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The mass difference between the Ω−
b and Ξ−

b baryons is measured using proton-proton collision data
collected by the LHCb experiment, corresponding to an integrated luminosity of 9 fb−1, and is found to be
mðΩ−

b Þ −mðΞ−
b Þ ¼ 248.54� 0.51ðstatÞ � 0.38ðsystÞ MeV=c2. The mass of the Ω−

b baryon is measured to
be mðΩ−

b Þ ¼ 6045.9� 0.5ðstatÞ � 0.6ðsystÞ MeV=c2. This is the most precise determination of the Ω−
b

mass to date. In addition, the production rate of Ω−
b baryons relative to that of Ξ−

b baryons is measured for
the first time in pp collisions, using an LHCb dataset collected at a center-of-mass energy of 13 TeV and
corresponding to an integrated luminosity of 6 fb−1. Reconstructing beauty baryons in the kinematic region
2 < η < 6 and pT < 20 GeV=c with their decays to a J=ψ meson and a hyperon, the ratio
fΩ−

b
fΞ−

b

×
BðΩ−

b→J=ψΩ−Þ
BðΞ−

b→J=ψΞ−Þ ¼ 0.120� 0.008ðstatÞ � 0.008ðsystÞ, is obtained, where fΩ−
b
and fΞ−

b
are the fragmen-

tation fractions of b quarks into Ω−
b and Ξ−

b baryons, respectively, and B represents the branching fractions
of their respective decays.

DOI: 10.1103/PhysRevD.108.052008

I. INTRODUCTION

The quark model predicts fifteen b-baryon states, con-
taining one b quark and two lighter quarks (u, d or s), that
are neither orbitally nor radially excited. Four of these
states, namely Λ0

b, Ξ0
b, Ξ−

b and Ω−
b , are particularly inter-

esting since they can only decay through the weak
interaction, leading to lifetimes of about 1.5 ps [1].
Due to the relatively high masses of the b baryons,
currently only high-energy accelerators such as the
Large Hadron Collider (LHC) copiously produce all their
types. As a consequence, the current experimental knowl-
edge on the b-baryon mass hierarchy, properties and decay
modes is limited mainly to the results of hadron-collider
experiments.
The heaviest of the four weakly decaying baryons,

the Ω−
b state with ssb quark content in the constituent

quark model, is the least well studied. While both the
DØ and CDF collaborations claimed the observation
of the Ω−

b → J=ψΩ− decay, the reported mass values,
6165� 10ðstatÞ � 13ðsystÞ MeV=c2 by DØ [2] and
6054.4� 6.8ðstatÞ � 0.9ðsystÞ MeV=c2 by CDF [3], differ

by more than six standard deviations. The situation was
clarified by the LHCb experiment in 2013 [4] with the
confirmation of the state observed by CDF using the same
decay mode. In 2014, the CDF experiment observed a
second decay mode, Ω−

b → Ω0
cπ

− [5], confirmed by LHCb
in 2016 [6]. Both CDF and LHCb have measured the mass
and lifetime of the Ω−

b baryon. However, in both cases the
measurements were limited by the available datasets having
yields as low as a few tens of signal candidates. Recently,
LHCb published a more precise measurement of the Ω−

b
baryon mass via its decay mode Ω−

b → Ξþ
c K−π− [7].

This paper presents a measurement of the Ω−
b baryon

mass with the Ω−
b → J=ψΩ− decay (charge conjugation is

implied throughout this paper), using the full LHCb proton-
proton (pp) collision dataset collected from 2011 to 2018,
corresponding to an integrated luminosity of 9 fb−1, at
center-of-mass energies of 7,8 and 13 TeV. Reconstructing
the Ω−

b baryon through the decay chain Ω−
b → J=ψΩ−,

Ω− → ΛK− and Λ → pπ− is particularly advantageous
since the cascade topology of the decay of two long-lived
hyperons cannot be mimicked by any mesonic decay. This
final state leads to very clean signal samples and therefore
is well suited for a mass measurement.
This paper also presents the first measurement of the

relative production rates of the Ω−
b and Ξ−

b baryons at the
LHC, in pp collisions at a center-of-mass energy of 13 TeV,
using a dataset corresponding to an integrated luminosity of
6 fb−1. In order to measure the absolute branching fractions
of Ω−

b decays at the LHC, it is necessary to consider the
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probability of the b-quark hadronization into the Ω−
b

baryon, denoted as fΩ−
b
, in proton-proton collisions. This

quantity is also required to measure the total b-quark
production cross section at the LHC, but until now only
phenomenological estimates were available [8]. Experi-
mentally, the quantity accessible at the LHC is the product
of the production rate of a baryon and the branching
fraction of its decay to a specific final state. This makes it
difficult to measure the absolute production rates or
absolute branching fractions at hadron colliders without
external input. For the Λ0

b baryon, the production rate was
measured at LHCb relative to B mesons. The most precise
measurement utilizes the predicted similarity of b-hadron
semileptonic decay widths [9]. At the moment, extending
this technique to the Ω−

