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S. Crépé-Renaudin,14 V. Cuplov,59 D. Cutts,77 M. Ćwiok,30 H. da Motta,2 A. Das,45 G. Davies,43 K. De,78 S. J. de Jong,35

E. De La Cruz-Burelo,33 C. De Oliveira Martins,3 K. DeVaughan,67 J. D. Degenhardt,64 F. Déliot,18 M. Demarteau,50
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We report the observation of the doubly strange b baryon ��
b in the decay channel ��

b ! J=c��,
with J=c ! �þ�� and �� ! �K� ! ðp��ÞK�, in p �p collisions at

ffiffiffi
s

p ¼ 1:96 TeV. Using approxi-

mately 1:3 fb�1 of data collected with the D0 detector at the Fermilab Tevatron Collider, we observe

17:8� 4:9ðstatÞ � 0:8ðsystÞ ��
b signal events at a mass of 6:165� 0:010ðstatÞ � 0:013ðsystÞ GeV. The

significance of the observed signal is 5:4�, corresponding to a probability of 6:7� 10�8 of it arising from

a background fluctuation.

DOI: 10.1103/PhysRevLett.101.232002 PACS numbers: 14.20.Mr, 14.65.Fy
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The �� baryon, composed of three strange quarks, has
played an important historical role in our understanding of
the basic structure of matter. Its discovery in 1964 [1] at a
mass predicted from SU(3) symmetry breaking was a great
success for the theory [2]. The ��

b ðbssÞ (charge conjugate
states are assumed throughout this Letter) is a predicted
heavy cousin of the�� with a b quark replacing one of the
three strange quarks. While the �� has JP ¼ 3=2þ, the
ground state ��

b is expected to have JP ¼ 1=2þ, a mass

between 5.94–6.12 GeV and a lifetime such that 0:55<
�ð��

b Þ=�ðB0Þ< 1:10 [3].

In this Letter, we report the first observation of the ��
b

baryon, fully reconstructed from its decay��
b ! J=c��,

with J=c ! �þ��, �� ! �K�, and � ! p��. The
analysis is based on a data sample of 1:3 fb�1 collected
in p �p collisions at

ffiffiffi
s

p ¼ 1:96 TeVwith the D0 detector [4]
at the Fermilab Tevatron Collider. The detector compo-
nents most relevant to this analysis are the central tracking
system and the muon spectrometer. The central tracking
system consists of a silicon microstrip tracker (SMT) and a
central fiber tracker (CFT) inside a 2 Tesla superconduct-
ing solenoid. The SMT is optimized for tracking and
vertexing over the pseudorapidity region j�j< 3 while
the CFT has coverage for j�j< 2. A liquid argon and
uranium calorimeter provides coverage up to j�j< 4:2.
The muon spectrometer covers j�j< 2.

The ��
b ! J=c�� ! J=c�K� ! J=cp��K� de-

cay topology is similar to that of the ��
b ! J=c�� !

J=c��� ! J=cp���� decay with �� in place of ��
andK� in place of��. Consequently, the reconstruction of
the J=c and � and their selection discussed below follow
closely the analysis that led to the first direct observation of
the ��

b baryon [5]. However, in this analysis we use a

multivariate selection for the �� owing to the smaller
signal to background ratio compared to that for the ��
in the ��

b analysis. We use the PYTHIA Monte Carlo (MC)

program [6] to generate��
b and the EVTGEN program [7] to

simulate ��
b decays. The ��

b mass and lifetime are set to

be 6.052 GeV and 1.54 ps, respectively. The generated
events are subjected to a GEANT [8] based D0 detector
simulation, and to the same reconstruction and selection
programs as the data. We optimize the �� selection using
MC ��

b events for the signal and a sample of J=c ð�KþÞ
data (referred to below as wrong-sign events) for the
background, while keeping the J=c�� data blinded.
Once all selection criteria have been determined, we apply
them to the J=c�� data.

