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Observation of Excited �0
b Baryons

R. Aaij et al.*

(LHCb Collaboration)
(Received 16 May 2012; published 26 October 2012)

Using pp collision data corresponding to 1:0 fb�1 integrated luminosity collected by the LHCb

detector, two narrow states are observed in the �0
b�

þ�� spectrum with masses 5911:97� 0:12ðstatÞ �
0:02ðsystÞ � 0:66ð�0

b massÞ MeV=c2 and 5919:77� 0:08ðstatÞ � 0:02ðsystÞ � 0:66ð�0
b massÞ MeV=c2.

The significances of the observations are 5.2 and 10.2 standard deviations, respectively. These states

are interpreted as the orbitally excited �0
b baryons, ��0

b ð5912Þ and ��0
b ð5920Þ.

DOI: 10.1103/PhysRevLett.109.172003 PACS numbers: 14.20.Mr, 13.30.Eg, 13.60.Rj

The system of baryons containing a b quark (beauty
baryons) remains largely unexplored, despite recent
progress made at the experiments at the Tevatron. In addi-
tion to the ground state �0

b, the �
�
b baryon with the quark

content bsd has been observed by the D0 [1] and CDF [2]
Collaborations, followed by the observation of the doubly
strange ��

b baryon (bss) [3,4]. The last ground state of

beauty-strange content, �0
b (bsu), has been observed by

CDF [5]. Recently, the CMS Collaboration has found
the corresponding excited state, most likely��0

b with JP ¼
3=2þ [6]. Beauty baryons with two light quarks (bqq,
where q ¼ u; d), other than the �0

b, have been studied so

far by CDF only. Of the triplets ��;0
b with spin J ¼ 1=2 and

���;0
b with J ¼ 3=2 predicted by theory, only the charged

states �ð�Þ�
b have so far been observed via their decay to

�0
b�

� final states [7,8]. None of the quantum numbers of

beauty baryons have been measured.
The quark model predicts the existence of two orbitally

excited �0
b states ��0

b , with the quantum numbers JP ¼
1=2� and 3=2�, respectively, that should decay to
�0

b�
þ�� or �0

b�. These states have not previously been

established experimentally. The properties of excited �0
b

baryons are discussed in Refs. [9–15]. Most predictions
give masses above the �0

b�
þ�� threshold but below the

�b� threshold. Observation of��0
b states and measurement

of their quantum numbers would provide a further confir-
mation of the validity of the quark model, and the precise
measurement of their masses would test the applicability of
various theoretical models used to describe the interaction
of heavy quarks.

This Letter reports the first observation of the ��0
b states

decaying into �0
b�

þ�� and the measurement of their

masses and upper limits on their natural widths. The data

set of 1:0 fb�1 collected in pp collisions at the LHC at the
center-of-mass energy

ffiffiffi

s
p ¼ 7 TeV in 2011 is used for the

analysis.
The LHCb detector [16] is a single-arm forward spec-

trometer covering the pseudorapidity range 2<�< 5,
designed for the study of particles containing b or c quarks.
The detector includes a high precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream. The combined
tracking system has a momentum resolution �p=p that
varies from 0.4% at 5 GeV=c to 0.6% at 100 GeV=c and an
impact parameter (IP) resolution of 20 �m for tracks with
high transverse momentum. Charged hadrons are identified
by using two ring-imaging Cherenkov detectors. Photon,
electron, and hadron candidates are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic calorimeter, and a
hadronic calorimeter. Muons are identified by a muon
system composed of alternating layers of iron and multi-
wire proportional chambers.
The online event selection (trigger) consists of a hard-

ware stage, based on information from the calorimeter and
muon systems, followed by a software stage which applies
full event reconstruction. The software trigger used in this
analysis requires a two-, three-, or four-track secondary
vertex with a high sum of the momenta transverse to the
beam axis, pT, of the tracks, and significant displacement
from the primary interaction vertex (PV). In addition, the
secondary vertex should have at least one track with
pT > 1:7 GeV=c, IP 	2 with respect to any PV greater
than 16 (where the IP 	2 is defined as the difference of
the PV fit 	2 with and without the track included), and a
track fit 	2=ndf < 2, where ndf is the number of degrees of
freedom in the fit. A multivariate algorithm is used for the
identification of the secondary vertices [17].
The �0

b candidates are reconstructed in the �0
b !