b baryon is not possible: although
semileptonic decays of Ω−

b have been used by LHCb to
obtain a sample of Ω0

c baryons [10], the absolute branching
fractions for the Ω0

c decays are not known [1].
The CDF experiment has measured the relative produc-

tion rates of the Ω−
b , Λ0

b and Ξ−
b baryons multiplied by their

relative decay rates to the final states with a J=ψ meson and
a hyperon, in pp̄ collisions at the center-of-mass energy of
1.96 TeV at the Tevatron [3].1 Since the Tevatron and the
LHC use different colliding particles and center-of-mass
energies, it is necessary to perform an independent meas-
urement of the relative production fraction at the LHC. The
decays Ω−

b → J=ψΩ− and Ξ−
b → J=ψΞ− are well suited to

perform such a measurement, given their similar topologies
and final-state particles. Unfortunately, the relative pro-
duction fractions cannot be disentangled from the ratio of
branching fractions due to the limited knowledge of the
absolute branching fractions of the chosen decays or their
ratio. Therefore, the relative production rate of the Ω−

b and
Ξ−
b baryons is determined with the ratio

R≡ fΩ−
b

fΞ−
b

×
BðΩ−

b → J=ψΩ−Þ
BðΞ−

b → J=ψΞ−Þ : ð1Þ

In the past, LHCb has used a similar approach to measure
the relative production rate of the Ξ−

b and Λ0
b baryons [11]

using their decays Ξ−
b → J=ψΞ− and Λ0

b → J=ψΛ. These
two decay modes are linked by an SU(3) symmetry, which
simplifies the theoretical interpretation of this measurement
in terms of fΞ−

b
=fΛ0

b
. There is no such symmetry relation

between the Ω−
b → J=ψΩ− and Ξ−

b → J=ψΞ− decays that
can be used to determine fΩ−

b
=fΞ−

b
, because the Ω− baryon

is not a member of the same baryon multiplet as the Ξ− and
Λ baryons. Therefore, further theoretical input is needed to
directly access the production ratio fΩ−

b
=fΞ−

b
. Predictions of

branching fractions of theΩ−
b → J=ψΩ− and Ξ−

b → J=ψΞ−

decays have been obtained, among others, with the non-
relativistic quark model [12], covariant confined quark
model [13], and light-front quark model [14] approaches.
The lack of consistency among the different models
requires further study. Therefore, the primary quantity
measured in this paper is the ratio defined in Eq. (1).
This paper is organized as follows: after a short intro-

duction of the LHCb detector and its data processing chain
in Sec. II, the candidate selection and background sup-
pression is described in Sec. III. The mass measurement is
described in Sec. IV and the relative production rate
measurement in Sec. V. This paper concludes with a
discussion of the results in Sec. VI.

II. LHCb DETECTOR AND DATASETS

The LHCb detector [15,16] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 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 (VELO) sur-
rounding the pp interaction region [17], 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 [18,19] placed
downstream of the magnet. The tracking system provides a
measurement of the momentum, p, of charged particles
with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV=c. The minimum distance
of a track to a primary pp collision vertex (PV), the impact
parameter (IP), is measured for charged particles recon-
structed in all tracking subdetectors with a resolution of
ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV=c. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors [20].
Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers [21].
The datasets considered for this measurement were

collected by LHCb between 2011-2012 at center-of-mass
energies of 7 and 8 TeV (Run 1), corresponding to an
integrated luminosity of 3 fb−1, and between 2015-2018 at
a center-of-mass energy of 13 TeV (Run 2), corresponding
to an integrated luminosity of 6 fb−1. For the relative
production rate measurement, only the Run 2 dataset
is used, where the simulated samples describe the
reconstruction of long-lived hyperons more precisely.
The online event selection is performed by a trigger [22],
which consists of a hardware stage, based on information
from the calorimeters and the muon system, followed by a
software stage, which applies a full event reconstruction. At
the hardware stage, the event is required to have a muon
with a high transverse momentum or a dimuon pair with a
high product of transverse momenta of the two muons.

1A similar measurement was also performed by the DØ
experiment [2], but since the mass value of the state observed
by DØ is incompatible with other experiments, this result is
omitted.
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At the software stage, the dimuon pair must have a
significant displacement from the PV.
The momentum scale is calibrated using samples of

J=ψ → μþμ− and Bþ → J=ψKþ decays collected concur-
rently with the data sample used for this analysis [4,23]. A
relative uncertainty of 3 × 10−4 is estimated using samples
of other fully reconstructed b hadrons, ϒ mesons and K0

S
mesons.
Simulated samples of Ω−

b → J=ψΩ− and Ξ−
b → J=ψΞ−

decays are used to model detector effects and selection
requirements. In the simulation, pp collisions are generated
using PYTHIA [24] with a specific LHCb configuration [25].
As the Ω−

b production rate in PYTHIA is very low, its
generation is inefficient. Therefore, the Ω−

b baryon is
simulated as a Ξ−

b baryon with the mass and lifetime
values altered to match the Ω−

b world-average values.
Decays of unstable particles are described by EVTGEN [26],
in which final-state radiation is generated using PHOTOS

[27]. The decays of the Ω−
b and Ξ−

b baryons are simulated
according to available phase space. The decays of the Ω−,
Ξ− and Λ hyperons are simulated with a dedicated helicity-
amplitude model, using the latest world-average values of
parity-violating asymmetry parameters in these decays [1].
The interaction of the generated particles with the LHCb
detector, and its response, are implemented using the
GEANT4 toolkit [28] as described in Ref. [29].

