
 

Measurement of the mass and production rate of Ξ−
b baryons

R. Aaij et al.*

(LHCb Collaboration)

(Received 21 January 2019; published 22 March 2019)

The first measurement of the production rate of Ξ−
b baryons in pp collisions relative to that of Λ0

b

baryons is reported, using data samples collected by the LHCb experiment, and corresponding to integrated
luminosities of 1, 2 and 1.6 fb−1 at

ffiffiffi

s
p ¼ 7, 8 and 13 TeV, respectively. In the kinematic region 2 < η < 6

and pT < 20 GeV=c, we measure
fΞ−

b
fΛ0

b

BðΞ−
b→J=ψΞ−Þ

BðΛ0
b→J=ψΛÞ ¼ ð10.8� 0.9� 0.8Þ × 10−2 [

ffiffiffi

s
p ¼ 7; 8 TeV],

fΞ−
b

fΛ0
b

BðΞ−
b→J=ψΞ−Þ

BðΛ0
b→J=ψΛÞ ¼ ð13.1� 1.1� 1.0Þ × 10−2 [

ffiffiffi

s
p ¼ 13 TeV], where fΞ−

b
and fΛ0

b
are the fragmentation

fractions of b quarks into Ξ−
b and Λ0

b baryons, respectively; B represents branching fractions; and the
uncertainties are due to statistical and experimental systematic sources. The values of fΞ−

b
=fΛ0

b
are obtained

by invoking SU(3) symmetry in the Ξ−
b → J=ψΞ− and Λ0

b → J=ψΛ decays. Production asymmetries
between Ξ−

b and Ξ̄þ
b baryons are also reported. The mass of the Ξ−

b baryon is also measured relative to that
of the Λ0

b baryon, from which it is found thatmðΞ−
b Þ ¼ 5796.70� 0.39� 0.15� 0.17 MeV=c2, where the

last uncertainty is due to the precision on the known Λ0
b mass. This result represents the most precise

determination of the Ξ−
b mass.

DOI: 10.1103/PhysRevD.99.052006

The decays of beauty (b) quarks provide a sensitive
probe of physics within, and beyond, the Standard Model.
Due to the large bb̄ production cross section at the Large
Hadron Collider, beauty hadrons of all species are abun-
dantly produced. Measurements of branching fractions in
specific decay channels are often needed in order to make
quantitative comparisons to theoretical predictions.
However, absolute branching fraction measurements at
hadron colliders are difficult to perform without an external
input. Instead, one generally resorts to measuring a par-
ticular branching fraction relative to that of a topologically
similar decay mode, frequently one that involves either a B0

or a B− meson, whose absolute branching fractions are
known from B-factory measurements. When B0

s or Λ0
b

branching fractions are measured relative to those of a B0

decay, knowledge of the ratio of fragmentation fractions,
fs=fd for B0

s decays, or fΛ0
b
=fd for Λ0

b decays, is required.
Here, fd, fs and fΛ0

b
represent the rates at which a b quark

hadronizes into a B0, B0
s or Λ0

b hadron, respectively.
Theoretically, the most robust way to measure the

b-quark fragmentation fractions is to exploit the well-tested

prediction from heavy quark effective theory [1–8] that,
to first order, all b hadrons containing a single heavy quark
have equal semileptonic decay widths. Such analyses
have been carried out by the LHCb experiment at
ffiffiffi

s
p ¼ 7 TeV [9] and 13 TeV [10], where it was found
that hfs=fdi ≃ 0.26 and hfΛ0

b
=fdi ≃ 0.6, averaged over the

pseudorapidity (η) and transverse momentum (pT) region
2 < η < 5 and 3 < pT < 25 GeV=c. An alternative tech-
nique, which relies on factorization and SU(3) flavor
symmetry in the B0

s → D−
s π

þ and B0 → D−Kþ decays
[11], has also been used to measure fs=fd, yielding a value
consistent with that obtained in semileptonic decays.
With the large samples of b hadrons collected by the

