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Abstract
This article presents differential measurements of the asymmetry between Λ0b and
Λ0b baryon production rates in proton-proton collisions at centre-of-mass energies of
√
s = 7 and 8 TeV collected with the LHCb experiment, corresponding to an integrated luminosity of 3 fb−1 . The Λ0b baryons are reconstructed through the inclusive
−
semileptonic decay Λ0b → Λ+
c µ ν µ X. The production asymmetry is measured both
in intervals of rapidity in the range 2.15 < y < 4.10 and transverse momentum
in 2 < pT < 27 GeV/c. The results are found to be incompatible with symmetric
√
production with a significance of 5.8 standard deviations for both s = 7 and 8 TeV
data, assuming no CP violation in the decay. There is evidence for a trend as a
function of rapidity with a significance of 4 standard deviations. Comparisons to
predictions from hadronisation models in Pythia and heavy-quark recombination
are provided. This result constitutes the first observation of a particle-antiparticle
asymmetry in b-hadron production at LHC energies.
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1

Introduction

Measurements of production asymmetries allow the dynamics of quarks and gluons in
high-energy particle collisions to be studied and, consequently, are a tool to test effective
descriptions of the strong interaction. Beauty quark and antiquark (bb) pairs are produced
in inelastic proton-proton (pp) collisions at the LHC [1]. In the following hadronisation
process, the interaction with the proton remnants can lead to a different production rate
of Λ0b baryons, with udb as their valence quarks, compared to Λ0b baryons, consisting of udb.
The production asymmetry is defined as the relative difference between the production
rates, σ(pp → Λ0b Y ) and σ(pp → Λ0b Y ), where Y represents other produced particles,
AP ≡

σ(pp → Λ0b Y ) − σ(pp → Λ0b Y )
.
σ(pp → Λ0b Y ) + σ(pp → Λ0b Y )

(1)

Models of the hadronisation process predict increased production-rate asymmetries at
small angles with respect to the beam direction. In addition, the production asymmetry
is expected to decrease with increasing centre-of-mass energy [2–5].
A precise measurement of the Λ0b production asymmetry is crucial to improve the
precision of CP -violation measurements in the decays of b baryons at the LHCb experiment.
The production asymmetry appears as background asymmetry in such measurements,
and is the limiting systematic uncertainty for some of them [6]. There have been several
measurements of the production asymmetry of Λ0b baryons at the LHC [7–9]; in none
of them any significant effect was observed. In Ref. [8] the Λ0b production asymmetry
is estimated indirectly by assuming that b-hadrons are produced in particle-antiparticle
pairs and summing the production asymmetries measured in B 0 , B + and Bs0 decays.
This paper reports the measurement of the production asymmetry using the semilep−
0
− +
tonic Λ0b → Λ+
c µ ν µ X and its charge conjugate Λb → Λc µ νµ X decay, where X denotes
possible additional particles, for example from decays of excited charm baryons to Λ+
c X
−
1
0
and Λc X final states. The chosen Λb decay modes benefit from a high branching fraction
of about 10% [10], but have the disadvantage that the momentum of the Λ0b and Λ0b
−
baryons is not fully reconstructed. The Λ+
c and Λc baryons are reconstructed through
their hadronic decays to pK − π + and pK + π − final states, respectively. In the following it
is assumed that no significant CP -violating asymmetry is present in the reconstructed
Λ0b and Λ+
c decays, as both decays are dominated by favoured, tree-level b- and c-quark
transitions.
The asymmetries caused by different reconstruction efficiencies for positively and
negatively charged particles are a challenge in any measurement of particle-antiparticle
asymmetries. One source of these so-called detection asymmetries is the difference in rates
of interaction with the detector material for particles and antiparticles. A new method to
precisely determine the interaction asymmetry of protons and antiprotons, which is of
general interest, is developed as part of this analysis, and presented in detail. The other
sources of detection asymmetries are corrected using methods applied in previous LHCb
measurements.
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The inclusion of the charge-conjugated decays is implied when not specified otherwise.
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Detector and simulation

The LHCb detector [11, 12] is a single-arm forward spectrometer designed for the study of
particles containing b or c quarks. It covers the pseudorapidity range 2 < η < 5 where
the pseudorapidity, η, of a particle with momentum, p~, is defined as artanh(pz /|~p|).2
The detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector
(TT) located upstream of a dipole magnet, and three stations of silicon-strip detectors
and straw drift tubes (T stations) placed downstream of the magnet. The magnetic field
of the dipole magnet has a bending power of about 4 Tm and its polarity is regularly
reversed during data taking. The horizontal plane, (x, z), is the bending plane of the
dipole magnet. Its two polarities are referred to as up and down. The tracking system
provides a measurement of the momentum p~ of charged particles with a relative uncertainty
on the magnitude 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 (primary vertex), the
impact parameter, is measured with a resolution of (15 + 29/pT ) µm, where pT is the
component of the momentum transverse to the beam, in GeV/c. Different types of charged
hadrons are distinguished using information from two ring-imaging Cherenkov detectors
(RICH). Photons, electrons and hadrons are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers. 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, based on information from a partial event reconstruction and
subsequently a full event reconstruction. The trigger selection of candidates is described
in more detail in Section 3.
Simulation is required to model the effects of the detector response and the imposed
selection requirements. In the simulation, pp collisions are generated using Pythia [13]
with a specific LHCb configuration [14]. Decays of unstable particles are described
by EvtGen [15], in which final-state radiation is generated using Photos [16]. The
interaction of the generated particles and antiparticles with the detector, and its response,
are implemented using the Geant4 toolkit [17] as described in Ref. [18]. However,
detection asymmetries are corrected using data from control samples and do not rely on a
precise description of particle–antiparticle differences in simulation.

3

Data samples and selection

This analysis uses data samples of pp collisions collected with the LHCb experiment in
2011 at a centre-of-mass energy of 7 TeV and in 2012 at a centre-of-mass energy of 8 TeV.
These data correspond to integrated luminosities of 1 fb−1 and 2 fb−1 , respectively. The
fraction of data collected with up (down) polarity of the magnetic field is 40% (60%) in
2011 and 52% (48%) in 2012.
− +
−
In the online processing, events consistent with Λ0b → Λ+
c (→ pK π )µ ν µ X decays
are first required to pass the hardware trigger, which selects events containing at least
2