III. CANDIDATE SELECTION

The decays Ω−
b → J=ψΩ− and Ξ−

b → J=ψΞ− share a
particular topology, which is distinct from most other
processes occurring in the LHCb detector. The cascade
topology of the Ξ−→Λ½→pπ−�π− and Ω−→Λ½→pπ−�K−

decays cannot be produced by any meson decays and
provides a clean signature for hyperon decays at LHCb.
This feature is exploited in the design of the selection
requirements used in this analysis.
In this paper, reconstructed charged hadrons are classi-

fied into two categories. The long-track category (L) refers
to tracks that have reconstructed segments in both the
VELO and the subsequent tracking stations. The down-
stream-track category (D) consists of particles with tra-
jectories that are not reconstructed in the VELO, and only
include information from the tracking detectors just before
and after the LHCb magnet. While most of the recon-
structed charged particles produced in the pp collisions
form long tracks, the decay products of long-lived hyperons
tend to be reconstructed as downstream tracks. Due to the
presence of tracking information from the VELO detector,
the trajectories, and hence the IP, of long tracks are
measured with better precision than those of downstream
tracks. Since theΩ− and Ξ− baryons are long lived and their
decay products include another long-lived particle, the Λ
hyperon, the majority of the signal candidates have at least
two downstream tracks.

Signal Ω−
b and Ξ−

b candidates are built by combining an
Ω− or Ξ− hyperon candidate, respectively, with a J=ψ
meson candidate. The J=ψ candidate is reconstructed from
two oppositely charged particles that are reconstructed as
long tracks, are identified as muons by the muon system
and are assigned a muon mass hypothesis. The dimuon
invariant mass is required to be within the range
3000–3150 MeV=c2. The Ω− candidates are reconstructed
via the ΛK− decay mode, while the Ξ− candidates are
reconstructed via the Λπ− decay mode. The Λ hyperon
candidate is built from a pair of oppositely charged
particles, both forming either long or downstream tracks,
that are assigned the proton and pion hypotheses, and
originate from a common displaced vertex. The Λ candi-
date is subsequently combined with a displaced charged
particle, which is reconstructed as either a long or a
downstream track, and is assigned a kaon (for the Ω−)
or a pion (for the Ξ−) mass hypothesis. As a result, the Ξ−

and Ω− hyperons can be reconstructed in three track-type
categories: LLL, where the kaon (pion) of the Ω− (Ξ−)
decay, and the pion and proton of the Λ decay are all
reconstructed from long tracks; LDD, where the Λ decay
products are reconstructed from downstream tracks; and
DDD, where all the hyperon decay products are recon-
structed from downstream tracks. The proportion of the
LLL and LDD categories is larger in the Ω−

b decay than in
the Ξ−

b decay, due to the lifetime of the Ω− hyperon being
about half of the Ξ− lifetime.
The Ω−, Ξ− and Λ candidates are required to have a

decay vertex of good quality and a decay time greater than
2 ps. The Λ candidate must have an invariant mass within
8 MeV=c2 around the known Λ baryon mass [1]. The Ω−

and Ξ− candidates are required to have an invariant mass
within 10 MeV=c2 around their known world-average
values [1], where the mass of the Λ candidate is constrained
to its world-average value. Together, all these requirements
preserve more than 90% of reconstructed signal candidates
in both channels. To further suppress the background, the
Ω− and Ξ− hyperons are both required to have pT above
1 GeV=c; this requirement preserves about 93% of signal
candidates in each decay mode. The Ω−

b and Ξ−
b candidates

are also required to form a good vertex which is signifi-
cantly displaced from the PV, and their momentum vectors
must be consistent with originating from the PV. Since the
Ξ−
b decay includes two pions, it is ensured that the two pion

tracks are not duplicates reconstructed from the same
particle. This is done by requiring the angle between the
two pions in the laboratory frame to be greater than
0.5 mrad. This requirement preserves more than 99% of
signal and for consistency, is also applied between the kaon
and pion tracks of the Ω− decay.
For the Ξ−

b → J=ψΞ− decay, the background of
Λ0
b → J=ψΛ decays combined with a random pion is an

important contribution. This background can pollute the
region below the signal peak, as mðΛ0

bÞþmðπ−Þ<mðΞ−
b Þ.
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However, for the Ω−
b case with mðΛ0

bÞ þmðK−Þ > mðΩ−
b Þ

the equivalent background only contributes to the far upper
sideband and can therefore be neglected. To suppress this
background in the Ξ−

b decays, the pion from the Ξ− decay is
required to have a significant displacement from the PV.
The equivalent displacement requirement is applied to the
kaon of the Ω− decay to improve the cancellation of
systematic uncertainties. These requirements retain about
93% of signal candidates in each decay mode.
A possible source of background for Ω−