LHCb experiment, a number of new decay modes of Ξ0
b,

Ξ−
b , and even Ω−

b baryons have been searched for, and in
many cases these searches have led to first observations
[12–20]. However, when new decay modes of these
baryons are observed, absolute branching fractions cannot
be determined due to a lack of knowledge of the fragmen-
tation fractions fΞ0

b
, fΞ−

b
and fΩ−

b
. For example, in one such

measurement, evidence of the strangeness-changing weak
decay Ξ−

b → Λ0
bπ

− was reported [16], with the result that
ðfΞ−

b
=fΛ0

b
ÞBðΞ−

b →Λ0
bπ

−Þ¼ð5.7�1.8þ0.8
−0.9Þ×10−4. To com-

pute the decay width ΓðΞ−
b →Λ0

bπ
−Þ and compare to theo-

retical predictions requires knowledge of the ratio fΞ−
b
=fΛ0

b
.

In principle, the same procedure used to measure fs=fd
and fΛ0

b
=fd can be applied to semileptonic Ξ0

b → Ξþ
c μ

−ν̄μX
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and Ξ−
b → Ξ0

cμ
−ν̄μX decays to measure fΞ0

b
=fd and fΞ−

b
=fd.

However, an obstacle to such an analysis is the limited
knowledge of absolute branching fractions for the decays of
the Ξþ

c or Ξ0
c baryon. Recently, the Belle experiment

published a first measurement of the absolute branching
fractions for three Ξ0

c decay modes, each with a relative
precision of about 40% [21]. No such measurements exist
yet for the Ξþ

c baryon. Precise measurements of branching
fractions for both Ξþ

c and Ξ0
c decays should be feasible in

the Belle II experiment [22].
Production ratio measurements of the hadronic

Ξ0
b → Ξþ

c π
− and Λ0

b → Λþ
c π

− decays [14], where both
the Ξþ

c and Λþ
c baryons are reconstructed in the pK−πþ

final state, have been used to predict fΞ0
b
=fΛ0

b
. In this case,

theoretical estimates of BðΞþ
c → pK−πþÞ are used, result-

ing in predictions of fΞ0
b
=fΛ0

b
¼ 0.065� 0.020 [23] and

fΞ0
b
=fΛ0

b
¼ 0.054� 0.020 [24].

An alternative approach to either of these two methods is
to exploit the decays Λ0

b → J=ψΛ and Ξ−
b → J=ψΞ−,

where the Ξ− baryon is detected in its decay to Λπ−.
Charge-conjugate processes are implicitly included. These
decay rates are related through SU(3) flavor symmetry,
where one finds [25–27]

ΓðΞ−
b → J=ψΞ−Þ

ΓðΛ0
b → J=ψΛÞ ¼ 3

2
: ð1Þ

The ratio

R≡ fΞ−
b

fΛ0
b

BðΞ−
b → J=ψΞ−Þ

BðΛ0
b → J=ψΛÞ ¼ fΞ−

b

fΛ0
b

ΓðΞ−
b → J=ψΞ−Þ

ΓðΛ0
b → J=ψΛÞ

τΞ−
b

τΛ0
b

ð2Þ
depends on fΞ−

b
=fΛ0

b
, the partial decay widths Γ, and the

lifetimes τ of the indicated b baryons. Experimentally, R is
obtained from the ratio of efficiency-corrected yields:

R ¼ NðΞ−
b → J=ψΞ−Þ

NðΛ0
b → J=ψΛÞ

ϵΛ0
b

ϵΞ−
b

; ð3Þ

where ϵ represents the detection efficiency and N is the
yield of the indicated decays.
In this article, we report a first measurement of the ratio

R in pp collision data collected by the LHCb experiment,
corresponding to integrated luminosities of 1.0 fb−1 at
ffiffiffi

s
p ¼ 7 TeV, 2.0 fb−1 at

ffiffiffi

s
p ¼ 8 TeV and 1.6 fb−1 at

ffiffiffi

s
p ¼ 13 TeV. The measurement of R, along with the
SU(3) assumption in Eq. (1) and the known Λ0

b and Ξ−
b

baryon lifetimes [28], is used to infer the value of fΞ−
b
=fΛ0

b
.

The same data samples are also used to measure the
production asymmetry between Ξ−

b and Ξ̄þ
b baryons, and

to make the most precise measurement of the Ξ−
b mass.

