.5 GeV/c
ct(Λ0

b) > 250µm
ct(Λ0

b)/σct > 10
∣

∣d0(Λ0
b)

∣

∣ < 80µm
ct(Λ+

c ← Λ0
b) >−70µm

ct(Λ+
c ← Λ0

b) < 200µm
∣

∣m(pK−π+)−m(Λ+
c )PDG

∣

∣ < 16 MeV/c2

pT(Λ0
b) > 6.0 GeV/c

pT(Λ+
c ) > 4.5 GeV/c

Prob(χ2
3D) of Λ0

b vertex fit > 0.1%

TABLE II: Analysis cuts determined forΛb reconstruction.
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FIG. 1: Fit to the invariant mass ofΛ0
b→ Λ+

c π− candidates. Fully reconstructedΛ0
b decays such asΛ0

b→ Λ+
c π− andΛ0

b→ Λ+
c K− are not

indicated on the figure. TheΛ0
b signal region,m(Λ+

c π−) ∈ [5.565,5.670] GeV/c2, consists primarily ofΛ0
b baryons, with some contamination

from B mesons and combinatorial events. The discrepancies between the fit and data below theΛ0
b signal region are due to incomplete

knowledge of the branching ratios of the decays in this region and are included in theΣ(∗)
b sample composition systematic uncertainties.

To separate out the resolution on the mass of eachΛ0
b candidate, we search for narrowΣb resonances in the mass difference

distribution ofQ = m(Λ0
bπ)−m(Λ0

b)−mπ. Unless explicitly stated,Σb refers to both theJ = 1
2 (Σ±b ) andJ = 3

2 (Σ∗±b ) states.
The pion fromΣb decay, denotedπΣb, is required to pass all default track quality cuts. There isno transverse momentum (pT)
cut applied since these are expected to be very soft tracks. In order to perform an unbiased search, the cuts forΣb reconstruction
are optimized with theΣb signal region blinded. From theoretical predictions theΣb signal region is chosen as 30< Q <
100 MeV/c2; the upper and lower sideband regions of 0< Q < 30 MeV/c2 and 100< Q < 500 MeV/c2 represent theΣb
background. The signal for the optimization is taken from aΣb PYTHIA [21] Monte Carlo sample, with the decaysΣb→ Λ0

bπ,
Λ0

b→ Λ+
c π−, andΛ+

c → pK−π+ forced. The optimization is performed for the following variables: thepT of theΣb candidate,
the impact parameter significance|d0/σd0| of theπΣb track, and the cosθ∗ of theπΣb track. The angleθ∗ is defined between the
momentum ofπΣb in theΣb rest frame and the direction of totalΣb momentum in the lab frame. A simultaneous optimization of
all three criteria yields the cut values listed in Tab. III.
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Variable Cut value Step size
pT(Σb) > 9.5 GeV/c 0.5 GeV/c
|d0/σd0| (πΣb) < 3.0 0.25
cosθ∗ (πΣb) >−0.35 0.05

TABLE III: Selection criteria determined forΣb reconstruction and the step sizes used by the optimization algorithm.

After optimization of the selection criteria,Σb events are separated into “Λ0
bπ−” and “Λ0

bπ+” subsamples. AsΛ0
b is neutral,

the charge of the soft pion track determines the charge of theΣb, and there will beΣb signal for both positive and negative pions.
TheΛ0

bπ− subsample is defined as events where theΣb pion has the same charge as the pion fromΛ0
b, and theΛ0

bπ+subsample
as events where theΣb pion charge is the opposite of theΛ0

b pion’s charge. With these definitions, theΛ0
bπ− subsample contains

Σ(∗)−
b andΣ(∗)−

b while theΛ0
bπ+ subsample containsΣ(∗)+

b andΣ(∗)+
b .

The backgrounds under theΛ0
b signal region in theΛ0

b mass distribution will also be present in theΣb Q distribution. The
primary sources of background are:

• Tracks from the hadronization of promptΛ0
b baryons

• Tracks from the hadronization ofB mesons reconstructed asΛ0
b baryons

• Combinatorial background

The underlying event tracks also contribute, but since theycannot be separated from the hadronization tracks, we use “hadroniza-
tion” to denote the sum of the two contributions. The percentage of each background component in theΛ0

b signal region is derived
from theΛ0

b mass fit, and is given in Tab. IV. Other backgrounds (e.g.from 5-track decays where one track is taken as theπΣb can-
didate) are negligible, as confirmed in inclusive singleb hadron Monte Carlo samples [22, 23]. TheQ shape and normalization
of each background source is fixed before unblinding theΣb signal region. The high mass region above theΛ0

b→ Λ+
c π− signal

in Fig. 1 determines the combinatorial background. ReconstructingB̄0→ D+π− data asΛ0
b→ Λ+

c π− gives theB hadronization
background. The largest background component, theΛ0

b hadronization, is obtained from a genericΛ0
b→ Λ+

c π− PYTHIA Monte
Carlo sample. TheΛ0

b pT spectrum of thePYTHIA sample is reweighted to agree with the spectrum from data. The PYTHIA

sample has fewer soft tracks around theΛ0
b than found in data, so thepT spectrum of tracks is also reweighted to agree with data.

After reweighting, the shape and normalization of theΛ0
b hadronization fromPYTHIA agree with theQ sideband distributions,

as shown in Fig. 2 (left).

Λ0
b Sample Composition

m(Λ0
b ) ∈ [5.565, 5.670] GeV/c2

Λ0
b (89.5±1.7)%

B (7.2±0.6)%
Comb. Bkg. (3.3±0.1)%

TABLE IV: Sample composition in theΛ0
b signal region.

III. RESULTS

Upon unblinding theQ signal region, there is an excess observed in data over the predicted backgrounds. The excess over
background is shown in Fig. 2 (right) and given in Tab. V.

We then perform a simultaneous unbinned maximum likelihoodfit to Λ0
bπ− andΛ0

bπ+ subsamples. To the already described
background components we add four peaks, one for each of the expectedΣb states. Each peak consists of a Breit-Wigner
distribution convoluted with a double Gaussian detector resolution model. This detector resolution model has a dominant narrow
core and a small broader shape describing the tails. The natural width of each Breit-Wigner is computed from Eq. (1), where
MΣq is set to be the location of the peak. The peaks are thus increasing in breadth from left to right. The expected difference
of the isospin mass splittings within theΣ∗b andΣb multiplets is below our sensitivity with this sample of data. Consequently,
we constrainm(Σ∗+b )−m(Σ+

b ) = m(Σ∗−b )−m(Σ−b ) and measure an average hyperfine mass splittingm(Σ∗b)−m(Σb). 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. 3 with the fit results
given in Tab. VI.
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FIG. 2: The three background sources described in Sec. II and theirsum are shown superimposed on theQ
distributions in data. TheΛ0

bπ− subsample is shown in the top distribution, while theΛ0
bπ+ subsample is shown

in the bottom distribution. To the left is the plot with the signal region blinded, whileon the right is the plot with
the signal region unblinded.

SampleData eventsBkg eventsData excess over bkg
Λ0

bπ− 406 288 118
Λ0

bπ+ 404 313 91

TABLE V: Summary of the number of events in theQ signal region (Q∈ [0.03, 0.1] GeV/c2) for the data and the predicted background.

Parameter Value Parabolic Error MINOS Errors
Σ+

b Q (MeV/c2) 48.5 1.97 (+1.98, -2.17)
Σ−b Q (MeV/c2) 55.9 0.951 (+0.973, -0.950)
Σ∗b−Σb Q (MeV/c2) 21.2 1.92 (+2.00, -1.94)
Σ+

b events 32 12.1 (+12.5, -11.7)
Σ−b events 59 14.2 (+14.6, -13.7)
Σ∗+b events 77 16.8 (+17.3, -16.3)
Σ∗−b events 69 17.6 (+18.0, -17.1)
-ln(Likelihood) -24160.4 – –

TABLE VI: Fit parameter and error values from the fit to data. Positive and negative errors are quoted separately as the error range is
asymmetric.
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FIG. 3: Simultaneous fit to theΛ0
bπ− andΛ0

bπ+ Σb signal. To the left is the fullQ range of [0, 500] MeV/c2 while on the right is a smaller
region around the signal peaks (Q∈ [0, 200] MeV/c2).

A. Systematics

All systematic uncertainties on the mass difference measurements are small compared to the statistical uncertainties, and are
summarized in Tab. VII. To determine the mass scale uncertainty, we compare the measured masses of theD∗, Σ0

c, Σ++
c , andΛ∗c

particles with the world average values quoted in the PDG [20]. For these decays which release little kinetic energy, thefigure
of merit is theQ value. In a previous analysis, it has been shown that the systematic error on thisQ value may be approximated
as linear,δQ = a ·Q+ δm(Q = 0) [24]. We plot the difference between the CDF and PDG mass measurements as a function
of theQ value of the decay, and fit the graph to a linear function. Thisfunction is evaluated at theΣb Q value to estimate the
systematic uncertainty. This is the largest systematic uncertainty on theQ measurements, ranging from 0.1 to 0.3 MeV/c2.