b → J=ψΩ−

decays are Ξ−
b → J=ψΞ− decays, where a pion is mis-

identified as a kaon. Conversely, in the Ξ−
b → J=ψΞ− case,

the background with a kaon misidentified as a pion is
negligible due to the low Ω−

b production cross-section. A
highly efficient way to suppress this background is by
applying a strict kaon identification requirement to the kaon
candidate. This approach is used for the mass measurement.
However, a precise calibration of the efficiency for this
requirement is difficult to perform when the kaon is
reconstructed as a downstream track. Therefore, an alter-
native approach is used for the measurement of the relative
production rate: the invariant mass of the Λ K− combina-
tion is calculated under the pion mass hypothesis for the
kaon, and the resulting Ξ− mass peak is vetoed. This
preserves about 97% of Ω−

b candidates.
The contribution from partially reconstructed

Ξb → J=ψΞð1530Þ decays, where the Ξð1530Þ resonance
decays to a Ξ−π final state, is expected to be negligible due
to nonoverlapping wave functions of the Ξb and Ξð1530Þ
baryons [30]. Higher Ξ states, located above the ΛK
threshold, have relatively small decay widths to the Ξ−π
channel. These partially reconstructed processes fail the
selection requirements of this measurement due to signifi-
cant missing energy. Furthermore, all excited Ω− states are
located above the ΞK threshold [1,31] and have low partial
widths for the Ωγ and isospin-violating Ωπ0 decays.
Therefore, no significant partially reconstructed back-
ground is expected in the two analyzed datasets.
The final states of interest can also be reached by Cabibbo-

suppressed processes such as Ξ−
b → J=ψΣð1385Þ− and

Ω−
b → J=ψΞð1690Þ−, followed by strong decays such as

Σð1385Þ− → Λπ− and Ξð1690Þ− → ΛK−. Since the had-
ronic resonances produced in these decays are short-lived,
these processes are suppressed by the displacement require-
ment applied on the hyperon candidates. Therefore, the
dominant remaining background is combinatorial back-
ground, consisting mostly of J=ψ mesons combined with
random tracks.
To improve the invariant-mass resolution, an additional

kinematic fit is performed on each candidate [32], where
the parent hadron is required to be consistent with origi-
nating from the primary vertex. Furthermore, the invariant
masses of the J=ψ , Λ, Ξ− and Ω− candidates are con-
strained to their known mass values [1]. The resulting
constrained invariant mass, mconstr, has a resolution around

5.4 MeV=c2 for the Ω−
b decay and 6.0 MeV=c2 for the Ξ−

b
decay. The smaller invariant-mass resolution for the Ω−

b
decay, in comparison to the Ξb decay, is due to the lower
energy release in this decay, as well as the lower lifetime
of the Ω− hyperon resulting in a higher proportion of
long tracks, which have a better momentum resolution.
Finally, to have a well-defined fiducial region, the Ω−

b
and Ξ−

b candidates are required to have 2 < η < 6 and
pT < 20 GeV=c.

IV. MEASUREMENT OF THE Ω −
b -BARYON MASS

The measurement of the Ω−
b -baryon mass is performed

using an LHCb dataset of 9 fb−1. The collected data are
considered separately for the Run 1 and Run 2 samples,
which have slightly different invariant-mass resolutions.
The mass difference mðΩ−

b Þ −mðΞ−
b Þ, rather than the

absolute Ω−
b mass, is extracted from an unbinned maxi-

mum-likelihood fit to benefit from canceling systematic
uncertainties due to imprecise calibration of the momentum
scale. The fit is performed simultaneously to the two run
periods and decay channels. It is implemented in the
ROOFIT toolkit [33] within the ROOT framework [34].
The resulting invariant-mass spectra are shown in Fig. 1.

Each signal parametrization is described by a linear combi-
nation of two double-sided Crystal Ball functions [35] with
a common mean. The parameters of the signal component
are determined from large samples of simulated signal
decays; most of them are then fixed in fits to data. The
remaining free parameters of the signal in the fit to data are
the Ξ−

b mass for both run periods, the mass difference
mðΩ−

b Þ −mðΞ−
b Þ, the width of each signal peak, and the

signal yields. The background is described in each dataset
by an exponential function, with a freely varying normali-
zation and slope. Table I shows the resulting signal yields in
each dataset.
The mass difference from this fit is found to be

mðΩ−
b Þ −mðΞ−

b Þ ¼ 248.60� 0.51ðstatÞ MeV=c2:

To exclude dependencies of this result on the different
data-taking periods and the track-type categories, the data
sample is split into different subsets accordingly, and
the mass-difference value measured for each subset.
Furthermore, the analyzed dataset is split by the charge
of the b baryon, as well as by the magnet polarity with
which the data was collected. Additional checks are
performed by repeating the fit in a narrower invariant-mass
range. All these cross-checks returned a mass difference in
agreement with the baseline value, demonstrating the
stability of this result.
The mass difference determined from the fit needs to be

corrected for the positive bias ð0.06� 0.02Þ MeV=c2

observed from the fit to simulation. The uncertainty on
this value is due to the size of the simulated sample.
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The final result therefore is corrected for the bias, and its
absolute value is assigned as a systematic uncertainty. In
order to access the final result and determine the value of
the Ω−

b mass, other sources of systematic uncertainty that
do not cancel in the mass difference are studied. They are
summarized in Table II.
A variation of the momentum scale in simulation within

its uncertainty of �0.03% leads to a systematic uncertainty
of 0.09 MeV=c2 on the mass difference. The uncertainty on

the amount of material assumed in the track reconstruction
for the energy loss (dE=dx) has been found to cancel up to
0.01 MeV=c2 in the measurements of mass differences, as
long as the number of final-state tracks is the same between
the two decay modes [4]. To propagate the uncertainty on

TABLE I. Obtained values of signal yields from the fit to data.