The LHCb coordinate system is right-handed, with the z axis pointing along the beam axis, y the
vertical direction, and x the horizontal direction.
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one muon with a transverse momentum, estimated from the hits in the muon stations, of
pT > 1.48 GeV/c in the 7 TeV data or pT > 1.76 GeV/c in the 8 TeV data. In the subsequent
software trigger, where the momentum is measured with high precision using the tracking
system, a muon candidate is required to have pT > 1.0 GeV/c and a significant impact
parameter with respect to any primary vertex. In the next trigger stage, the muon and
at least one of the Λ+
c decay products are required to be consistent with the topological
signature of b-hadron decays [19].
In the offline processing, signal Λ0b decays are inclusively reconstructed as
+
Λc (→ pK − π + )µ− candidates, i.e. tracks identified as protons, kaons and pions are
combined to an intermediate Λ+
c candidate which is subsequently combined with a muon
0
candidate to form a Λb candidate. In order to suppress background, all final-state particles
are required to be reconstructed as tracks of high quality, to have a significant impact
parameter with respect to any primary vertex and to have a relatively high (transverse)
momentum. The muons are required to have |~p| > 6 GeV/c and pT > 1.2 GeV/c, kaons
|~p| > 2.5 GeV/c and pT > 250 MeV/c, pions |~p| > 3.3 GeV/c and pT > 250 MeV/c, and
protons |~p| > 10 GeV/c and pT > 900 MeV/c. Information from the RICH, calorimeter
and muon systems is used to identify proton, kaon, pion and muon candidates with high
confidence and small misidentification probability. To select Λ+
c candidates, protons, kaons
and pions are required to form a good-quality vertex displaced from any primary vertex,
and to have an invariant mass of |m(pK − π + ) − 2286.46 MeV/c2 | < 80 MeV/c2 . Finally, Λ0b
−
candidates are selected by requiring a good-quality displaced Λ+
c µ vertex, and the invari+ −
+ −
ant mass of the Λc µ pair, m(Λc µ ), is required to be in the range [3.0, 5.6] GeV/c2 . The
momentum perpendicular to the Λ0b flight direction that is missing due to unreconstructed
−
decay products is equal in magnitude and opposite in direction compared to that of Λ+
c µ
−
0
pair, p⊥ (Λ+
c µ ), where the Λb flight direction is defined by the primary vertex with the
−
smallest impact parameter and the Λ+
c µ vertex. This missing momentum is considered
in the corrected mass defined as
p
+ −
− 2 4
+ − 2 2
m(Λ+
(2)
c µ ) c + p⊥ (Λc µ ) c + |p⊥ (Λc µ )|c .
The corrected mass is required to be larger than 4.2 GeV/c2 to further reject random-track
(combinatorial) background.
In total, about 1.7 × 106 Λ0b signal
candidates are selected,
√
√
6
6
0.5 × 10 in the s = 7 TeV data set and 1.2 × 10 in the s = 8 TeV data set.
Additional requirements are applied to reduce detection asymmetries induced by the
detector geometry. In order to exclude regions of phase space where particles of a given
charge are swept out of the detector by the dipole magnet, the horizontal components
of kaons and pions momenta are required to fulfil |px | < 0.317 · (|~p| − 3.4 GeV/c) when
the rapidity, y, of the Λ0b baryon, as defined in Section 4.1, is smaller than 2.58. The
aforementioned momentum requirements on final state particles are more stringent for
protons to reduce detection asymmetries from material interactions. In addition, protons
are required to be within a pseudorapidity range of 2 to 4.25, to exclude regions of phase
space where protons have to traverse significant amounts of material.

3
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Formalism

−
0
− +
The measured (raw) asymmetry between the decays Λ0b → Λ+
c µ ν µ X and Λb → Λc µ νµ X
is defined as

−
+ −
+
− +
−
N (Λ+
c (→ pK π )µ ) − N Λc (→ pK π )µ
,
Araw =
(3)
− π + )µ− ) + N Λ− (→ pK + π − )µ+
N (Λ+
(→
pK
c
c

where N denotes the number of observed decays. The raw asymmetry can be expressed

in terms of the production rates of Λ0b and Λ0b hadrons, σ (pp → Λ0b Y ) and σ pp → Λ0b Y ,
and the reconstruction efficiencies (h± ) of given particle species h denoting proton, kaon,
pion, and muon tracks, as
Araw =

σ(pp → Λ0b Y )(p)(K − )(π + )(µ− ) − σ(pp → Λ0b Y )(p)(K + )(π − )(µ+ )
.
σ(pp → Λ0b Y )(p)(K − )(π + )(µ− ) + σ(pp → Λ0b Y )(p)(K + )(π − )(µ+ )

(4)

The detection asymmetry of a particle h+ is defined as
AD (h+ ) =

(h+ ) − (h− )
,
(h+ ) + (h− )

(5)

and similarly for an antiparticle h− . Using the definitions in Eq. 1, Eq. 5, and neglecting
third-order and higher terms in the asymmetries, the raw asymmetry can be approximated
as
Araw ≈ AP + AD (pK − π + µ− ) = AP + AD (p) + AD (K − ) + AD (π + ) + AD (µ− ) .

(6)

Equation 6 is valid up to corrections of order 10−4 , which is well below the statistical
uncertainty of the measurement.
The detection asymmetries of different particle species have different components.
All charged particles are affected by the magnetic dipole field which deflects positively
and negatively charged particles in opposite directions. Thus, left-right asymmetric
imperfections of the detector in the tracking, particle identification or trigger systems
produce detection asymmetries for charged particles. These detection asymmetries can
be studied and effectively reduced by reversing the polarity of the dipole magnet. To be
detected, a charged particle must traverse the full tracking system without undergoing an
inelastic scatter or an elastic scatter with a large deflection angle [20]. Therefore, different
interaction rates for particles and antiparticles with the detector material are a source
of detection asymmetries, referred to as interaction asymmetry. This type of detection
asymmetry is mostly independent of the magnet polarity. A sizable interaction asymmetry
in the relevant momentum range of 2 to 100 GeV/c is expected for kaons and protons, a
negligible interaction asymmetry is expected for pions, and the interaction asymmetry is
absent for muons.
The corrections due to detection asymmetries are determined in separate steps, approximating AD (pK − π + µ− ) in Eq. 6 as

AD (pK − π + µ− ) ≈ Aint (p) + APID (p) + Atrigger+PID (µ− ) + Atrack (pµ− ) + AD K − π + , (7)
where Aint (p) denotes the interaction asymmetry of protons (Section 6.1); APID (p) the
asymmetry from identifying protons (Section 6.2); Atrigger+PID (µ− ) the asymmetry from
4

identifying muons and triggering on the muon candidate (Section 6.3); Atrack (pµ− ) is
the tracking asymmetry of the muon and proton independent of interaction asymmetries
(Section 6.4); and AD (K − π + ) the combined detection asymmetry for the K − π + pair due
to tracking, particle identification and material interaction
(Section 6.5).
√
The analysis is performed separately for the s = 7 TeV and 8 TeV data as the
production asymmetry is expected to change with centre-of-mass energy. In addition,
detection asymmetries may change due to different operational conditions of the detector.
In principle, the method does not rely on any cancellation due to the regular field reversal,
since all detection asymmetries are corrected for. This is tested by performing the analysis
separately for data samples collected with the two magnet polarities. To reduce any
residual biases, the final results are determined from the arithmetic mean of the results
obtained for these two samples.

4.1

Measurement as a function of Λ0b kinematics

Since the production asymmetry is expected to depend on the kinematics of the Λ0b baryon,
the measurement is performed in intervals of rapidity, y, and alternatively in intervals of
transverse momentum pT . The rapidity is defined by the energy of the Λ0b baryon, E, and
the component of its momentum along the beam direction, pz , as
y=

1 E + pz c
ln
.
2 E − pz c

(8)