The LHCb detector [29,30] is a single-arm forward
spectrometer 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 surround-
ing 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 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
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT is expressed in
GeV=c. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detec-
tors. Photons, electrons and hadrons are identified by a
calorimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic calo-
rimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional cham-
bers. The online event selection is performed by a trigger
which consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [31]
with a specific LHCb configuration [32]. Decays of
unstable particles are described by EVTGEN [33], in which
final-state radiation is generated using PHOTOS [34]. The
interaction of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit
[35] as described in Ref. [36].
The Ξ−

b → J=ψΞ−ð→ Λπ−Þ and Λ0
b → J=ψΛ decays

both contain a J=ψ meson and a Λ baryon in the decay
chain, and are kinematically similar. To reduce systematic
uncertainties, selection requirements are tailored to exploit
the common particles in the final state of the Λ0

b and Ξ−
b

decays. At the trigger level, both modes are required to
satisfy requirements based solely on the J=ψ → μþμ−
decay. Firstly, the hardware stage must register either a
single high-pT muon or a μþμ− pair. The software stage
[37] then requires a μþμ− pair whose decay vertex is
displaced from all PVs in the event, and that has an
invariant mass consistent with the known J=ψ mass [28].
Selected events may contain more than one PV. Each

particle is associated to the PV for which the corresponding
value of χ2IP is smallest, where χ2IP is defined as the
difference in the vertex-fit χ2 of a given PV reconstructed
with and without the particle under consideration.
In the offline analysis, each muon must have pT in excess

of550 MeV=c andhave IP to all PVs in the event that exceeds
approximately three times the expected uncertainty. The
μþμ− pair must form a good-quality vertex and have an
invariant mass within 40 MeV=c2 of the known J=ψ mass,
corresponding to about three times the mass resolution.
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Reconstructed charged particles are classified into two
categories in this analysis. The “long” category refers to
tracks that have reconstructed segments in both the vertex
detector and the tracking stations upstream and downstreamof
the LHCb magnet. The “downstream” category consists of
those tracks that are not reconstructed in the vertex detector,
and thus only include information from the tracking detectors
just before and after the LHCb magnet. While most of the
reconstructed particles from thepp interactions are in the long
category, the decay products of long-lived strange particles
tend to be mostly reconstructed as downstream tracks.
Because of the presence of vertex detector measurements,
the trajectories, and hence the IP, of long tracks are measured
with better precision than those of downstream tracks.
Candidate Λ → pπ− decays are formed by combining

downstream p and π− candidates with pT in excess of 500
and 100 MeV=c, respectively. Both tracks are required to
be significantly detached from all PVs in the event.
Together they must form a good-quality vertex and must
satisfy the requirement jMðpπ−Þ −mΛj < 8 MeV=c2, cor-
responding to approximately three times the mass reso-
lution. Here and throughout the text, M represents an
invariant mass and m represents the known mass of the
indicated particle [28].
The Ξ− baryon is reconstructed through its decay to Λπ−.

Due to the longΞ− andΛ lifetimes, onlyΛ candidates formed
from downstream tracks are used, as they contribute about
90% to the Ξ− sample in Ξ−

b decays. To maintain a uniform
selection, the same requirement is imposed on Λ decays in
the Λ0

b mode. The π− meson from the Ξ− decay may be
reconstructed as either a long or a downstream track. For the
Ξ−
b mass and production asymmetry measurements, both

categories are used.However, for themeasurement ofR, only
the long-track sample is used, since the efficiency for
detecting the π− meson in the decay Ξ− → Λπ− enters
directly in Eq. (3), and long-track efficiencies have been
precisely calibrated using a tag-and-probe method [38]. No
explicit momentum requirement is applied to the π− meson,
since it typically has low momentum. When necessary, the
notation π−L and π−D is used to distinguish between long (L)
and downstream (D) π− tracks. Tracks in the π−L sample are
required to be significantly detached from all PVs in the
event, corresponding to a requirement that the impact
parameter exceeds about four times the corresponding
uncertainty; no such requirement is necessary on the π−D
sample. Exploiting the large Ξ− baryon lifetime, Ξ− candi-
dates must have tPV > 6 ps, where tPV is the decay
time measured relative to the associated PV. Lastly, Ξ−