Decay Dataset Signal yield

Ξ−
b → J=ψΞ− Run 1 377� 21

Run 2 1790� 47

Ω−
b → J=ψΩ− Run 1 60� 8

Run 2 300� 18
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FIG. 1. Invariant-mass distributions in the (top row) Ξ−
b → J=ψΞ− and (bottom row) Ω−

b → J=ψΩ− datasets, in the (left column)
Run 1 and (right column) Run 2 data-taking periods. The results of the simultaneous fit used for the mass-difference measurement are
overlaid.

TABLE II. Systematic uncertainties on the mass-difference
measurement. The total systematic uncertainty is obtained by
summing all sources in quadrature.

Source Uncertainty ½MeV=c2�
Momentum scale 0.09
dE=dx correction 0.01
Hyperon mass 0.35
Λ0
b → J=ψΛ background 0.10

Fit bias 0.06
Full fit model 0.01

Total 0.38
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the world-average values of the Ω− and Ξ− masses, the
resulting bias on mconstr is estimated. This is performed by
varying in simulated datasets the central values assumed
in the mass constraints, according to their uncertainties.
The average bias on the measured b-baryon mass is
evaluated independently for the Ω−

b and Ξ−
b cases, by

varying the value of the Ω− and Ξ− mass, respectively;
the two uncertainties are then summed in quadrature.
It is expected that the small uncertainties on the Λ and
J=ψ mass values cancel in the mass difference. The
resulting systematic uncertainty of 0.35 MeV=c2 is
dominated by the uncertainty of the Ω− mass with
mPDGðΩ−Þ ¼ 1672.45� 0.29 MeV=c2 [1].
The systematic uncertainty associated to possible

residual backgrounds from the Λ0
b → J=ψΛ decay, com-

bined with a random pion, is studied with four alternative
approaches. These include three methods to suppress this
background: applying a dedicated mass veto on the J=ψΛ
invariant mass around the known Λ0

b mass value; requiring
a large flight distance of the Ξ− candidate; or rejection of
good-quality J=ψΛ vertices. Alternatively, a dedicated
component is included to account for this background in
the fit. Averaging the resulting shifts from the baseline
result leads to a systematic uncertainty of 0.10 MeV=c2 on
the mass difference.
While for the signal model a fit bias of 0.06 MeV=c2

is observed, no significant additional bias is found for the
full fit model. The systematic uncertainty related to the
chosen fit model is assessed with pseudoexperiments for an
alternative background model, where a linear parametriza-
tion is assumed instead of the exponential function, or an
alternative signal model consisting of a single Crystal Ball
distribution. The resulting combined uncertainty due to the
fit model is 0.01 MeV=c2.
Correcting the mass difference for the value of the

bias observed in the fit to simulation, and taking into
account the systematic uncertainties, the mass difference is
determined to be

mðΩ−
b Þ −mðΞ−

b Þ ¼ 248.54� 0.51ðstatÞ
� 0.38ðsystÞ MeV=c2:

The result is in agreement with the previous measurement
by LHCb [6], but significantly more precise.
To obtain the value of mðΩ−

b Þ, the most precise
measurement of the Ξ−

b baryon mass to date is used:
mðΞ−

b Þ ¼ 5797.33� 0.24� 0.29 MeV=c2 [36]. This mea-
surement uses Ξ−

b → Ξ0
cπ

− decays, and therefore is sta-
tistically independent of the Ξ−

b → J=ψΞ− dataset used in
this paper. The systematic uncertainties are considered to
be fully uncorrelated, except for the uncertainties due to
momentum scale calibration and the energy loss correction,
which are taken as fully correlated. This leads to a value of
the Ω−

b baryon mass of

mðΩ−
b Þ ¼ 6045.9� 0.5ðstatÞ � 0.6ðsystÞ MeV=c2:

This value is the most precise determination of theΩ−
b mass

and is consistent with the current world average of
6045.2� 1.2 MeV=c2 [1]. This result supersedes the value
reported in Ref. [4].
Combining our value of mðΩ−

b Þ −mðΞ−
b Þ with that in

Ref. [6], and assuming that the systematic uncertainties due
to momentum scale calibration and the energy loss cor-
rection are fully correlated between the two measurements,
while all other uncertainties are fully uncorrelated, one
obtains