�þ
c �

�, �þ
c ! pK��þ decay chain (addition of charge-

conjugate states is implied throughout this Letter). The

*Full author list given at the end of the article.
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selection of �0
b candidates is performed in two stages.

First, a loose preselection of events containing beauty
hadron candidates decaying to charm hadron candidates
is performed. It requires that the tracks forming the candi-
date, as well as the beauty and charm vertices, have good
quality and are well separated from any PV, and the invari-
ant masses of the beauty and charm candidates are consis-
tent with the masses of the corresponding particles.

The final selection requires that all the tracks forming
the �0

b candidate have an IP 	2 with respect to any PV

greater than 9, and the IP 	2 of the �0
b candidate to the best

PV (PV having the minimum IP 	2 for the�0
b candidate) is

less than 16. Particle identification (PID) information from
the ring-imaging Cherenkov detectors is used to identify
kaons and protons in the final state in the form of differ-
ences of logarithms of likelihoods between the proton and
pion (DLLp�) and kaon and pion (DLLK�) hypotheses. No

PID requirements are applied to the pions from �0
b !

�þ
c �

� decays to increase the �0
b yield: A significant

fraction of these pions have momenta above 100 GeV=c,
where the PID performance is reduced. Finally, a kine-
matic fit is used which constrains the decay products of the
�0

b and �
þ
c baryons to originate from common vertices, the

�0
b to originate from the PV, and the invariant mass of the

�þ
c candidate to be equal to the established �þ

c mass [18].
A momentum scale correction is applied to all invariant

mass spectra in this analysis to improve the mass measure-
ment using the procedure similar to Ref. [19]. The mo-
mentum scale has been calibrated by using J=c ! �þ��
decays, and its accuracy has been quantified with other
two-body resonance decays [
ð1SÞ ! �þ��, K0

S !
�þ��, � ! KþK�].

Signal and background distributions are studied by using
simulation. Proton-proton collisions are generated by using
PYTHIA 6.4 [20] with a specific LHCb configuration [21].

Decays of hadronic particles are described by EVTGEN [22]
in which final state radiation is generated by using PHOTOS

[23]. The interaction of the generated particles with the
detector and its response are implemented by using the
GEANT4 toolkit [24] as described in Ref. [25].

The distribution of the �þ
c �

� invariant mass after the
kinematic fit is shown in Fig. 1, where a requirement of
good quality of the kinematic fit is applied. In addition to
the �0

b ! �þ
c �

� signal contribution, the spectrum con-

tains backgrounds from random combinations of tracks
(random background), from partially reconstructed decays
where one or more particles are not reconstructed, and
from �0

b ! �þ
c K

� decays with the kaon reconstructed

under the pion mass hypothesis. A fit of the spectrum
yields 70 540� 330 signal events, and the signal-to-
background ratio in a �25 MeV=c2 interval around the
nominal �0

b mass is S=B ¼ 11. The fit to the �þ
c �

�
spectrum is used only to estimate the �0

b yield and the

�0
b ! �þ

c K
� contribution and is not used in the subse-

quent analysis.

The �0
b candidates obtained with the above selection are

combined with two tracks under the pion mass hypothesis
(referred to as slow pions from now on) to search for
excited �0

b states. The tracks are required to have trans-

verse momentum pT > 150 MeV=c, and no PID require-
ments are applied. A kinematic fit is applied that, in
addition to all constraints described above for �0

b candi-

dates, constrains the two slow pion tracks to originate from
the PVand the invariant mass of the�0

b candidate to a fixed

value of 5619:37 MeV=c2, which is a combination of the
world average [18] and the LHCb measurement [26].
The uncertainty on the combined �0

b mass obtained in

this way, 0:69 MeV=c2, is treated as a systematic effect.
Combinations with a good quality of kinematic fit,
	2=ndf < 3:3, are retained. From the simulation study,
this requirement is optimal for the observation of a narrow
state near the kinematic threshold with a signal-to-
background ratio around one.
The fit of the�þ

c �
� mass spectrum (Fig. 1) indicates the

presence of the background from �0
b ! �þ

c K
� decays at a

rate around 12%, relative to the �0
b ! �þ

c �
� signal.