candidates are required to satisfy the mass requirement
jMðΛπ−L;DÞ −Mðpπ−Þ þmΛ −mΞ− j < 10 MeV=c2, corre-
sponding to about three times the mass resolution, and have
positive decay time,measured relative to theΞ−

b decayvertex.
The Λ0

b (Ξ−
b ) candidates are formed by combining J=ψ

and Λ (Ξ−) candidates. A vertex fit of good quality is
required. To suppress background from prompt J=ψ

production, the b hadron is required to have a reconstructed
decay time larger than 0.2 ps, which is about four times the
resolution. Finally, to have a well-defined fiducial region,
the Λ0

b and Ξ−
b candidates are required to be within the

kinematic region 2 < η < 6 and pT < 20 GeV=c. Multiple
candidates in a single event occur in less than 1% of
selected events, and all candidates are kept. To improve the
mass resolution, an additional kinematic fit is performed on
each candidate, employing both vertex and mass con-
straints on the J=ψ ,Λ and Ξ− candidates [39]. The resulting
mass resolution is about 8 MeV=c2 for both modes.
The invariant-mass spectra of selected Λ0

b and Ξ−
b

candidates are shown in Fig. 1. The data are partitioned
into the combined 7, 8 TeV data samples and the 13 TeV
data sample, and show the distributions for Λ0

b candidates,
and Ξ−

b candidates formed from either long or downstream
pions. A simultaneous fit to all six distributions is per-
formed in order to determine the signal yields. Each of the
signal shapes is described by the sum of two Crystal Ball
(CB) functions [40] with a common peak position and a
common width. The tail parameters, which describe the
non-Gaussian portion of the signal on either side of the
signal peak, are independent for the two CB components.
The parameters of the signal shape are determined from
large samples of simulated signal decays. The background
is described by an exponential function, with the shape
parameter left free in the fit to data.
The signal-shape fit parameters are (i) the peak positions,

m̄, of the Λ0
b mass in the 7, 8 TeV and 13 TeV data; (ii) a

single mass difference, δm≡ m̄Ξ−
b
− m̄Λ0

b
; and (iii) a scale

factor applied to the simulated width of the CB functions,
which allows the mass resolution in data to be slightly
different than in simulation. The values of m̄Λ0

b
are allowed

to differ for the 7, 8 TeV data and the 13 TeV data, since the
statistical uncertainty on each is about four times smaller
than the systematic uncertainty from the momentum scale
calibration [41]. However, that same calibration renders the
corresponding uncertainty on δm negligible.
The fitted signal yields and the values of m̄Λ0

b
are shown

in Table I. From the fit, it is determined that

δm ¼ 177.30� 0.39 MeV=c2;

mðΞ−
b Þ ¼ 5796.70� 0.39 MeV=c2;

where the uncertainties are statistical only, andwe have used
mðΞ−

b Þ¼δmþmΛ0
b
, with mΛ0

b
¼ 5619.60� 0.17MeV=c2

[28]. Thevalue of δm is corrected byþ0.12� 0.06 MeV=c2

to account for a bias observed in the obtained value of δm,
as seen in the fit to large samples of simulated signal
decays. The uncertainty on this value is due to the size of
the simulated samples.
The ratio of efficiencies in Eq. (3) is determined from

weighted simulations of the signal decays. The Λ0
b
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simulation is weighted in bins of (η, pT) of the b baryon to
reproduce the 2D distribution observed in the data, after the
background contribution is subtracted using the sPlot
method [42]. We assume that the Ξ−

b spectrum is the same

as that of the Λ0
b, and variations are investigated when

assessing systematic uncertainties. By studying the distri-
butions of the fraction of the momentum carried by the
decay products in each part of the decay chain, it is found
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FIG. 1. Invariant-mass distributions for (top)Λ0
b → J=ψΛ candidates; (middle)Ξ−