Although the semileptonic decay is only partially reconstructed, the measured quantities
−
0
of the Λ+
c µ pair are a good proxy for the true rapidity of the Λb baryon and no correction
is applied. The difference and dispersion of this approximation are studied using simulated
− +
−
Λ0b → Λ+
c (→ pK π )µ ν µ decays, and shown in Fig. 1 as a function of the true rapidity
0
of a Λb baryon. The resolution is less than 0.1 units of rapidity in most regions and small
biases are observed at
√ high and low rapidities. No significant difference is observed for
simulated events at s = 7 and 8 TeV. The impact of additional missing particles due
to decays of excited charm baryons is studied as part of the systematic uncertainties in
Section 7. The seven rapidity intervals used in the analysis are
y : [2.15, 2.58]; [2.58, 2.80]; [2.80, 3.00]; [3.00, 3.20]; [3.20, 3.43]; [3.43, 3.70]; [3.70, 4.10]. (9)
The intervals are chosen to be larger than the average resolution and to be roughly equally
populated, except for the highest-rapidity interval which is less populated. The effects
due to migrations with respect to the true rapidity are found to be small compared to the
statistical uncertainty in all intervals except for the last one. Residual biases are included
in the systematic uncertainties.
−
The transverse momenta of the Λ+
c µ pairs underestimate the transverse momenta
of Λ0b baryons on average. A correction factor, k, defined as the ratio of the true
and the reconstructed pT , is determined as a function of the invariant mass of the
−
+ −
reconstructed Λ+
c µ system, m(Λc µ ), using simulated events. The distribution of the
−
correction factor is shown in Fig. 2. A third-order polynomial, k(m(Λ+
c µ )), is fitted to
the distribution and used to correct the pT of candidates reconstructed in 7 and 8 TeV
data. The procedure follows other analyses involving semileptonic decays at the LHCb
experiment [21, 22]. Subsequently, the pT -dependent measurement of the Λ0b production
5
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Figure 1: Mean and the standard deviation of the difference of reconstructed and true rapidity
of Λ0b baryons as a function of the true rapidity obtained from simulation. The reconstructed
−
rapidity y is approximated by the rapidity of the Λ+
c µ system. The markers correspond to the
means and the error bars correspond to the standard deviations of the distributions in a ytrue
interval.
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Figure 2: Distributions of the k-factors in simulated data as a function of the Λ+
c µ invariant
+
−
mass. The average correction k(m(Λc µ )) is overlaid in red. The colour code describes the
normalised density of the distribution.

−
asymmetry is performed in intervals of pT = pT (Λ+
c µ )/k(m). Fewer pT than y intervals
are chosen due to the poorer resolution of the reconstructed transverse momentum. Five
pT intervals are considered follows

pT [ GeV/c] : [2, 4]; [4, 8]; [8, 12]; [12, 18]; [18, 27] .

(10)

Only candidates which fall in the rapidity range 2.15 < y < 4.10 are used. Despite the
−
true
k-factor correction, the large spread in the pT (Λ+
distribution results in the
c µ )/pT
migration of events into neighbouring pT intervals. The impact of this on the measurement
is discussed in the context of systematic uncertainties in Section 7.
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Figure 3: Distributions of the pK − π + invariant mass for (left) Λ+
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for the (top) s = 7 TeV and (bottom) s = 8 TeV data set. Fits to the distributions, as
described in the text, are shown as well.
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Measurement of raw asymmetries

The signal yields and raw asymmetries are determined through unbinned maximumlikelihood fits to the pK − π + and pK + π − invariant-mass distributions in the twelve
kinematic bins, separately for the two centre-of-mass energies and the two magnet polarities.
−
The signal components for Λ+
c and Λc candidates are modelled by the sum of a Gaussian
function and a Gaussian function with a power-law tail at low mass, the background
−
components are modelled by second-order Chebyshev polynomials. The Λ+
c and Λc signal
yields are expressed in terms of the total yield and the raw asymmetry, such that the raw
−
asymmetry is a fit parameter. The low-mass tail parameters of the Λ+
c and Λc signal
components are constrained to be similar, with a maximum relative difference of 20%, as
is the fraction of the second Gaussian function. All other parameters are fit independently
−
for Λ+
c and Λc signal and background components. Example fits are shown in Fig. 3.
0
The resulting
√ raw asymmetries
√ in intervals of the y and pT of the Λb baryons are shown
in Fig. 4 for s = 7 TeV and s = 8 TeV data, separately for data taken with the two
magnet polarities and their arithmetic average. On average, a positive raw asymmetry
increasing with y but independent of pT√is measured. The difference between the two
magnet polarities, more pronounced for s = 7 TeV data, is due to polarity-dependent
detection asymmetries discussed in the following.
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Detection asymmetries

As presented in Section 4, the contributions to the measured asymmetry are split into
different parts, so that the correction for detection asymmetries per given kinematic
interval i can be written as

AiD (pK − π + µ− ) = Aiint (p) + AiPID (p) + AiD K − π +
(11)
i
−
i
−
+Atrigger+PID (µ ) + Atrack (pµ ) .
As the kinematic distributions of the final-state particles overlap for the intervals in
which the measurement is performed, the corrections are correlated and full correlation
matrices are determined. In the following, the measurements of the individual detection
asymmetries are presented.

6.1

Proton-interaction asymmetry

A novel technique to calibrate the proton-interaction asymmetry at the LHCb detector
is used and described here. The method is general for the most part and potentially
8

useful for other experiments. It exploits a combination of external measurements of
cross-sections of proton and antiproton scattering on deuterium targets, a detailed LHCb
detector simulation, and large samples of Λ → pπ − decays for a calibration determined
from data.
6.1.1

Formalism

Charged hadrons interact strongly with the nuclei inside the detector material. The
nuclear collision length, λ±
p), is the typical length that a hadron or an antihadron with
T (~
momentum p~ travels before it undergoes an elastic or inelastic scatter. The inverse of the
nuclear collision length is given by
1
σT± (~p) ρ NA
,
=
A
λ±
p)
T (~

(12)

where σT± (~p) is the momentum- and material-dependent total hadron or antihadron
interaction cross-section, ρ the material density, A the number of nucleons in the nuclei of
the material and NA the Avogadro’s number. The efficiencies to reconstruct protons and

antiprotons which traverse material with thickness d, are proportional to exp −d/λ±
(~
p
)
.
T
As the detector consists of a variety of materials, the total probability for a hadronic
interaction is given by the product of the corresponding probabilities. The interaction
asymmetry for protons and antiprotons traversing the detector is then given by
P
P
exp(− i di /λ+
p)) − exp(− i di /λ−
p))
T,i (~
T,i (~
P
P
Aint (p)(~p) =
,
(13)
+
−
exp(− i di /λT,i (~p)) + exp(− i di /λT,i (~p))
where the sum is taken over all path lengths and materials encountered up to the last
tracking station. Critical inputs to this equation are a description of the material and
momentum-dependent cross-sections, as well as an accurate simulation of the detector.
6.1.2

Momentum dependence

Precise measurements of the total cross-sections of protons and antiprotons scattering on
isoscalar deuterium targets for momenta up to 270 GeV/c [23] are used to determine the
momentum dependence of the interaction asymmetry. The use of these cross-sections is
motivated by the fact that the LHCb detector is almost an isoscalar target, as obtained
from simulation. In Ref. [23], the total cross-section data as a function of centre-of-mass
energy squared, s, are fitted with an analytical function given by
σd± (~p) = Z ± + B log2 (s/sM ) + Y1 (sM /s)η1 − Y2± (sM /s)η2 ,

(14)

where sM is defined as (mp + md + M )2 with the constant M , and mp and md denoting
the masses of proton and deuterium nuclei. The parameters M , B, η1 and η2 are taken
from Ref. [23], and parameters denoted with ± are different in the fits to proton and
antiproton deuterium cross-sections. For a more conservative estimate of the model
uncertainties compared to Ref. [23], the fits to these data are repeated with additional
degrees of freedom per charge, Z ± and Y2± , in the relevant momentum range of 5 to
170 GeV/c. Data and fit results are shown in Fig. 5 and the resulting fitted parameters
are given in Table 1.
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Table 1: Parameters obtained in the description of the (anti)proton-deuterium cross-sections
along with their uncertainties.