We begin the event selection by reconstructing J=c !
�þ�� candidates from two oppositely charged muons
with transverse momentum (pT) greater than 1.5 GeV
that are compatible with being from a common vertex.
Muons are identified by tracks reconstructed in the central
tracking system that are matched with either track seg-
ments in the muon spectrometer or calorimeter energy
deposits consistent with a minimum ionizing particle.

Events must have a well-reconstructed p �p interaction point
that we take to be the ��

b production vertex and a J=c !
�þ�� candidate in the mass window 2:75<M�� <

3:40 GeV. Events with J=c candidates are reprocessed
with a version of the track reconstruction algorithm that
increases the efficiency for tracks with low pT and high
impact parameters.
We form � ! p�� candidates from two oppositely

charged particles, each with pT > 0:2 GeV, that are con-
sistent with having originated from a common vertex. The
two tracks are required to have a total of no more than two
hits in the tracking system before the reconstructed p��
vertex. The impact parameter significance (the impact
parameter with respect to the p �p interaction point divided
by its uncertainty) must exceed four for at least one of the
tracks and three for the other. The track with the higher pT

is assumed to be the proton. MC studies show that this
assignment leads to the correct combination nearly 100%
of the time. Furthermore, we require the � transverse
decay length to be greater than 4 times its uncertainty
and the proper decay length to exceed 10 times its uncer-
tainty, where the transverse decay length is the distance
between the production and decay vertices in the transverse
plane while the proper decay length is the transverse decay
length corrected by the Lorentz boost calculated from
pTð�Þ. � candidates must have reconstructed masses be-
tween 1.108 and 1.126 GeV.
We combine � candidates with negatively charged par-

ticles (assumed to be kaons) to form �� ! �K� decay
candidates. The � and the kaon are required to have a
common vertex. The �� candidates must have transverse
decay length significances greater than four and the un-
certainties of the proper decay lengths less than 0.5 cm.
These two requirements reduce backgrounds from combi-
natorics and mismeasured tracks. The �� baryon has a
mass of 1.322 GeV [9] and decays into ���. If the kaon
mass is assigned to the pion, this decay could be a major
background for �� ! �K�. To eliminate this back-
ground, we remove candidates with ��� mass less than
1.34 GeV. Figure 1(a) shows the mass distribution of the
reconstructed �� ! �K� candidates after these selec-
tions. The distribution of wrong-sign �Kþ events is also
shown. An excess of events above the background around
the expected �� mass of 1.672 GeV [9] is visible in the
distribution of the right-sign �K� events.
To further enhance the�� signal over the combinatorial

background, kinematic variables associated with daughter
particle momenta, vertices, and track qualities are com-
bined using boosted decision trees (BDT) [10,11]. The
�K� mass distribution after the BDT selection is shown
in Fig. 1(b). The BDT selection retains 87% of the ��
signal while rejecting 89% of the background. The en-
hanced �� mass peak is evident in the distribution. A
�K� pair is considered to be a �� candidate if its mass
is in the range of 1.662–1.682 GeV.
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To select ��
b ! J=c�� candidates, we develop selec-

tion criteria using the MC ��
b events as the signal and the

data wrong-sign events as the background. The background
events are formed by combining J=c candidates with
�Kþ pairs with mass between 1.662 and 1.682 GeV. We
form ��

b ! J=c�� decay candidates from J=c and ��
pairs that are consistent with being from a common vertex.
We require the uncertainty of the ��

b proper decay length

to be less than 0.03 cm and impose a minimum pT cut of
6 GeVon the��

b candidates. Finally, J=c and�� daugh-

ters from the ��
b decays are expected to be boosted in the

direction of the ��
b ; therefore, we require the opening

angle in the transverse plane between the J=c and the
�� to be less than �=2.