b → J=ψΞ−,Ξ− → Λπ−L ; and (bottom)Ξ−
b → J=ψΞ−,

Ξ− → Λπ−D. The subscript on the π− refers towhether the corresponding track is long or downstream. The left column shows the combined
7 and 8 TeV data and the right one shows the 13 TeV data. The fitted probability distribution functions (PDF) are overlaid.
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that the simulation differs from the corresponding
spectra observed in data. The simulation is weighted
to match the distributions observed in data for the
momentum ratio pJ=ψ=pΛ0

b
and the momentum asymmetry

ðpp − pπ−Þ=ðpp þ pπ−Þ in the Λ decay. After this weight-
ing is applied, a large number of other observables are
compared, such as decay times, flight distances, p, and pT,
and good agreement is found between both Λ0

b and Ξ−
b data

and simulation. For the Ξ−
b sample, only the ðη; pTÞ and

ðpp − pπ−Þ=ðpp þ pπ−Þ weights are needed to obtain good
agreement with the data.
The resulting efficiencies are summarized in Table II.

The efficiencies associated with the detector acceptance,
the reconstruction and selection, and the trigger require-
ments are given, along with the total selection efficiencies.
The relative efficiency is approximately 14% for both the 7,
8 TeV and 13 TeV data sets. For the 7, 8 TeV values, the
efficiencies represent the weighted average value. This
small value is due to the combination of the relatively low
momentum and usage of only long tracks for the π− meson
in the Ξ− decay.
From the signal yields and relative efficiencies, the ratios

R are computed to be

R ¼ ð10.8� 0.9Þ × 10−2 ½ ffiffiffi

s
p ¼ 7; 8 TeV�;

R ¼ ð13.1� 1.1Þ × 10−2 ½ ffiffiffi

s
p ¼ 13 TeV�;

where the uncertainties are statistical only.
The difference between the Ξ−

b and Λ0
b baryon produc-

tion asymmetries is determined using the relation

AprodðΞ−
b Þ − AprodðΛ0

bÞ ¼ αðΞ−
b Þ − αðΛ0

bÞ − Adetðπ−Þ; ð4Þ

where αðΞ−
b Þ ½αðΛ0

bÞ� is the raw yield asymmetry between
the Ξ−

b → J=ψΞ− and Ξ̄þ
b → J=ψΞ̄þ [Λ0

b → J=ψΛ and
Λ̄0
b → J=ψΛ̄] decays. In the difference of the raw yield

asymmetries, the Λ detection asymmetry cancels since the
kinematical properties are similar. The π− detection asym-
metry, Adetðπ−Þ, has been measured [43,44], and, while it is
consistent with zero, an asymmetry of up to about 1% in
this low momentum region cannot be discounted. In the
above expression, it is expected, and assumed, that there is
no direct CP violation in these decays.
The raw yield asymmetries are obtained by fitting for the

signal yields separately for the beauty baryon and anti-
baryon subsamples. The fit is similar to that which was
described previously, except that the CB width scale factors
are fixed to the values obtained from the fit to the full
sample, since the mass resolution can be assumed to be the
same for the b baryons and antibaryons. The fitted signal
yields are shown in Table III, along with the resulting raw
asymmetries. The differences in production asymmetries
are readily found to be

½AprodðΞ−
b Þ−AprodðΛ0

bÞ� ¼ ð−1.3�5.6Þ% ½ ffiffiffi

s
p ¼ 7;8 TeV�;

½AprodðΞ−
b Þ−AprodðΛ0

bÞ� ¼ ð−6.3�4.9Þ% ½ ffiffiffi

s
p ¼ 13 TeV�;

where the uncertainties are due to the signal yields obtained
in this analysis.
To obtain AprodðΞ−

b Þ, previous measurements of
AprodðΛ0

bÞ at
ffiffiffi

s
p ¼ 7 and 8 TeV are used [45]. Since the

value of AprodðΛ0
bÞ averaged over the LHCb acceptance is

not expected to change significantly with center-of-mass
energy [46], and the measured values of AprodðΛ0

bÞ obtained
at

ffiffiffi

s
p ¼ 7 and 8 TeV are compatible [45], they are

averaged, taking the systematic uncertainties as fully
correlated, to obtain AprodðΛ0

bÞ ¼ ð2.4� 1.4� 0.9Þ%. An
alternate measurement of AprodðΛ0

bÞ yielded results that are
consistent with the above value [47]. The value at 7, 8 TeV
is also used for the Ξ−

b asymmetry measurement at 13 TeV,
and a systematic uncertainty, which is discussed below, is
assigned. The Ξ−

b asymmetries are found to be

TABLE I. Fitted signal yields and peak position of the Λ0
b

signal peak, as obtained from the fit described in the text. The
subscript on the π− refers to whether the corresponding track is
long or downstream. The uncertainties shown are statistical only.