In addition to the mass scale systematic, there are systematic uncertainties which are built into the assumptions of theΣb fit.
Taking the fit parameters associated with one assumption, wegenerate simplistic Monte Carlo samples where these parameters
are varied. Each sample is fit with both the default fit and the fit with varied parameters. We then take the difference between the
parameter values in the varied fit and the default fit. This difference, caused by the systematic variation, constitutes the systematic
uncertainty from this assumption. After generating 500 Monte Carlo samples, we model the distribution of this difference with
a Gaussian and take the mean of the Gaussian as the systematicshift due to that systematic uncertainty. The fit systematics we
consider, also summarized in Tab. VII, are:

- Sample composition of theΛ0
b signal region (“Λ0

b Comp.”)

- Normalization and functional form of theΛ0
b hadronization background (“Λ0

b Norm.” and “Λ0
b Shape”)

- Change of theΛ0
b hadronization background shape due to extreme changes in the trackpT spectrum used to reweight the

PYTHIA Monte Carlo sample (“Reweight”)

- Underestimation of the detector resolution (“Reso.”)

- Uncertainty in theΣb intrinsic width prediction (“Σb Width”)

- Constraintm(Σ∗+b )−m(Σ+
b ) = m(Σ∗−b )−m(Σ−b ) (“∆∗”)
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Parameter Mass ScaleΛ0
b Comp. Λ0

b Norm. Λ0
b ShapeReweight Reso. Σb Width ∆∗ Total

Σ−b Q 0.22 0.0 0.009 0.0 0.04 0.0 0.009 0.06 0.23
-0.22 -0.03 -0.002 -0.011 -0.0004 -0.011 -0.005 0.0 -0.22

Σ−b events 0.0 0.7 2.2 0.3 7.4 0.3 3.4 0.0 8.5
0.0 0.0 -2.2 0.0 0.0 0.0 -3.4 -0.08 -4.1

Σ+
b Q 0.19 0.03 0.013 0.013 0.0 0.0 0.01 0.0 0.19

-0.19 0.0 -0.013 0.0 -0.11 -0.014 -0.02 -0.11 -0.25
Σ+

b events 0.0 3.3 2.1 1.2 2.3 0.3 1.8 0.0 5.0
0.0 0.0 -2.1 0.0 -1.8 0.0 -2.0 -0.004 -3.4

Σ∗−b events 0.0 0.4 4.8 0.3 14.7 0.1 1.7 0.0 15.6
0.0 0.0 -4.7 0.0 0.0 0.0 -1.7 -0.16 -5.0

Σ∗+b events 0.0 7.3 4.8 2.8 4.6 0.2 0.8 0.16 10.3
0.0 0.0 -4.8 0.0 -2.9 0.0 -0.8 0.0 -5.7

Σ∗b−Σb Q 0.10 0.05 0.14 0.04 0.32 0.02 0.07 0.0 0.38
-0.10 0.0 -0.13 0.0 0.0 0.0 -0.07 -0.26 -0.32

Σ∗−b Q 0.28 0.02 0.13 0.03 0.32 0.003 0.08 0.0 0.45
-0.28 0.0 -0.13 0.0 0.0 0.0 -0.07 -0.184 -0.37

Σ∗+b Q 0.32 0.09 0.12 0.05 0.17 0.001 0.05 0.0 0.40
-0.32 0.0 -0.13 0.0 0.0 0.0 -0.06 -0.39 -0.52

TABLE VII: Systematic uncertainties on theΣb measurement. AllQ values are in units of MeV/c2. Because some of the effects are highly
asymmetric, positive and negative errors are separately added in quadrature. While we fit for theΣ−b , Σ+

b , andΣ∗b−Σb Q values, we also
separately evaluate the systematic uncertainties on theΣ∗−b andΣ∗+b Q values so that all four masses can be quoted directly.

B. Significance

To evaluate the significance of the measurement, there are three questions to ask:

1. Is the data consistent with the null (ie no signal) hypothesis?

2. Is the data consistent with a two peak hypothesis,i.e. what is the significance of the dip between theΣb andΣ∗b signals?