We then apply the above selections to the right-sign
events in the data to search for the ��

b baryon in the

mass window between 5.6 and 7.0 GeV. This range is
chosen since 5.624 GeV is the mass of the lightest b
baryon, the �b, and the upper limit of 7.0 GeV is nearly
1 GeV higher than the predicted ��

b mass [11]. We calcu-

late the ��
b candidate mass using the formula Mð��

b Þ¼
MðJ=c��Þ�Mð�þ��Þ�Mð�K�ÞþM̂ðJ=c ÞþM̂ð��Þ.
Here MðJ=c��Þ, Mð�þ��Þ, and Mð�K�Þ are the re-

constructed masses while M̂ðJ=c Þ and M̂ð��Þ are taken
from Ref. [9]. This calculation improves the mass resolu-
tion of theMC��

b events from 0.080 GeV to 0.034 GeV. In

the mass search window, we observe 79 candidates in the
data with the mass distribution shown in Fig. 2(a). An
excess of events near 6.2 GeV is apparent. No such struc-
ture, however, is seen in the corresponding mass distribu-
tion [Fig. 2(b)] of the 30 wrong-sign events.

Assuming the excess is due to the��
b production, we fit

��
b candidate masses with the hypothesis of a Gaussian

signal plus a flat background using an unbinned likelihood
method. We fix the Gaussian width to 0.034 GeV, the width
of the MC��

b signal. The fit gives an��
b mass of 6:165�

0:010ðstatÞ GeV and a yield of 17:8� 4:9ðstatÞ signal
events. To assess the significance of the excess, we first
determine the likelihood Lsþb of the signal plus back-
ground fit above and then repeat the fit with only the
background contribution to find a new likelihood Lb.

The logarithmic likelihood ratio
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðLsþb=LbÞ

p
yields a

statistical significance of 5:4�, equivalent to a probability
of 6:7� 10�8 that the background could fluctuate with a
significance equal to or greater than what is observed.
Fitted yields for positively and negatively charged candi-
dates are 6:2� 3:1ðstatÞ �þ

b and 12:0� 3:9ðstatÞ ��
b ,

respectively.
Various checks have been performed to ensure that the

observed resonance is genuine. (1) We apply the event se-
lection to data events in the sidebands of the reconstructed
�� and � resonances separately. The J=c ðp��ÞK� mass
distributions of these sideband events are shown in
Figs. 2(c) and 2(d). No significant excess is present in
either distribution. (2) We investigate the possibility of a
false signal due to residual b hadron backgrounds by
applying the final ��

b selection to MC B� ! J=cK�� !
J=cK0

S�
�, ��

b ! J=c��, and �b ! J=c� samples

with equivalent integrated luminosities significantly
greater than that of the analyzed data. No indication of
any resonance is observed in the reconstructed J=c��
mass distribution. (3) We check the mass distributions of
the ��

b decay products. For ��
b candidates within a �3�

mass window around the observed peak, we relax the mass
requirements on the�� and� candidates and perform a fit
to each mass distribution. The numbers of the �� and �
candidates from the fits are consistent with the observed
number of ��

b signal events. (4) We replace the BDT

selection with individual cuts on the most important vari-
ables according to the BDT optimization and confirm the
existence of a peak with a comparable event yield but a
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FIG. 2 (color online). (a) The Mð��
b Þ distribution of the ��

b

candidates after all selection criteria. The dotted curve is an
unbinned likelihood fit to the model of a constant background
plus a Gaussian signal. The mass distributions for the wrong-sign
background (b), the �� sideband events (c), and the � sideband
events (d).
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FIG. 1 (color online). The invariant mass distribution of the
�K pair before (a) and after (b) the BDT selection. Solid circles
are from the right-sign �K� events while the histogram is from
the wrong-sign �Kþ events without any additional normaliza-
tion.
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higher background at a mass consistent with that observed
using the BDT. (5) We test the robustness of the peak by
varying selections such as the �� veto, � and �� mass
windows, � transverse decay requirements, BDT selec-
tion, and the requirement on pTð��

b Þ. All the above studies
confirm the existence of the resonance.