7, 8 TeV 13 TeV

NðΛ0
b → J=ψΛÞ 13307� 137 14793� 150

NðΞ−
b → J=ψΞ−;Ξ− → Λπ−LÞ 203� 16 258� 22

NðΞ−
b → J=ψΞ−;Ξ− → Λπ−DÞ 266� 20 357� 26

m̄Λ0
b
(MeV=c2) 5619.52� 0.09 5619.28� 0.09

TABLE II. Selection efficiencies as obtained from the simulation of Λ0
b → J=ψΛ and Ξ−

b → J=ψΞ−, Ξ− → Λπ−L
decays at

ffiffiffi

s
p ¼ 7, 8 TeV and 13 TeV. The efficiencies (ϵ) listed are those associated with the detector acceptance

(acc), the reconstruction and selection (sel), the trigger (trig), their product, and the relative efficiency.

7, 8 TeV 13 TeV

Final state Λ0
b → J=ψΛ Ξ−

b → J=ψΞ− Λ0
b → J=ψΛ Ξ−

b → J=ψΞ−

ϵacc (%) 18.9� 0.1 17.3� 0.1 19.8� 0.1 18.0� 0.1
ϵsel (%) 2.86� 0.02 0.42� 0.01 2.91� 0.01 0.42� 0.01
ϵtrig (%) 73.2� 0.3 75.6� 0.7 75.4� 0.2 77.8� 0.5

ϵ (10−2%) 39.5� 0.4 5.56� 0.11 43.5� 0.3 5.85� 0.06
ϵΞ−

b
=ϵΛ0

b
(%) 14.1� 0.3 13.4� 0.2
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AprodðΞ−
b Þ ¼ ð1.1� 5.6Þ% ½ ffiffiffi

s
p ¼ 7; 8 TeV�;

AprodðΞ−
b Þ ¼ ð−3.9� 4.9Þ% ½ ffiffiffi

s
p ¼ 13 TeV�:

In the mass measurement, most sources of systematic
uncertainty cancel, since it relies on the mass difference,
δm. The modulus of the correction of 0.12 MeV=c2

described previously is assigned as a systematic uncer-
tainty. The signal shape uncertainty is quantified by
performing an alternate fit using the sum of two
Gaussian functions. Apart from a common peak value,
all shape parameters are left free in the fit. The difference
with respect to the nominal value, 0.06 MeV=c2, is
assigned as a systematic uncertainty. The background shape
uncertainty is assessed by using a first-order polynomial in
place of the nominal exponential function, and is found to
change the result by 0.01 MeV=c2. The systematic uncer-
tainties due to the momentum scale and energy loss have
been evaluated previously [48] and are found to contribute
0.01 MeV=c2 each. Knowledge of the Ξ− mass contributes
an uncertainty of 0.07 MeV=c2. Adding these uncertainties
in quadrature, the total systematic uncertainty on δm
is 0.15 MeV=c2.
For the measurement of R, several sources of uncertainty

are considered, which are summarized in Table IV. The
efficiency for all decay products to be within the LHCb
acceptance is derived from the simulation, and could
depend on the polarization of the Λ0

b or Ξ−
b baryon. To

investigate this effect, variations in the Λ0
b and Ξ−

b

polarization are considered, including full polarization,
zero polarization, and using the helicity amplitudes pre-
sented in Ref. [49]. All three variations are found to give
statistically compatible acceptance corrections. The
assigned uncertainty of 3.0% reflects the statistical pre-
cision of the test.
The systematic uncertainty due to the signal and back-