3. What is the significance of each individual peak?

To answer these questions, the data is fit with an alternate signal hypothesis: no signal, twoΣb states (one perΛ0
bπ charge

combination), or threeΣb states, performed by eliminating one of the states in the four signal hypothesis. We then compute a
likelihood ratio:

LR=
L1

L2
=

e−NLL1

e−NLL2
= eNLL2−NLL1 (2)

whereL1 is the likelihood of the four signal peak hypothesis,L2 is that of the alternate hypothesis, andNLL stands for the
negative log likelihood (− ln(L)). Systematic variations are included in the fits as nuisanceparameters over which the likelihood
is integrated. The results of the no signal and twoΣb states fits to data are shown in Fig. 4.

After measuring the likelihood ratios in data, we use theLR as a test statistic to determine ap-value. We generate simplistic
Monte Carlo samples from one of the alternate hypotheses andfit each sample with both the four signal hypothesis and the
alternate hypothesis. We evaluate the likelihood difference between the fits and obtain a probability densityPbkg(NLL2−NLL1)
to observe at least a likelihood difference ofNLL2−NLL1 for the four signal fit on an alternate hypothesis sample. We then use
the measured likelihood difference in data and integratePbkg(NLL2−NLL1) from (NLL2−NLL1)

data to infinity. That integral
divided by the total number of Monte Carlo samples generatedis thep-value.

The measured likelihood differences,p-values, and equivalent standard deviations from the normal distribution are given
in Tab. VIII. For the background only hypothesis, we generated 12 million Monte Carlo samples and none had a likelihood
difference close to that seen in data. Thus, the no signalp-value is only an upper limit, and the background only hypothesis is
excluded at greater than the 5σ level. Each of the four peaks has> 3 σ significance except for theΣ+

b peak.

IV. SUMMARY

The lowest lyingΛ0
bπ± resonant states are observed in 1.1 fb−1 of data collected by the CDF II detector, and they are consistent

with the lowest lyingΣ(∗)±
b baryons. TheΣ−b andΣ+

b Q values and the averageΣ∗b−Σb mass splitting are measured to be:
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Hypothesis (NLL2−NLL1)
data p-value Significance (σ)

No signal 42.4 < 8.3×10−8 > 5.23
Two peaks 15.3 9.2×10−5 3.74
No Σ−b Peak 11.7 3.2×10−4 3.41
No Σ+

b Peak 3.9 9.0×10−3 2.36
No Σ∗−b Peak 10.8 6.4×10−4 3.22
No Σ∗+b Peak 11.3 6.0×10−4 3.24

TABLE VIII: Likelihood ratio p-values for the alternate signal hypotheses, whereNLL2 denotes the negative log likelihood of the alternate
hypothesis andNLL1 that of the four signal hypothesis. For the no signal hypothesis, no events were observed with the significance seen in
data, and thep-value is only an upper limit.
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FIG. 4: Fits with alternate signal descriptions. On the left is the null hypothesis assumption, with no signal present. On the right is the two
peak assumption, with a fit to one peak inΛ0

bπ− and one peak inΛ0
bπ+.

m(Σ+
b )−m(Λ0

b)−m(π) = 48.5+2.0
−2.2 (stat.)+0.2

−0.3 (syst.) MeV/c2

m(Σ−b )−m(Λ0
b)−m(π) = 55.9±1.0 (stat.)±0.2 (syst.) MeV/c2

m(Σ∗−b )−m(Σ−b ) = m(Σ∗+b )−m(Σ+
b ) = 21.2+2.0

−1.9 (stat.)+0.4
−0.3 (syst.) MeV/c2

Using the recent CDF II mass measurement ofm(Λ0
b) = 5619.7±1.2 (stat.)±1.2 (syst.) MeV/c2 [24], the absolute mass

values and number of events for eachΣb state are:

m(Σ+
b ) = 5807.8+2.0

−2.2 (stat.)±1.7 (syst.) MeV/c2 N(Σ+
b ) = 32+13

−12 (stat.)+5
−3 (syst.)

m(Σ−b ) = 5815.2±1.0 (stat.)±1.7 (syst.) MeV/c2 N(Σ−b ) = 59+15
−14 (stat.)+9

−4 (syst.)

m(Σ∗+b ) = 5829.0+1.6
−1.8 (stat.)+1.7

−1.8 (syst.) MeV/c2 N(Σ∗+b ) = 77+17
−16 (stat.)+10

−6 (syst.)

m(Σ∗−b ) = 5836.4±2.0 (stat.)+1.8
−1.7 (syst.) MeV/c2 N(Σ∗−b ) = 69+18

−17 (stat.)+16
−5 (syst.)
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