Alternatively, its rate can be estimated from the ratio of
Bþ ! �D0Kþ and Bþ ! �D0�þ decays that equals 8%
[18]. Because of the �0

b mass constraint in the kinematic

fit, the �0
b�

þ�� invariant mass distribution for this mode

is biased by less than 0:1 MeV=c2 if reconstructed under
the �þ

c �
� mass hypothesis and has a resolution only a

factor of 2 worse than that with the �þ
c �

� signal. After the
kinematic fit quality requirement, the fraction of �0

b�
þ��

with �0
b ! �þ

c K
� decays compared to those with the

�þ
c �

� is reduced to 8%. This mode is thus not treated
separately, and its effect is taken into account as a part of
the systematic uncertainty due to the signal shape.
Combinations of �0

b candidates with both opposite-sign

and same-sign slow pions are selected in the data. The
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FIG. 1 (color online). Invariant mass spectrum of �þ
c �

� com-
binations. The points with error bars are the data, and the fitted
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b ! �þ
c �

� signal and three background components (�0
b !

�þ
c K

�, partially reconstructed, and random background) are
shown with different fill styles.
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latter are used to constrain the background shape coming
from random combinations of the �0

b baryon and two

tracks. The assumption that the shape of the background
in �0

b�
þ�� and �0

b�
��� modes is the same is validated

with simulation. The �0
b�

þ�� and �0
b�

��� invariant

mass spectra are shown in Fig. 2; two narrow structures
with masses around 5912 and 5920 MeV=c2 are evident in
the �0

b�
þ�� spectrum. They are interpreted as the orbi-

tally excited �0
b states and are denoted hereafter as

��0
b ð5912Þ and ��0

b ð5920Þ.
A combined unbinned fit of the �0

b�
þ�� and �0

b�
���

samples is performed to extract the masses and event yields
of the two states. The background is described with a
quadratic polynomial function with common parameters
for both samples except for an overall normalization. The
probability density function (PDF) for each of the
��0

b ð5912Þ and ��0
b ð5920Þ signals is a sum of two

Gaussian PDFs with the same mean. The relative normal-
izations of the two Gaussian PDFs are fixed to the values
obtained from the simulation of states with masses 5912
and 5920 MeV=c2 and zero natural widths, while the mean
value and overall normalization for each signal are left free
in the fit. The core resolution (width of the narrower
Gaussian PDF) obtained from simulation is 0.19 and
0:27 MeV=c2 for ��0

b ð5912Þ and ��0
b ð5920Þ, respectively.

Study of several high-statistics samples [�0
b ! �þ

c �
�,

c ð2SÞ ! J=c�þ��, D�þ ! D0�þ] shows that the in-
variant mass resolution in the data is typically worse by
20% than in the simulation. Thus the nominal data fit uses

the widths of Gaussian PDFs from the simulation multi-
plied by 1.2. The data fit yields 17:6� 4:8 events with
massM��0

b
ð5912Þ ¼ 5911:97� 0:12 MeV=c2 and 52:5�8:1

events with mass M��0
b
ð5920Þ ¼5919:77�0:08MeV=c2.

Limits on natural widths � of the two states are obtained
by performing an alternative fit where the signal PDFs are
convolved with relativistic Breit-Wigner distributions. The
dependence of Breit-Wigner width � on the �0

b�
þ��

invariant mass M is taken into account as ���0
b
ðMÞ ¼

���0
b
� ðq=q0Þ2 � ðM��0

b
=MÞ. Here M��0

b
is the mass of

the ��0
b state, and qð0Þ is the kinematic energy for the decay

of the state with mass Mð��0
b
Þ: qð0Þ ¼ Mð��0

b
Þ �M�0

b
�

2M�, where M�0
b
and M� are the masses of �0

b and �þ,
respectively. Scans of Breit-Wigner widths ���0

b
ð5912Þ and

���0
b
ð5920Þ are performed with all the other parameters free

to vary in the fit. The upper limits are obtained without
applying the mass resolution scaling factor of 1.2 as in the
nominal fit to account for the uncertainty of this quantity:
This gives a more conservative value for the upper limit.
The 90% (95%) confidence level (C.L.) upper limit on �,
which corresponds to 1.28 (1.64) standard deviations, is
obtained as the value of � where the negative logarithm of
the likelihood is 1:282=2 ¼ 0:82 (1:642=2 ¼ 1:34) greater
than at its minimum. The 90% (95%) C.L. upper limit is
���0

b
ð5912Þ < 0:66 MeV (0.83 MeV) for the ��0

b ð5912Þ state
and ���0

b
ð5920Þ < 0:63 MeV (0.75 MeV) for the ��0

b ð5920Þ
state.
The invariant mass of the two pions, Mð�þ��Þ, in the

��0
b ð5920Þ ! �0

b�
þ�� decay is shown in Fig. 3. The

background is subtracted by using the SWEIGHTS procedure
[27]. The weights are calculated from the fit to �0

b�
þ��

invariant mass distribution, which is practically uncorre-
lated with Mð�þ��Þ. The Mð�þ��Þ distribution is con-
sistent with the result of phase-space decay simulation,
with 	2=ndf ¼ 1:6 for ndf ¼ 9. No peaking structures
are evident.
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FIG. 2 (color online). Invariant mass spectrum of (a) �0
b�

þ��
and (b) �0

b�
��� combinations. The points with error bars are

the data, the solid line is the fit result, and the dashed line is the
background contribution.
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Systematic uncertainties on the mass measurement are
shown in Table I. The dominant uncertainty in the absolute
��0

b mass measurement comes from the uncertainty on the

�0
b mass �M�0

b
¼ 0:69 MeV=c2; it is propagated to the��0

b

mass uncertainty as �M��0
b
¼ �M�0

b
� ðM�0

b
=M��0

b
Þ ’

0:66 MeV=c2. This uncertainty mostly cancels in the
mass difference �M��0

b
¼ M��0

b
�M�0

b
, where the residual

uncertainty is ��M��0
b
¼ �M�0

b
� ð�M�0

b
=M��0

b
Þ. The un-

certainty of the signal parameterization is estimated by
using the simulated signal parametrization without apply-
ing the resolution scaling factor, by using the natural width
for both states when left free in the fit, and by conserva-
tively including the �0

b ! �þ
c K

� contribution with the

rate 12% parameterized from simulation. The uncertainty
due to the background parameterization is estimated by
(i) using an alternative fit model for background descrip-
tion, (ii) using the fit without the �0

b�
��� constraint,

(iii) using the fit with the background obtained from the
simulation, (iv) fitting in the reduced invariant mass range
5910–5930 MeV=c2, and (v) taking the largest difference
from the nominal fit result as a systematic uncertainty. The
effect of the momentum scale correction is evaluated
by varying the scale coefficient by its relative uncertainty
5� 10�4 in simulated signal samples.

The significance of the observation of the two states is
evaluated with simulated pseudoexperiments. A large
number of background-only invariant mass distributions
are simulated with parameters equal to the fit result, and
each distribution is fitted with models that include back-
ground only, as well as background and signal. The mean
mass value of the signal PDF is not constrained in the fit to
account for a trial factor in the range 5900–5950 MeV=c2.
The significance is calculated as the fraction of samples
where the difference of the logarithms of fit likelihoods
� logL with and without the signal is larger than in the
data. The fraction is obtained by an exponential extrapo-
lation of the � logL distribution [28] that allows a limited
number of pseudoexperiments to be used for a signal with
high significance. The significance is then expressed in
terms of the number of standard deviations (
). The sig-
nificance of the ��0

b ð5912Þ state obtained in this way is

5:4
 for the � logL obtained from the nominal fit. To
account for systematic effects, the minimum � logL

among all systematic variations is taken; in that case, the
significance reduces to 5:2
. Similarly, the statistical sig-
nificance of the ��0

b ð5920Þ state is 11:7
, and the signifi-

cance including systematic uncertainties is 10:2
.
The fit biases and the validity of the statistical uncer-

tainties are checked with pseudoexperiments where the
PDF contains both signal and background components.
The fit does not introduce any noticeable bias on the
measurement of the masses. The mass uncertainty for
��0

b ð5920Þ state is estimated correctly within 1% precision;

however, the mass uncertainty for the ��0
b ð5912Þ is under-

estimated by 4%. This factor is taken into account in the
final result.
In summary, we report the observation of two narrow

states in the �0
b�

þ�� mass spectrum, ��0
b ð5912Þ and

��0
b ð5920Þ, with masses

M��0
b
ð5912Þ ¼ 5911:97� 0:12� 0:02� 0:66 MeV=c2;

M��0
b
ð5920Þ ¼ 5919:77� 0:08� 0:02� 0:66 MeV=c2;

where the first uncertainty is statistical, the second is
systematic, and the third is the uncertainty due to knowl-
edge of the �0

b mass. The values of the mass differences

with respect to the �0
b mass, where most of the last uncer-

tainty cancels and the remaining part is included in the
systematic uncertainty, are

�M��0
b
ð5912Þ ¼ 292:60� 0:12ðstatÞ � 0:04ðsystÞ MeV=c2;