ground functions is estimated by using alternate choices for
each, as described above for the uncertainty on δm, leading
to an uncertainty of 2.0%. The Λ0

b and Ξ−
b simulations are

weighted as discussed previously and reproduce well the
kinematical distributions of the final-state particles seen
in data. However, due to low Ξ−

b signal yields, variations
with respect to the nominal weighting are considered.
In particular, a 3% change in the relative efficiency is
seen when applying an additional weight to the Ξ−

b
pseudorapidity spectrum that is permissible by the data.
A significantly smaller difference is seen when weighting
the Ξ−

b baryon’s pT spectrum. A 3% uncertainty is therefore
assigned to account for potential differences in the ðη; pTÞ
spectrum of Λ0

b and Ξ−
b baryons.

Uncertainties in the detection efficiency of the π− meson
from the Ξ− decay enters directly into the result for the ratio
R. The tracking efficiency in simulation has been calibrated
using a tag-and-probe method [38] using J=ψ → μþμ−
decays; however, the calibration only covers the kinematic
region p > 5 GeV=c and 1.9 < η < 4.9. Outside this
region, no correction to the tracking efficiency in simu-
lation is applied and an uncertainty of 5% is assigned to the
tracking efficiency. This value is justified based upon a
comparison of the reconstructed momentum spectrum of
π− mesons from Λ0

b → J=ψΛ decays in data and simu-
lation, where the Λ baryons are formed from long tracks.
These tracks serve as a good proxy for the π− meson from
Ξ− baryon decay, since they also have low momentum and
large impact parameter. Averaging over the tracks within
and outside the range covered by the tracking calibration,
an uncertainty of 4.5% on the π− tracking efficiency is
obtained. As a cross-check, the analysis is repeated using
only π− candidates in the range covered by the calibration,
and the R values are consistent with the nominal results.
Potential uncertainties due to the Ξ− mass requirement

may arise from differences in the Ξ− mass resolution,
or possibly a (Cabibbo-suppressed) nonresonant Λπ−

TABLE III. Yields of Λ0
b and Ξ−

b decays, split by the charge of the final state, and their asymmetries, for the
combined 7, 8 TeV data samples and the 13 TeV data sample. Uncertainties are statistical only.

Λ0
b → J=ψΛ Ξ−

b → J=ψΞ−

Λ0
b Λ̄0

b Ξ−
b Ξ̄þ

b

N ffiffi

s
p ¼7;8 TeV 6827� 94 6480� 92 236� 18 230� 18

α ffiffi

s
p ¼7;8 TeV ð2.6� 1.0Þ% ð1.3� 5.4Þ%

N ffiffi

s
p ¼13 TeV 7602� 102 7182� 99 304� 21 326� 22

α ffiffi

s
p ¼13 TeV ð2.8� 1.0Þ% ð−3.5� 4.8Þ%

TABLE IV. Summary of relative systematic uncertainties on the
production ratio R.

Source Value (%)

Λ0
b, Ξ−

b polarization 3.0
Signal and background shape 2.0
Ξ−
b production spectra 3.0

π− tracking efficiency 4.5
Ξ− mass resolution and nonresonant Λπ− 3.0
Ξ− selections 1.4
Ξ−
b lifetime 0.5

Simulated sample sizes 2.0

Total 7.6
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contribution. To quantify the potential size of such
effects, the Ξ−

b signal yield in the Ξ− sideband region,
10< jMðΛπ−L;DÞ−Mðpπ−Þ þmΛ −mΞ− j< 20 MeV=c2 is
measured. The yield in that region, which is consistent with
zero, is taken as a systematic uncertainty. Other Ξ−

selections are very loose and are studied by comparing
background-subtracted distributions of relevant variables
in data with those in simulation. From the observed
differences an uncertainty of 1.4% is assigned. The
uncertainty on R due to the knowledge of the Ξ−

b lifetime,
τΞ−

b
¼ 1.571� 0.040 ps [28], is estimated by weighting the

simulation to replicate 0.04 ps shorter and longer lifetimes.
The effect on R of the Λ0

b lifetime uncertainty is negligible.
Lastly, the simulated sample sizes contribute 2.0% uncer-
tainty to the relative efficiency.
The uncertainty on the Ξ−