Parameter
Z ± [ mb]
Y1 [ mb]
Y2± [ mb]
6.1.3

Proton

Antiproton

64.76 ± 0.3

64.45 ± 0.3

15.97 ± 0.9

−14.8 ± 0.9

29.66 ± 0.4

Material dependence

For elements with larger atomic number, an extra nucleon contributes less to the crosssection than in a small atom. This so-called screening effect can be described by
σA± (~p)
= σd± (~p)A−α ,
A
+(−)

(15)

where σA
is the (anti)proton interaction cross-section for an element with atomic
number A and α is the screening factor. The momentum dependence is given by the
(anti)proton-deuterium cross-sections discussed above. The same screening factor for
protons and antiprotons is used, and it is assumed that the screening factor is independent
of momentum. Screening factors are determined from the cross-sections of protons with
different materials as implemented in Geant4 and the LHEP physics list [17]. For the
inelastic and total cross-sections screening factors of α = 0.253 and α = 0.195, respectively,
are used. As not all elastic scatters lead to loss of a particle, the screening factor for the
inelastic cross-section is used as default, and that for the total cross-section is considered
in systematic studies.
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6.1.4

Modifications to formalism

Modifications to the model are introduced to better describe simulation and data. First,
some inelastic scatters do not lead to an efficiency loss while some elastic hadronic scatters
lead to an efficiency loss, e.g. a proton scattering shortly before the end of the tracking
stations can still leave enough hits in the detector for its trajectory to be reconstructed.
Momentum-dependent factors, Cp~sim , are determined from simulation and account for these
effects. In addition, these factors depend on the reconstructed final state since the impact
of the momentum spread depends on the Q value of the decay. Therefore, they differ for
− +
the Λ → pπ − calibration channel, discussed in more detail later, and the Λ+
c → pK π
signal channel. Second, the description of the detector material in simulation is not perfect.
Thus, an overall scaling factor, Fdata , is introduced. It is fixed to unity when validating
the method with simulation but is allowed to vary freely when calibrating with data. The
factor Fdata can also absorb differences in the cross-sections between data and simulation.
Subsequently, Eq. 13 is changed to
P
P
exp(−Cp~sim Fdata i di /λ+
p)) − exp(−Cp~sim Fdata i di /λ−
p))
T,i (~
T,i (~
P
P
.
(16)
Aint (p)(~p) =
−
+
sim
sim
exp(−Cp~ Fdata i di /λT,i (~p)) + exp(−Cp~ Fdata i di /λT,i (~p))
6.1.5

Validation with calibration data

The procedure to estimate the proton-interaction asymmetry is validated by measuring
the asymmetry with partially reconstructed Λ → pπ − decays exploiting a tag-and-probe
method. The method is described in more detail in Ref. [24], where it is applied to a
different decay mode. The proton (probe) is reconstructed using information from the
VELO only, while the pion (tag) is fully reconstructed using information from VELO, TT
and T stations (long track). Due to the large lifetime of Λ baryons, candidates are selected
with high purity by requiring a large displacement of the decay vertex with respect to
the primary-interaction vertex. Kinematic and geometric constraints allow the mass of
the Λ candidate and the momentum of the proton candidate to be reconstructed with a
relative resolution of about 7%. The efficiency to reconstruct a proton is given by the
ratio of matched and selected candidates. A proton track is considered as matched if
there is a long track which has at least 65% of hits in common with the VELO probe
(with a minimum of 6 hits), and the correct charge and momentum to form a Λ candidate
when combined with the tag pion. The procedure is performed separately for proton
and antiproton candidates to determine the detection asymmetry. Contributions to the
detection asymmetry other than the interaction cross-sections, e.g. left-right asymmetries
in the detector efficiency, are controlled by applying the same method to KS0 → π + π −
decays with one pion being the tag and the other the probe. The asymmetry in pion
interaction cross-sections is negligible for the relevant momenta above 10 GeV/c [23]. The
proton-interaction asymmetry for protons with |~p| > 10 GeV/c is then determined as the
difference of detection asymmetries obtained for proton and pion probes. The data are
split into different intervals of proton momentum and pseudorapidity
to test different
√
kinematic regions. Data recorded in 2017 and 2018 at s = 13 TeV, corresponding to
an integrated luminosity of 3.3 fb−1 , are used to perform the calibration, as no suitable
trigger selections existed in 2011 and 2012. However, changes in the detector geometry are
minimal and the calibration is valid for all data-taking periods, as it is derived as a function
of the proton kinematics. In total, about 3 million Λ and 40 million KS0 candidates are
11

5

A int(p ) [%]

A int(p ) [%]

used. The measured proton-interaction asymmetries as a function of proton momentum
and pseudorapidity are given in Fig. 6.
The measured asymmetries are compared to the expected proton-interaction asymmetry
from (anti)proton-deuterium cross-sections according to Eq. 16. The coefficients Cp~sim are
determined with simulation in momentum ranges of [5, 15], [15, 30] and [30, 75] GeV/c to
be 0.91 ± 0.02, 0.85 ± 0.02 and 0.73 ± 0.05. Using the proton momentum and the last hit of
the proton track in the VELO, the path of the proton through the detector is determined
and the expected proton-interaction asymmetry is calculated according to Eq. 13. A test
with simulated data shows good agreement between the asymmetry determinations with
Λ → pπ − decays and (anti)proton-deuterium cross-sections when the parameter Fdata is
fixed to 1. Using Λ → pπ − decays in data, the parameter Fdata is determined from a fit
to be 0.967 ± 0.017. The fit has a χ2 of 20.8 with 19 degrees of freedom, showing a very
good statistical agreement of the asymmetry between measurement and estimation from
(anti)proton-deuterium cross-sections. The resulting correction factor Fdata is subsequently
−
used in the determination of the proton-interaction asymmetry of Λ0b → Λ+
c µ ν µ X decays.
As a test, the same procedure is repeated with Λ and KS0 candidates with the proton

LHCb
s = 13 TeV

4

Prediction
Data 3.3 fb -1

3

5

2

1

1

0

0

−2

5

−1

2.0 ≤ η < 3.0
10

15

20

Prediction
Data 3.3 fb -1

3

2

−1

LHCb
s = 13 TeV

4

3.0 ≤ η < 4.0

−2

25

20

40

A int(p ) [%]

Proton momentum [GeV/c]

60

Proton momentum [GeV/c]

5

LHCb
s = 13 TeV

4

Prediction
Data 3.3 fb -1

3
2
1
0
−1
−2

4.0 ≤ η < 4.25
10

20

30

40

50

Proton momentum [GeV/c]

Figure 6: Proton-interaction asymmetry measured as difference in detection asymmetries between
protons originating from Λ → pπ − and pions from KS0 → π + π − decays in 2017 and 2018 data,
split in three intervals of pseudorapidity. The η ranges are [2, 3], [3, 4] and [4.00, 4.25] from top
left to bottom. Also shown are the predictions from the proton-deuterium cross-sections. Model
uncertainties shown here are a constant 10% uncertainty due to the knowledge on the material
budget [25]. These uncertainties are not used in the χ2 values reported in the text. The vertical
line shows the lower cutoff in momentum used in the fit.
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reconstructed in the first two tracking detectors, VELO and TT, instead of the VELO
only. By restricting the method to such tracks, the overall material affecting the inferred
efficiency is reduced, but the average composition is different, making it a complementary
test of the method. The predicted asymmetries are about two times smaller. Using the
previously determined parameter Fdata , a very good agreement with a χ2 of 18.8 with 19
degrees of freedom is observed between measurement and prediction from (anti)protondeuterium cross-sections.
6.1.6

Application to signal decays

3.5

LHCb
s = 8 TeV

3

Aint(p ) [%]

Aint(p ) [%]