�M��0
b
ð5920Þ ¼ 300:40� 0:08ðstatÞ � 0:04ðsystÞ MeV=c2:

The signal yield for the ��0
b ð5912Þ state is 17:6� 4:8

events, and the significance of the signal (including
systematic uncertainty and trial factor in the mass range
5900–5950 MeV=c2) is 5.2 standard deviations. For the
��0

b ð5920Þ state, the yield is 52:5� 8:1 events, and

the significance is 10.2 standard deviations. The limits on
the natural widths of these states are ���0

b
ð5912Þ<0:66MeV

(<0:83MeV) and ���0
b
ð5920Þ < 0:63 MeV (<0:75) at the

90% (95%) C.L.
The masses of ��0

b states obtained in our analysis are

30–40 MeV=c2 higher than in the prediction using the
constituent quark model [12] and 20–30 MeV=c2 lower
than the predictions based on the relativistic quark model
[11], modeling the color hyperfine interaction [14] and an
approach based on the heavy quark effective theory [15].
Calculation involving a combined heavy quark and large
number of colors expansion [9,10] gives a value roughly in
agreement, although only the spin-averaged prediction is
available. The earlier prediction based on the relativized
quark potential model [13] matches well the absolute mass
values for both states, but the�0

b mass prediction using this

model is 35 MeV=c2 lower than the measured value.
We express our gratitude to our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at

TABLE I. Systematic uncertainties on the mass difference
�M��0

b
between ��0

b and �0
b.

Systematic bias (MeV=c2)
Source of uncertainty �M��0

b
ð5912Þ �M��0

b
ð5920Þ

�0
b mass 0.034 0.035

Signal PDF 0.021 0.011

Background PDF 0.002 0.002

Momentum scale 0.008 0.013

Total 0.041 0.039
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D. Golubkov,28 A. Golutvin,50,28,35 A. Gomes,2 H. Gordon,52 M. Grabalosa Gándara,33 R. Graciani Diaz,33

L. A. Granado Cardoso,35 E. Graugés,33 G. Graziani,17 A. Grecu,26 E. Greening,52 S. Gregson,44 O. Grünberg,55

B. Gui,53 E. Gushchin,30 Yu. Guz,32 T. Gys,35 C. Hadjivasiliou,53 G. Haefeli,36 C. Haen,35 S. C. Haines,44

T. Hampson,43 S. Hansmann-Menzemer,11 N. Harnew,52 S. T. Harnew,43 J. Harrison,51 P. F. Harrison,45

T. Hartmann,55 J. He,7 V. Heijne,38 K. Hennessy,49 P. Henrard,5 J. A. Hernando Morata,34 E. van Herwijnen,35

E. Hicks,49 M. Hoballah,5 P. Hopchev,4 W. Hulsbergen,38 P. Hunt,52 T. Huse,49 R. S. Huston,12 D. Hutchcroft,49

D. Hynds,48 V. Iakovenko,41 P. Ilten,12 J. Imong,43 R. Jacobsson,35 A. Jaeger,11 M. Jahjah Hussein,5 E. Jans,38

F. Jansen,38 P. Jaton,36 B. Jean-Marie,7 F. Jing,3 M. John,52 D. Johnson,52 C. R. Jones,44 B. Jost,35 M. Kaballo,9

S. Kandybei,40 M. Karacson,35 T.M. Karbach,9 J. Keaveney,12 I. R. Kenyon,42 U. Kerzel,35 T. Ketel,39 A. Keune,36

B. Khanji,6 Y.M. Kim,47 M. Knecht,36 O. Kochebina,7 I. Komarov,29 R. F. Koopman,39 P. Koppenburg,38

M. Korolev,29 A. Kozlinskiy,38 L. Kravchuk,30 K. Kreplin,11 M. Kreps,45 G. Krocker,11 P. Krokovny,31 F. Kruse,9

K. Kruzelecki,35 M. Kucharczyk,20,23,35,j V. Kudryavtsev,31 T. Kvaratskheliya,28,35 V. N. La Thi,36 D. Lacarrere,35

G. Lafferty,51 A. Lai,15 D. Lambert,47 R.W. Lambert,39 E. Lanciotti,35 G. Lanfranchi,18 C. Langenbruch,35

T. Latham,45 C. Lazzeroni,42 R. Le Gac,6 J. van Leerdam,38 J.-P. Lees,4 R. Lefèvre,5 A. Leflat,29,35 J. Lefrançois,7
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