½mðΩ−
b Þ −mðΞ−

b Þ�LHCb comb ¼ 248.50� 0.51ðstatÞ
� 0.37ðsystÞ MeV=c2: ð2Þ

In order to obtain the combination of LHCb determi-
nations of the Ω−

b baryon mass, the measurement in
Ref. [7], which does not use the Ξ−

b mass as a reference,
is combined with the two measurements that rely on the Ξ−

b
mass (Ref. [6] and the measurement presented here), which
are already combined in Eq. (2). This is achieved by first
extracting mðΩ−

b Þ from Eq. (2) using the Ξ−
b mass value

from Ref. [36]. The obtained value of mðΩ−
b Þ is then

combined with that from Ref. [7].
The uncertainties due to the momentum-scale and the

energy-loss corrections are treated as fully correlated, and
all others as uncorrelated. This leads to an LHCb combi-
nation of the Ω−

b baryon mass of

mðΩ−
b ÞLHCb comb¼ 6045.7�0.5ðstatÞ�0.6ðsystÞMeV=c2:

A summary of Ω−
b mass determinations from the CDF

and LHCb experiments is presented in Fig. 2.

V. RELATIVE PRODUCTION OF Ω−
b AND Ξ−

b
BARYONS

In the Run 1 dataset, the signal yield of theΩ−
b →J=ψΩ−

decay is limited, and the downstream tracking efficiency is
poorly known. Therefore, the relative production ratio of
Ω−

b and Ξ−
b baryons is only reported at a center-of-mass

energy of 13 TeV, using the Run 2 dataset. The relative
production ratio of the Ω−

b and Ξ−
b baryons, defined in

Eq. (1), is experimentally measured using the observed
yields (N) of the considered decays, corrected for efficiency
(ϵ) and branching fractions (B) of hyperon decays:

R¼NðΩ−
b →J=ψΩ−Þ

NðΞ−
b →J=ψΞ−Þ ×

ϵðΞ−
b →J=ψΞ−Þ

ϵðΩ−
b →J=ψΩ−Þ×

BðΞ−→Λπ−Þ
BðΩ−→ΛK−Þ :

ð3Þ

Since the decays Λ → pπ− and J=ψ → μþμ− enter both
b-baryon decay chains, their branching fractions cancel in
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the ratio. The world-average values of BðΩ− → ΛK−Þ ¼
ð67.8� 0.7Þ% and BðΞ− → Λπ−Þ ¼ ð99.887� 0.035Þ%
are used [1]. The efficiencies are estimated using the
relevant simulation samples. In the ratio, many sources
of inefficiency and associated systematic uncertainties
cancel due to the very similar kinematics and topologies
of the two decay modes. However, this cancellation is not
expected for the detector acceptance and reconstruction

efficiencies due to the large difference in lifetimes between
the Ω− and Ξ− hyperons.
A simultaneous fit to the Run 2 datasets for both decay

modes is performed. The fit setup is nearly identical to that
used for the mass measurement, but the signal yield of the
Ω−

b → J=ψΩ− decays is expressed as a product of the
relative production ratio R, the yield of Ξ−

b → J=ψΞ−

decays and the ratio of efficiencies for the two decay
modes. The mass projections of the fit are shown in Fig. 3.
To determine the ratio in Eq. (3), the ratio of efficiencies

is evaluated from calibrated simulation samples of the two
signal decays. The calibration procedure is performed to
correct for known sources of mismodeling in simulation.
The simulated kinematics of b baryons are calibrated by
weighting the distribution of the transverse momenta of the
Ω−

b and Ξ−
b baryons to match their distributions in data,

after the background contribution is subtracted using the
sPlot method [37]. The momentum asymmetries,
ðp1 − p2Þ=ðp1 þ p2Þ, of the decay products of the Ξ−

and Λ hyperons are calibrated with a similar approach.
For the Ω−-hyperon decay, a reasonable agreement is
observed between simulation and data, and therefore no
weighting is applied. Such a calibration of the momentum
asymmetry can account for the simplified modeling of the
angular distributions in the simulation of the b-baryon
decays according to available phase space. The hardware
trigger response is calibrated based on a tag-and-probe
approach using Bþ → J=ψKþ decays [38]. The muon
identification response is calibrated with dedicated tag-
and-probe J=ψ → μþμ− samples [39]. After calibration,
good agreement between the simulation and background-
subtracted data is observed in variables that describe the
decay kinematics and topology.

6020 6040 6060

]2c [MeV/)�b�m(

2023: LHCb combination

���J/��b�)1�2023: LHCb (9 fb

���Kc����b�)1�2021: LHCb (9 fb

��0c���b�)1�2016: LHCb (3 fb

) combination1�2014: CDF (9.6 fb

���J/��b�)1�2013: LHCb (3 fb

���J/��b�)1�2009: CDF (4.2 fb

PDG 2022

FIG. 2. Overview of the Ω−
b mass measurements to date (red

points) [3–7], with corresponding statistical and systematic
uncertainties marked in red and blue, respectively, as well as
the current world average by the PDG [1] (light-blue band). The
superseded measurements are shown with lighter colors. The
measurement by the DØ experiment [2] of 6165� 22 MeV=c2 is
not shown, because it is inconsistent with all others and falls
outside the range of this plot. The new LHCb combination is
presented in orange, where the total uncertainty is shown.