The measurement using Λ → pπ − decays presented in the previous section probes the
interaction asymmetry of material downstream of the VELO, which is about two-thirds of
the total material budget of the tracking system [26]. Additionally, protons from Λ decays
have a relatively soft momentum spectrum compared to the protons from Λ0b decays.
Therefore, the formalism given in Eq. 16, which explicitly accounts for the momentum
dependence and the full detector geometry, is used to determine the proton-interaction
− +
−
asymmetry for Λ+
c (→ pK π )µ candidates.
− +
For Λ+
c → pK π decays, the efficiency correction of hadronic scattering is smaller
sim
compared to Λ decays as the Λ+
c decay has a larger Q value. The correction factors Cp
~
vary between 0.9 and 0.95 for proton momenta from 10 to 150 GeV/c. The asymmetry due
to the proton-interaction asymmetry is then estimated for the protons in the Λ0b signal
decays by averaging Eq. 16 over the hypothetical paths through the detector material
given by the Λ+
c decay vertices and the proton momenta. Differences between data and
simulation are accounted for by the effective correction of the material map Fdata of
0.967 ± 0.017. The proton-interaction asymmetry varies between 1% and 2% depending
on
√
0
0
Λb kinematics, and is shown as a function of Λb rapidity and pT in Fig. 7 for s = 8 TeV
data. The small difference between the results for the two magnet polarities
√ is due to an
asymmetric material distribution in the tracking stations. The results for s = 7 TeV are
almost identical, as the material density is the same.
The systematic uncertainties on the proton-interaction asymmetry are summarised
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Figure 7: Proton-interaction asymmetry versus Λ0b (left) rapidity and (right) pT for data taken
√
at a centre-of-mass energy of s = 8 TeV. The results are shown separately for (red upward
triangles) magnet up, (blue downward triangles) magnet down and (black dots) their average.
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Table 2: Ranges of the systematic uncertainties for the proton-detection asymmetry.

Source of systematic uncertainty

Absolute uncertainty [%]

Contribution of elastic scattering

0.13 − 0.15

Survival probability correction
Material map uncertainty

0.04 − 0.05
0.02

VELO material uncertainty

0.03

Cross-section uncertainty

0.05 − 0.06

Total systematic uncertainty

0.21 − 0.24

in Table 2. They stem from the unknown contribution of elastic scattering, as discussed
in Section 6.1.3, the uncertainty of the correction of the survival probability of hadronic
scattering, the statistical uncertainty on the correction factor due to the material, the
uncertainty on the amount of material in the VELO [27], and the uncertainty of the
(anti)proton-deuterium cross-section measurements.
In addition to the interaction asymmetry, a small correction due to the geometric
acceptance of protons is determined. It is negligible when averaging the results for the
two magnet polarities but has a size of up to 0.2% in magnitude when considering only
one polarity. It is largest at high rapidities where particles are close to the beam pipe.

6.2

Proton PID asymmetry

The asymmetry of the proton identification is determined with large data samples of
− +
+
Λ → pπ − and Λ+
c → pK π decays [28]. Only Λc candidates originating from the primary
vertex are used to avoid overlap with the Λ0b signal decay. The decays are selected without
any requirement on the proton-identification variables in the trigger and offline processing.
The signal yield is determined from a fit to the invariant-mass distributions of Λ or Λ+
c
candidates. Tables of efficiencies depending on proton momentum, proton rapidity and
per-event track multiplicity are built by determining the fraction of candidates fulfilling the
selection requirement of signal candidates in a given interval. The procedure is performed
separately for proton and antiproton candidates to calculate the detection asymmetry
according to Eq. 5. The average asymmetry correction in each Λ0b kinematic interval is
calculated from the efficiency tables and the proton kinematics. Proton PID asymmetries
are measured with an absolute uncertainty of 0.1% to 0.2% and are consistent with zero in
most regions of the considered Λ0b decay phase space. Systematic uncertainties are assigned
based on differences in the detection asymmetries when slightly increasing the number of
intervals per dimension and when using the transverse momentum or the azimuthal angle
of the proton to parameterise the efficiencies. The systematic variations are found to be
comparable in size to the statistical uncertainty.

6.3

Muon trigger and PID asymmetry

The asymmetry due to the muon PID and the muon-based trigger is determined with
a tag-and-probe method using J/ψ → µ+ µ− decays incompatible with coming from any
14

primary vertex [29]. One of the muon candidates (tag) is required to have a positive
trigger decision and to be identified as a muon, while the other muon (probe) is only
required to be reconstructed by the tracking system. This selection ensures that the probe
is unbiased with respect to trigger and muon identification. Subsequently, it is tested
whether the probe muon passes or fails the selection requirements given in Section 3.
The detection asymmetry is determined by a simultaneous fit of the µ+ µ− invariant-mass
distributions of the samples divided according to the charge of the probe muon and its
response to the selection criteria. The procedure is performed in ranges of pT and η of the
probe muon to determine asymmetry tables for different data-taking years and magnet
polarities. The chosen intervals have approximately equal signal yields while capturing
the variations of the asymmetry. The average asymmetry correction in each Λ0b kinematic
interval is calculated from the asymmetry maps and the muon kinematics in the considered
interval. The corrections are measured with a statistical precision of 0.1% to 0.2%. While
the average asymmetry of the two magnet-polarity samples is consistent with zero in
most phase-space regions, a significant difference between the asymmetries in data taken
with magnet-polarity up and down is observed in 2011. This feature originates from a
charge-dependent bias in the momentum measured by the hardware trigger, which was
corrected starting from the 2012 data-taking period. The bias was caused by a combination
of misaligned muon stations together with a too simplified momentum determination in
the hardware trigger. Systematic uncertainties are obtained from the variations observed
in the efficiency maps when adding the azimuthal angle of the muon as an additional
dimension and when slightly varying the limits of the pT and η intervals.

6.4

Asymmetry of track reconstruction for protons and muons

Imperfections in the tracking system can lead to different reconstruction efficiencies for
positively and negatively charged particles. This asymmetry adds to the detection asymmetries due to strong interactions with the detector material and particle identification
determined in previous sections. The efficiencies to reconstruct the trajectories of positively and negatively charged particles are measured with a tag-and-probe method using
J/ψ → µ+ µ− decays where the probe muon is not fully reconstructed by the tracking
system [25,30]. Asymmetry maps are extracted as a function of pT , momentum or η of the
probe muon. An average asymmetry correction of each Λ0b kinematic interval is calculated
from the muon and proton kinematics of Λ0b candidates in the considered interval. The
asymmetries obtained from the asymmetry map as a function of η are used as the central
values, while the largest differences in the other maps are used as systematic uncertainties.
As the proton and muon in the Λ0b decay have opposite charges, the combined tracking
asymmetry is consistent with zero in all Λ0b kinematic bins with a precision of about 0.1%,
dominated by the systematic uncertainties.

6.5

Kaon-pion detection asymmetry

All detection asymmetries of the K − π + pair are determined as a single correction, which
includes contributions from track reconstruction, particle identification and material
interactions. In particular, kaons have a sizeable interaction asymmetry with the detector
material, similar to the one of protons.
The K − π + detection asymmetry is determined with large calibration samples of
15

promptly-produced D+ → K − π + π + decays where the production asymmetry of D+ mesons
and the detection asymmetry of the additional pion are corrected for with promptlyproduced D+ → K 0 π + decays [31]. This additional pion is required to trigger the event
in the selection of D+ decays. The neutral kaon, reconstructed in the π + π − final state,
induces a small asymmetry originating from CP violation, material interaction, and
their interference. This asymmetry is corrected for with the CP -violation parameters of
the neutral-kaon system, interaction cross-sections and the material map of the VELO,
within which the K 0 candidates are required to decay. Asymmetries are determined
with fits to the D+ invariant-mass distributions. As detection asymmetries depend on
kinematics, candidates of the D+ decay are assigned per-candidate weights, chosen such
that the weighted kinematic distributions of kaons and pions match the distributions
− +
−
of the ones from the Λ0b → Λ+
c (→ pK π )µ ν µ X decay. The weights are determined
by considering the distributions of momentum and pseudorapidity of the kaon and the
transverse momentum of the pion.
Corrections vary between −1.5% and −1.0% depending on the Λ0b kinematic range.
The kaon-pion detection asymmetry is of opposite sign compared to the proton-interaction
asymmetry
√ and has a similar magnitude. Statistical√uncertainties are about 0.3% for data
taken at s = 7 TeV and 0.2% for data taken at s = 8 TeV. Systematic uncertainties
are determined by varying the bins used in the weighting procedure and by studying the
signal model used in the fits to the calibration samples. The systematic uncertainties are
significantly smaller than the statistical uncertainties for all Λ0b kinematic bins.