Potential sources of systematic uncertainties on the
measured ��

b mass include event selection, signal and

background models, and momentum scale. Varying the
selection criteria and applying a set of cuts on individual
kinematic variables lead to a maximum change of
0.012 GeV in the fitted mass. Using a linear function as
the background model results in negligible change in the
mass. Varying the Gaussian width in the signal model
between 0.028 and 0.040 GeV changes the fitted mass by
at most 0.003 GeV. When a tighter selection is applied to
enhance signal over background, we can float the width of
the signal model in the fit. This leads to a mass shift of
0.002 GeVand a fitted signal width of 0:033� 0:010 GeV,
consistent with the MC expectation. To study the effect of
the track momentum scale uncertainty on the measured
��

b mass, we reconstruct the higher statistics�b ! J=c�
decays and measure the�b mass for different minimum pT

requirements on the �b daughter particles. We compare
these measurements to the world average value of the �b

mass [9] and take the maximum deviation of 0.004 GeVas
a systematic uncertainty. Adding in quadrature, we get a
total systematic uncertainty of 0.013 GeV to obtain a mea-
sured ��

b mass: 6:165� 0:010ðstatÞ � 0:013ðsystÞ GeV.
Similarly, we estimate the systematic uncertainty on the
��

b yield by varying the signal and background models in

the fit. The observed maximum change of 0.8 is assigned as
the systematic uncertainty on the yield: 17:8� 4:9ðstatÞ �
0:8ðsystÞ. In all these studies, the signal significance re-
mains above 5�.

Figure 3 shows the distribution of the proper decay
length of the ��

b candidates observed in the �3� mass

window around the fitted��
b mass. The distribution of the

MC ��
b signal plus the data background events is also

shown. The background distribution is modeled using
events in the ��

b sidebands of 5.8–6.0 and 6.4–6.6 GeV.

Despite the low statistics, the data distribution contains
significantly more positive than negative decay lengths as
expected and consistent with a weakly decaying b hadron.
We calculate the ��

b production rate relative to that of

the ��
b [5]. The selection efficiency ratio �ð��

b !
J=c��Þ=�ð��

b ! J=c��Þ is found to be 1:5�
0:2ðstatÞ assuming inclusive �� and �� decays. The
higher efficiency for the ��

b is due primarily to a harder

pT spectrum of the kaon from the �� decay than that of
the pion from the �� decay and a shorter lifetime of the
�� compared to the��. By using the reported��

b events

[5] and the observed ��
b yield here, we estimate

R ¼ fðb ! ��
b Þ

fðb ! ��
b Þ

Brð��
b ! J=c��Þ

Brð��
b ! J=c��Þ

to be R ¼ 0:80� 0:32ðstatÞþ0:14
�0:22ðsystÞ. Here fðb ! ��

b Þ
and fðb ! ��

b Þ are the fractions of b quarks that hadronize
to form ��

b and ��
b , respectively. The systematic uncer-

tainty includes contributions from the signal yields as well
as the efficiency ratio. Using �ð��

b ! J=c��Þ=�ð��
b !

J=c��Þ ¼ 9:8 [12], the central values of �ð��
b Þ ¼

1:42þ0:28
�0:24 ps [9], the R value above, and �ð��

b Þ in the

range of 0.83–1.67 ps [3], we obtain fðb ! ��
b Þ=fðb !

��
b Þ � 0:07–0:14.
In summary, by analyzing 1:3 fb�1 of data collected by

the D0 experiment in p �p collisions at
ffiffiffi
s

p ¼ 1:96 TeV at
the Fermilab Tevatron Collider, we have made the first
observation of the doubly strange b baryon��

b in the fully

reconstructed decay mode ��
b ! J=c�� with J=c !

�þ��, �� ! �K� and � ! p��. We measure the
��

b mass to be 6:165� 0:010ðstatÞ � 0:013ðsystÞ GeV.
The significance of the observed signal is greater than 5�.
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