5600 5700 5800 5900 6000

]2c) [MeV/���J/(m

0

100

200

300

400

500

600

700

)
2

C
an

d
id

at
es

 /
 (

8
 M

eV
/c

Data

Total fit model

���J/�b
��

Background

LHCb
1�6 fb

 = 13 TeVs

5900 6000 6100 6200

]2c) [MeV/���J/(m

0

20

40

60

80

100

120

140

160

)
2

C
an

d
id

at
es

 /
 (

8
 M

eV
/c

Data

Total fit model

���J/�b
��

Background

LHCb
1�6 fb

 = 13 TeVs

FIG. 3. Invariant-mass distributions in the (left) Ξ−
b → J=ψΞ− and (right) Ω−

b → J=ψΩ− Run 2 datasets with the results of the
simultaneous fit overlaid used for the relative production estimation. In the Ω−

b → J=ψΩ− dataset a Ξ− mass veto is applied rather than
the kaon identification requirement.
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The calibrated simulation is used to calculate the signal
efficiencies. These efficiencies account for the detector
acceptance, the detection, reconstruction, trigger and muon
identification efficiency as well as the final kinematic and
geometric selection. The resulting efficiencies and their
ratio are summarized in Table III. These efficiency values
are found to be higher for the Ω−

b decay channel, which is
mainly attributed to the shorter lifetime of the Ω− hyperon
as compared to the Ξ− hyperon. This results in a larger
fraction of the Ω−

b decays occurring within the acceptance
of the LHCb tracking system.
Using the efficiency ratio from Table III, the relative

production ratio is determined to be R ¼ 0.120� 0.008,
where the uncertainty is statistical only. The stability of this
result is tested with a dataset-splitting procedure similar to
that used in the mass measurement. The obtained results for
all subsets are in excellent agreement with the baseline
result. As an additional test, the ratio is also extracted with
the invariant-mass range in the fit reduced by 50 or
100 MeV=c2 on both sides, yielding a result consistent
with the default value.
Possible sources of systematic uncertainty are studied in

detail and summarized in Table IV. The size of the
simulated samples, used to estimate the signal efficiencies,
leads to a 0.3% relative uncertainty on the efficiency ratio.
However, the amount of background-subtracted data used
to determine the simulation-calibration weights is rather
small, especially for the Ω−

b decay. The systematic uncer-
tainty associated to this limited amount of data is propa-
gated using a bootstrapping technique [40]. All the data
candidates used for the determination of the calibration

weights are assigned a Poisson-distributed weight of unity
mean. This entire calibration procedure is repeated 100
times, resulting in 100 alternative efficiency-ratio values.
Their RMS leads to a relative systematic uncertainty of
3.9%. Furthermore, alternative binning schemes are tested
for the calibration weights on the simulation. For instance,
the kinematics of the Ξ−

b baryon is alternatively calibrated
in two dimensions, pTðΞ−

b Þ∶ηðΞ−
b Þ, rather than the default

calibration of pTðΞ−
b Þ alone. For the Ω−

b baryon, the
available amount of data is too small to perform the same
two-dimensional calibration. In addition, a correction for
the residual data-simulation discrepancies, present after the
application of the default calibration chain, was applied,
and the associated shift in the final result is treated as
another source of systematic uncertainty. A further source
of uncertainty originates from imprecise modeling of the
downstream tracking efficiency in simulation. To exclude a
momentum-dependent bias, the result is tested as a function
of the Ξ− (Ω−) momentum, and the observed variation
(2.8%) is assigned as a systematic uncertainty. A dedicated
systematic uncertainty is also assigned for the calibration
procedure of the muon identification efficiency in simu-
lation (0.6%) [41]. Overall, the systematic uncertainty
related to the calibration of the simulation is found to
be 5.5%.
The efficiency of the Ξ− veto can be incorrectly

estimated in simulation if the invariant-mass resolution is
not well modeled. This is tested by broadening and
narrowing the vetoed mass region and probing the shift
in the final result. The associated relative uncertainty is
estimated to be 0.1%.
A further uncertainty arises from propagating the uncer-

tainties on the known values of the Ω−
b and Ξ−

b baryon
lifetimes [1], and is determined by weighting the decay-
time distributions in the simulation samples with a dedi-
cated exponential factor. This results in a 3.1% relative
uncertainty on the production ratio, due to the relatively
poor knowledge of the Ω−

b baryon lifetime.
Long-lived hyperons can interact with the detector

material prior to their decay. The rate of these interactions
is not precisely modeled in simulation, due to poor knowl-
edge of the cross-sections for hyperons. A dedicated
systematic uncertainty is assigned by comparing the
hyperon material-interaction probability estimated with
two different versions of the GEANT4 simulation toolkit,2

which use different values for hadronic interaction cross-
sections, amounting to a relative uncertainty of 0.7%.
Several sources of systematic uncertainty related to the

fit model are considered. Using pseudoexperiments, the
uncertainties related to fit bias and the chosen signal and
background models are studied. The final relative system-
atic uncertainty from the fit model is 0.8%. Lastly, the
uncertainties on the branching fractions of the Ω− → ΛK−

TABLE III. Efficiencies obtained from the simulated samples
of Ω−

b → J=ψΩ− and Ξ−
b → J=ψΞ− decays in Run 2, used to

extract the ratio R. The uncertainties shown in this table only
account for the size of the simulated samples.