6.6

Summary of detection asymmetries

The total corrections due to detection asymmetries are shown in Fig. 8 for different
magnet-polarity samples and centre-of-mass energies. The largest corrections are the
proton-interaction asymmetry and the kaon-pion detection asymmetry. As these are of
opposite sign, the total correction is relatively small. The fairly large difference between
the
√ total detection asymmetries for data taken with magnet polarities up and down at
s = 7 TeV is due to the muon trigger and PID asymmetry present in this data-taking
period.

7

Systematic uncertainties

Systematic shifts in the measured production asymmetries per Λ0b kinematic interval
can arise from background contributions due to misreconstructed final states, from the
finite rapidity and pT resolution due to non-reconstructed final state particles, and, as
discussed before, from biases in the determination of detection asymmetries. The details
of the evaluation of systematic uncertainties in the measurements of the various detection
asymmetries are described in Section 6.
Signal yields are determined by a fit to the invariant-mass distribution of reconstructed
+
Λ+
c candidates (see Section 5). The combination of a Λc baryon not originating from
a Λ0b baryon decay with a random muon in the event is a potential background with a
different production asymmetry. To estimate this background fraction, combinations of
+
Λ+
c candidates with same-sign µ candidates are formed with the otherwise default signal
selection and their yield is compared to the total signal yield. This fraction is measured
16
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Figure 8: Total correction due to detection asymmetries versus Λ0b (left) rapidity and (right) pT
√
√
for data taken at centre-of-mass energies of (top) s = 7 TeV and (bottom) s = 8 TeV. The
results are shown separately for the (red upward triangles) magnet-up sample, (blue downward
triangles) magnet-down sample and (black dots) their average. The first bar indicates the
statistical uncertainty and the second bar the total uncertainty.

to be less than 0.5%. There is no precise measurement of the production asymmetry of
Λ+
c baryons produced promptly in pp collisions to date, but it is not expected to differ
by more than a few percent in absolute terms from the production asymmetries of Λ0b
baryons [5]. The D+ and Ds+ production asymmetries are measured to be less than 1% in
absolute terms with no significant kinematic dependence [32, 33]. Thus, associating the
full measured asymmetry to the Λ0b production asymmetry leads to a negligible systematic
uncertainty due to the small background contribution.
Systematic uncertainties due to the chosen fit model are evaluated with pseudoexperiments. Invariant-mass distributions are generated with alternative models which
empirically describe data and are fitted with the default fit model. The variations include
a model with non-Gaussian tails on both sides of the signal peak [34] and a model with
−
different tail parameters for Λ+
c and Λc candidates. Negligible biases are found and no
systematic uncertainty due to the raw-asymmetry determination is assigned.
The rapidity and transverse momentum are determined from the reconstructed mo−
mentum of the Λ+
c µ system, where the momenta of the neutrino and additional particles
in the decay of excited Λ+
c resonances are not considered as discussed in Section 4.1. The
resulting, degraded resolution can lead to a migration of candidates between kinematic
17

Table 3: Absolute statistical and systematic uncertainties affecting the measurement, given in
percent. The ranges are taken from the results when binning in Λ0b rapidity.
√

Raw asymmetry
Proton interaction
Kaon-pion detection
Muon trigger & PID
Tracking
Proton PID
Interval migration
Total uncertainty

√

s = 7 TeV

s = 8 TeV

Stat. [%]

Syst. [%]

Stat. [%]

Syst. [%]

0.42 − 0.62

-

0.27 − 0.40

-

-

0.16 − 0.31

0.07 − 0.19

0.02 − 0.05

0.01 − 0.16
-

0.46 − 0.70

0.21 − 0.24

-

0.05 − 0.10

0.11 − 0.20

0.05 − 0.10

0.01 − 0.04

0.00 − 0.08
0.02 − 0.05
0.02 − 0.17

0.23 − 0.30

0.04 − 0.11
0.01 − 0.09

0.21 − 0.24

0.04 − 0.08
0.08 − 0.15
0.02 − 0.19
0.01 − 0.05

-

0.02 − 0.17

0.31 − 0.44

0.25 − 0.35

intervals. A measure for this migration is the purity per interval, which is defined as
the ratio of candidates correctly reconstructed in a given kinematic interval over the
total number of candidates in that interval. Studies with simulated events show that the
purity in all Λ0b kinematic intervals is close to 70% or higher. The rapidity resolution is
0
+
−
better for decays proceeding via excited Λ+
c baryons, such as Λb → Λc (2595)µ ν µ with
+ + −
Λ+
c (2595) → Λc π π , while the transverse momentum resolution degrades due to the
additional missing particles. Pseudoexperiments are generated for both binning schemes
using efficiency and resolution functions determined from the decays without any interme+
+
diate resonance and from those proceeding via the Λ+
c (2595), Λc (2625), Λc (2765), and
+
Λc (2880) resonances. The relative fraction of these decays is taken from Ref. [35]. The
generated momentum distribution is taken from the LHCb simulation and the generated
production asymmetries are conservatively chosen such that they exceed those observed
in data by up to a factor two. The estimated systematic biases vary from 0.03% at low
rapidities to 0.16% in the largest rapidity interval. For the pT binning, the systematic
biases vary from 0.19% at low pT to 0.08% at large pT .
All systematic uncertainties are summarized in Table 3 for intervals of Λ0b rapidity,
being similar for those in pT . The dominant systematic uncertainty comes from the
determination of the proton interaction asymmetry. This systematic uncertainty is around
0.2% in all Λ0b kinematic intervals and is almost fully correlated between all intervals.

8

Results

The measured production asymmetries as a function of Λ0b rapidity and transverse momentum are shown in Fig. 9 for centre-of-mass energies of 7 and 8 TeV. The values
per kinematic interval including statistical and systematic uncertainties are given in
Tables 4 and 5. The results for neighbouring intervals are correlated as the data used to
determine corrections of detection asymmetries overlap. The correlation matrices including statistical and systematic uncertainties are given in Appendix A. As a consistency
check, the measurement is performed independently for magnet-up and magnet-down
samples and the χ2 for the compatibility of equal results is calculated. When binning in
18

5

AP [%]