b production asymmetry
receives contributions from the π− detection asymmetry
and the measurement of AprodðΛ0

bÞ. The pion detection
asymmetry uncertainty is assigned to be 1%, as mentioned
previously. Taking the sum in quadrature of the statis-
tical and systematic uncertainties in the value of
AprodðΛ0

bÞ ¼ ð2.4� 1.4� 0.9Þ%, a 1.7% systematic uncer-
tainty is assigned. Since the average value of AprodðΛ0

bÞ at
ffiffiffi

s
p ¼ 7 and 8 TeV [45] could differ from that at 13 TeV
[46], an additional systematic uncertainty of 1.5% is
assigned to the measured value of AprodðΞ−

b Þ at 13 TeV.
The total systematic uncertainty in AprodðΞ−

b Þ is therefore
1.9% and 2.5% for the 7, 8 TeV and 13 TeV data samples,
respectively.
In summary, data samples collected at

ffiffiffi

s
p ¼ 7, 8 and

13 TeV have been used to measure the ratio of production
rates of Ξ−

b and Λ0
b baryons in the pseudorapidity and pT

region, 2 < η < 6 and pT < 20 GeV=c, to be

R ¼ ð10.8� 0.9� 0.8Þ × 10−2 ½ ffiffiffi

s
p ¼ 7; 8 TeV�;

R ¼ ð13.1� 1.1� 1.0Þ × 10−2 ½ ffiffiffi

s
p ¼ 13 TeV�;

where the uncertainties are statistical and systematic. From
the values of R, the ratios of fragmentation fractions are
determined to be

fΞ−
b

fΛ0
b

¼ ð6.7� 0.5� 0.5� 2.0Þ × 10−2 ½ ffiffiffi

s
p ¼ 7; 8 TeV�;

fΞ−
b

fΛ0
b

¼ ð8.2� 0.7� 0.6� 2.5Þ × 10−2 ½ ffiffiffi

s
p ¼ 13 TeV�:

The last uncertainty, due to the assumed SU(3) flavor
symmetry and taken to be 30%, is an estimate of the typical
size of SU(3)-breaking effects between decays related by
this symmetry. The LHCb results show no significant
dependence on the center-of-mass energy in the 7 to
13 TeV range. These results are consistent with the

predictions in Refs. [23,24], which used production
ratio measurements of Ξ0

b → Ξþ
c π

− and Λ0
b → Λþ

c π
−

decays at 7 and 8 TeV [14] and an estimated value for
BðΞþ

c → pK−πþÞ. Assuming that fΞ0
b
≈ fΞ−

b
, these results

indicate that in the forward region, b quarks fragment into
Ξb baryons at about 15% of the rate at which they fragment
into Λ0

b baryons. Previous measurements of R by the CDF
[50] and D0 [51] collaborations are about two standard
deviations larger than the results reported here; however,
those measurements are performed in pp̄ collisions at
ffiffiffi

s
p ¼ 2 TeV and in the central rapidity region jηj < 2.
The mass difference, δm, and the corresponding value of

the Ξ−
b mass, mðΞ−

b Þ, are measured to be

δm ¼ 177.30� 0.39� 0.15 MeV=c2;

mðΞ−
b Þ ¼ 5796.70� 0.39� 0.15� 0.17 MeV=c2;

where the last uncertainty is due to the Λ0
b mass. This Ξ−

b
mass measurement includes the data used in Ref. [48], and
therefore supersedes those results. This measurement rep-
resents themost precise determination of theΞ−

b mass, and is
consistent with the previous most precise measurement of
the mass difference of 178.36� 0.46� 0.16 MeV=c2 [15].
The Ξ−

b production asymmetry is also measured for the
first time. The values at the lower and higher center-of-mass
energies are

AprodðΞ−
b Þ ¼ ð1.1� 5.6� 1.9Þ% ½ ffiffiffi

s
p ¼ 7; 8 TeV�;

AprodðΞ−
b Þ ¼ ð−3.9� 4.9� 2.5Þ% ½ ffiffiffi

s
p ¼ 13 TeV�:

The asymmetries are consistent with zero at the level of a
few percent.
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