Channel Efficiency

Ξ−
b → J=ψΞ− ð0.923� 0.002Þ × 10−3

Ω−
b → J=ψΩ− ð2.065� 0.004Þ × 10−3

ratio Ω−
b =Ξ−

b 2.236� 0.007

TABLE IV. Relative systematic uncertainties on R.

Source Uncertainty [%]

Size of simulated samples 0.3
Calibration of simulation 5.5
Selection criteria 0.1
Lifetimes of b baryons 3.1
Material interactions 0.7
Fit model 0.8
External input (B) 1.0

Total 6.5 2The GEANT4 versions used are v9r6p4 and v10r6p2.
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and Ξ− → Λπ− decays are propagated to the final result,
leading to a relative uncertainty of 1.0%.
Accounting for the fit result and the systematic uncer-

tainties, the ratio R is measured to be:

R ¼ 0.120� 0.008ðstatÞ � 0.008ðsystÞ;

in the kinematic region 2 < η < 6 and pT < 20 GeV=c for
the Ξ−

b and Ω−
b baryons. Although the ratio of production

cross sections between the Ω−
b and Ξ−

b is not expected to
match between the two production environments, a com-
parison can be useful. This result is lower than, but
consistent with the value measured by the CDF experiment
in pp̄ collisions at the center-of-mass energy of 1.96 TeV,
R ¼ 0.27� 0.12ðstatÞ � 0.01ðsystÞ [3]. This comparison is
limited by the very low signal yield of Ω−

b → J=ψΩ−

decays in the CDF dataset.
The CDF measurement was reinterpreted, using the

predicted value of the branching fraction of the Ω−
b decay,

to extract an Ω−
b production fraction of fΩ−

b
∼ 0.5 × 10−2

at the Tevatron [14]. Similarly, one can estimate the
value of fΩ−

b
=fΞ−

b
at LHCb using the predictions for

the relevant branching fractions. For instance, Ref. [14]
predicts BðΩ−

b → J=ψΩ−Þ ¼ ð5.3þ5.0
−3.4Þ × 10−4 and quotes

BðΞ−
b → J=ψΞ−Þ ¼ ð5.1� 3.2Þ × 10−4. As the ratio of

these two branching fractions is close to unity, the resulting
value of fΩ−

b
=fΞ−

b
is about 0.12. However, it should be

noted that other predictions of the two branching fractions
[12–14] would yield different results.

VI. CONCLUSION

The mass difference between the Ω−
b and Ξ−

b baryons is
measured to be

mðΩ−
b Þ −mðΞ−

b Þ ¼ 248.54� 0.51ðstatÞ
� 0.38ðsystÞ MeV=c2

using an LHCb dataset corresponding to an integrated
luminosity of 9 fb−1. This result is consistent with the
previous direct determination of this quantity in Ref. [6],
mðΩ−

b Þ − mðΞ−
b Þ ¼ 247.4 � 3.2 � 0.5 MeV=c2, which

uses LHCb data of b-baryon decays to open-charm final
states collected at the center-of-mass energies of 7 and
8 TeV. The combination of the two results is

½mðΩ−
b Þ −mðΞ−

b Þ�LHCb comb ¼ 248.50� 0.51ðstatÞ
� 0.37ðsystÞ MeV=c2:

The value of the Ω−
b baryon mass is measured to be

mðΩ−
b Þ ¼ 6045.9� 0.5ðstatÞ � 0.6ðsystÞ MeV=c2;

where the value ofmðΞ−
b Þ¼5797.33�0.24�0.29MeV=c2

from Ref. [36] is used as a reference. This measure-
ment represents the most precise determination of the
Ω−

b -baryon mass, and is consistent with the current world
average of 6045.2� 1.2 MeV=c2 [1]. It supersedes the
value measured in Ref. [4]. The combination of the mðΩ−

b Þ
value determined in this paper with the previous LHCb
measurements in Refs. [6,7] leads to

mðΩ−
b ÞLHCb comb¼6045.7�0.5ðstatÞ�0.6ðsystÞMeV=c2:

In addition, the relative production rate of the Ω−
b to Ξ−

b
baryons multiplied by the branching fractions of their
decays to J=ψΩ− and J=ψΞ− final states is reported for
the first time at the LHC. In pp collisions at a center-of-
mass energy of 13 TeV, and for b baryons with 2 < η < 6
and pT < 20 GeV=c, this ratio is determined to be

R ¼ 0.120� 0.008ðstatÞ � 0.008ðsystÞ:

This measurement is lower than, but still in agreement with
the value measured by the CDF experiment in pp̄ collisions
at a center-of-mass energy of 1.96 TeV [3]. This new
measurement allows for a more precise determination of the
total b-quark production cross section at the LHC. Further
theoretical studies of the branching fractions of the decays
Ω−

b → J=ψΩ− and Ξ−
b → J=ψΞ− are needed in order to

interpret this result in terms of fΩ−
b
=fΞ−

b
.
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