AP [%]

y (pT ) distribution, the obtained χ2 value is 12.9 (5.2) with 14 (10) degrees of freedom,
corresponding to a p-value of 54% (88%).
The production asymmetries are found to be incompatible with zero for both 7 and
8 TeV data, with χ2 = 51.1 and χ2 = 51.7 with 7 degrees of freedom each, corresponding
to p-values of 8.9 × 10−9 and 6.6 × 10−9 . To test whether
√ the production asymmetry is
independent of rapidity, the asymmetries observed in s = 7 TeV and 8 TeV data are
fitted separately with a constant; the minimized χ2 values are 13.3 and 30.4, respectively,
−2
−5
with 6 degrees of freedom each, corresponding to p-values
√ of 3.8 × 10 and
√ 3.3 × 10 .
As a difference between the production asymmetries at s = 7 TeV and s = 8 TeV is
expected, the compatibility between the measurements at both energies is calculated. The
χ2 is 18.6 with 7 degrees of freedom corresponding to a p-value of 9 × 10−3 .
0
0
In summary, an asymmetry between
is observed at the 5.8
√ Λb and Λb production
√
standard deviations (σ) level for both s = 7 TeV and s = 8 TeV data.3 There is an
0
evidence
for a dependence
of this asymmetry on the Λ
√
√
√b rapidity at the
√ 4.1 σ level at
s = 8 TeV, 2.1 σ at s = 7 TeV. The asymmetries at s = 7 TeV and s = 8 TeV are
found compatible at the 2.6 σ level. No significant variation in the production asymmetry
is observed as a function of pT . To illustrate typical production asymmetries for Λ0b decays
reconstructed at the LHCb experiment, the asymmetries observed across pT intervals are
averaged, which implicitly takes
√ the observed y and pT distributions
√ into account. The
results are (1.92 ± 0.35)% for s = 7 TeV and (1.09 ± 0.29)% for s = 8 TeV.
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Figure 9: Measured Λ0b production asymmetry versus (left) rapidity and (right) transverse
momentum. The uncertainties are the quadratic sums of statistical and systematic uncertainties.
The results in neighbouring intervals are correlated.

8.1

Comparison with theory

In this section, theoretical predictions for the Λ0b production asymmetry as a function of
y and pT are compared to the measurements. Different models of colour reconnection
implemented in Pythia are considered [13], along with results from the heavy-quark
recombination model [4] applied to Λ0b production in pp collisions [5]. The predictions
3

The compatibility
in units of Gaussian standard deviations, n σ, is derived from the p-value via
√
n(p) = 2 erf−1 (1 − p) where erf is the error function.
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Table 4: Measured Λ0b production asymmetry in rapidity intervals. Values are given in percent.
The first uncertainty is statistical, the second systematic. Note that part of the uncertainties is
correlated between rapidity intervals.

Λ0b production asymmetry [%]
√
√
s = 7 TeV
s = 8 TeV
2.15 < y < 2.58
2.58 < y < 2.80
2.80 < y < 3.00
3.00 < y < 3.20
3.20 < y < 3.43
3.43 < y < 3.70
3.70 < y < 4.10

1.58 ± 0.70 ± 0.27

−0.16 ± 0.38 ± 0.30

1.11 ± 0.50 ± 0.24

0.68 ± 0.31 ± 0.25

1.11 ± 0.52 ± 0.26

1.64 ± 0.50 ± 0.23

2.73 ± 0.46 ± 0.23

2.06 ± 0.48 ± 0.24
3.75 ± 0.68 ± 0.30

0.60 ± 0.32 ± 0.26

0.78 ± 0.31 ± 0.25

1.14 ± 0.31 ± 0.24

2.70 ± 0.34 ± 0.23
2.43 ± 0.44 ± 0.35

Table 5: Measured Λ0b production asymmetry in intervals of transverse momentum. Asymmetry
values are given in percent. The first uncertainty is statistical, the second systematic. Note that
part of the uncertainties is correlated between transverse momentum intervals.

Λ0b production asymmetry [%]
√
√
s = 7 TeV
s = 8 TeV
2 < pT < 4 GeV/c
4 < pT < 8 GeV/c
8 < pT < 12 GeV/c
12 < pT < 18 GeV/c
18 < pT < 27 GeV/c

1.28 ± 1.08 ± 0.29

1.58 ± 0.74 ± 0.35

1.89 ± 0.34 ± 0.24

1.21 ± 0.22 ± 0.24

2.05 ± 0.35 ± 0.30

2.08 ± 0.49 ± 0.25

0.49 ± 1.11 ± 0.34

1.19 ± 0.23 ± 0.33

0.88 ± 0.32 ± 0.23

−0.06 ± 0.68 ± 0.26

for the models implemented in Pythia are generated using version 8.303. The different
settings for Pythia include the standard Monash settings [36] and two newer models
of colour reconnection: one based on a QCD-inspired scheme (CR1) introduced in
Refs. [37, 38], and the so-called “gluon-move” scheme (CR2) introduced in Refs. [38, 39].
The detailed settings for the Pythia productions are given in Appendix B. The predictions
for the heavy-quark recombination model are updated with respect to Ref. [5] to have
predictions at 7 and 8 TeV, and restricted to the same rapidity range, 2.15 < y < 4.1, as
this measurement. Predictions for heavy-quark recombination are provided for pT smaller
than 4 GeV/c but are unreliable on energy scales below the b-quark mass [4, 5].
The predicted asymmetries are sampled with the y and pT distributions observed in
data to correct for efficiency variations within a kinematic interval. Distributions of the
reconstructed Λ0b kinematics, along with their one-dimensional projections, are shown in
Appendix C.
The comparison between data and the various Pythia models is shown in Fig. 10. The
20
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Aprod [%]

uncertainties on the Pythia models shown here are only due to the limited sample size
of about 12.5 million events. The results of the Pythia hadronisation model describing
the data best, along with the predictions of the heavy-quark recombination model are
presented in Fig. 11. The uncertainties on the heavy-quark recombination model are the
systematic uncertainties given in Ref. [5]. Overall, the predictions from the heavy-quark
recombination model are consistently higher than the 8 TeV measurements, but remain
within
√ uncertainties. For Pythia, only the model CR1 shows a good agreement with
the s = 7 TeV measurements but it is also consistently higher at 8 TeV. The two other
tested settings predict asymmetries that are too large, exhibiting the strongest deviation
at low transverse momentum.
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Figure 10: Comparison of the Λ0b production asymmetry predicted by the various Pythia
models, where CR1 refers to the QCD-inspired model and CR2 refers to the gluon-move model,
and the measured production asymmetries. Results versus Λ0b (left) rapidity y and (right) pT are
√
√
shown for centre-of-mass energies of (top) s = 7 TeV and (bottom) s = 8 TeV. Uncertainties
on the predictions are due to limited simulation sample sizes.
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Conclusions

√
The most precise measurements of the Λ0b production asymmetry in s = 7 TeV and 8 TeV
proton-proton collisions have been presented. A new method to estimate asymmetries in
the interaction of protons and antiprotons with the detector material has been developed.
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Figure 11: Comparison of the measured Λ0b production asymmetry (points with error bars)
with the predictions by the most compatible Pythia model and the heavy-quark recombination
model (HQR). Results versus Λ0b (left) rapidity y and (right) pT are shown for for centre-of-mass
√
√
energies of (top) s = 7 TeV and (bottom) s = 8 TeV. Uncertainties for the CR1 Pythia
model are due to limited simulation sample sizes. Those from the heavy-quark recombination
model are systematic as provided by the authors, and have the results in the lowest pT interval
hatched as the authors claim their results are reliable only for pT > 5 GeV/c [4, 5].

The Λ0b production asymmetry has been measured in intervals of rapidity and transverse
momentum, covering the ranges 2.15 < y < 4.10 and 2 < pT < 27 GeV/c. A significant
asymmetry in b-hadron production has been observed√for the first time √
with strong evidence
0
for a dependence on Λb rapidity. The results for s = 7 TeV and s = 8 TeV protonproton collisions
are compatible at the 2.6 σ level, with asymmetries on average being
√
lower at s = 8 TeV. The measured values are consistent with the less precise indirect
determinations presented in Ref. [8]. A comparison of the obtained results with several
theoretical predictions has been performed. The measured asymmetries as a function
of rapidity and pT disfavour the Pythia Monash and CR2 tunes, but are compatible
with other colour-reconnection models implemented in Pythia and predictions from
heavy-quark recombination.
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Appendices
A

Correlation matrices

The correlation matrices for the measurements of Λ0b production asymmetry in intervals of
rapidity and pT , including statistical and systematic uncertainties, are shown in Fig. 12.

B

Pythia settings

The settings used in the Pythia generation are given in Table 6.

C

Kinematic distributions

The kinematic distributions of Λ0b candidates as observed in data are shown in Fig. 13.
The data are not corrected for efficiencies. Background contributions are subtracted
statistically.
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Figure 12: Correlation coefficients of the total (statistical and systematic) uncertainty on the
production asymmetry versus Λ0b (top) rapidity and (bottom) transverse momentum.
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Table 6: Settings for the different Pythia 8 productions. CR stands for Colour Reconnection.
Pythia version 8.303 is used.
Monash

QCD inspired (CR1)

Gluon move (CR1)

PhaseSpace:pTHatMin 0.4
CR:mode 0

PhaseSpace:pTHatMin 0.4
CR:mode 1
BeamRemnants:remnantMode 1
BeamRemnants:saturation 5
CR:allowDoubleJunRem off
CR:allowJunctions on
StringZ:aLund 0.36
StringZ:bund 0.56

PhaseSpace:pTHatMin 0.4
CR:mode 2
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Figure 13: Measured, normalised distributions of pT , y from background-subtracted Λ0b candidates
√
√
for (left) s = 7 TeV and (right) s = 8 TeV data. The distributions are not corrected for
the detector efficiency. Darker areas correspond to more densely populated regions. Below the
two-dimensional histogram, the projections in y and pT are shown.
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[1] E. Norrbin and T. Sjöstrand, Production and hadronization of heavy quarks, Eur.
Phys. J. C17 (2000) 137, arXiv:hep-ph/0005110.
[2] E. Norrbin and R. Vogt, Bottom production asymmetries at the LHC, in Proceeding
of Fifth workshop on electronics for LHC experiments, 2000, arXiv:hep-ph/0003056.
[3] E. Norrbin, Heavy quark production asymmetries, in Proceedings of EPS-HEP, 408,
1999, arXiv:hep-ph/9909437.
[4] E. Braaten, Y. Jia, and T. Mehen, B production asymmetries in perturbative QCD,
Phys. Rev. D66 (2002) 034003, arXiv:hep-ph/0108201.
0
0
[5] W. K. Lai and A. K. Leibovich, Λc + /Λ−
c and Λb /Λ̄b production asymmetry at the LHC
from heavy quark recombination, Phys. Rev. D91 (2015) 054022, arXiv:1410.2091.

[6] LHCb collaboration, R. Aaij et al., Search for CP violation in
Λ0b → pK − and Λ0b → pπ − decays, Phys. Lett. B784 (2018) 101, arXiv:1807.06544.
[7] LHCb collaboration, R. Aaij et al., Study of the productions of Λ0b and B 0 hadrons in
pp collisions and first measurement of the Λ0b → J/ψpK − branching fraction, Chin.
Phys. C40 (2016) 011001, arXiv:1509.00292.
[8] LHCb collaboration, R. Aaij et al., Measurement of B 0 , Bs0 , B + and Λ0b production
asymmetries in 7 and 8 TeV proton-proton collisions, Phys. Lett. B774 (2017) 139,
arXiv:1703.08464.
[9] CMS collaboration, S. Chatrchyan et al., Measurement√of the Λb cross section and
the Λb to Λb ratio with J/ψΛ decays in pp collisions at s = 7 TeV, Physics Letters
B714 (2012) 136, arXiv:1205.0594.
[10] Particle Data Group, P. A. Zyla et al., Review of particle physics, Prog. Theor. Exp.
Phys. 2020 (2020) 083C01.
[11] LHCb collaboration, A. A. Alves Jr. et al., The LHCb detector at the LHC, JINST 3
(2008) S08005.
[12] LHCb collaboration, R. Aaij et al., LHCb detector performance, Int. J. Mod. Phys.
A30 (2015) 1530022, arXiv:1412.6352.
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S. Mrenna, and P. Skands, PYTHIA 6.4 physics and manual, JHEP 05 (2006) 026,
arXiv:hep-ph/0603175.
[14] I. Belyaev et al., Handling of the generation of primary events in Gauss, the LHCb
simulation framework, J. Phys. Conf. Ser. 331 (2011) 032047.
[15] D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152.

27

[16] N. Davidson, T. Przedzinski, and Z. Was, PHOTOS interface in C++: Technical
and physics documentation, Comp. Phys. Comm. 199 (2016) 86, arXiv:1011.0937.
[17] Geant4 collaboration, J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53 (2006) 270; Geant4 collaboration, S. Agostinelli et al., Geant4:
A simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.
[18] M. Clemencic et al., The LHCb simulation application, Gauss: Design, evolution and
experience, J. Phys. Conf. Ser. 331 (2011) 032023.
[19] V. V. Gligorov and M. Williams, Efficient, reliable and fast high-level triggering using
a bonsai boosted decision tree, JINST 8 (2013) P02013, arXiv:1210.6861.
[20] L. Dufour, High-precision measurements of charge asymmetries at LHCb, CERNTHESIS-2019-281, 2019.
[21] LHCb collaboration, R. Aaij et al., A precise measurement of the B 0 meson oscillation
frequency, Eur. Phys. J. C76 (2016) 412, arXiv:1604.03475.
[22] LHCb collaboration, R. Aaij et al., Measurement of the Bc− production fraction
and asymmetry in 7 and 13 TeV pp collisions, Phys. Rev. D100 (2019) 112006,
arXiv:1910.13404.
[23] Particle Data Group, C. Patrignani et al., Review of particle physics, Chin. Phys.
C40 (2016) 100001.
[24] LHCb collaboration, R. Aaij et al., Measurement of the electron reconstruction
efficiency at LHCb, JINST 14 (2019) P11023, arXiv:1909.02957.
[25] LHCb collaboration, R. Aaij et al., Measurement of the track reconstruction efficiency
at LHCb, JINST 10 (2015) P02007, arXiv:1408.1251.
[26] J. Van Tilburg, Track simulation and reconstruction in LHCb, CERN-THESIS-2005040, 2005.
[27] R. Aaij et al., Performance of the LHCb Vertex Locator, JINST 9 (2014) P09007,
arXiv:1405.7808.
[28] L. Anderlini et al., The PIDCalib package, LHCb-PUB-2016-021, 2016.
[29] LHCb collaboration, R. Aaij et al., Measurement of the semileptonic CP asymmetry
in B 0 –B 0 mixing, Phys. Rev. Lett. 114 (2015) 041601, arXiv:1409.8586.
[30] LHCb collaboration, R. Aaij et al., Measurement of the CP asymmetry in Bs0 –B 0s
mixing, Phys. Rev. Lett. 117 (2016) 061803, arXiv:1605.09768.
[31] LHCb collaboration, R. Aaij et al., Measurement of CP asymmetry in D0 → K − K +
and D0 → π − π + decays, JHEP 07 (2014) 041, arXiv:1405.2797.
[32] LHCb collaboration, R. Aaij et al., Measurement of the D± production asymmetry in
7 TeVpp collisions, Phys. Lett. B718 (2013) 902, arXiv:1210.4112.

28

[33] LHCb collaboration,
R. Aaij et al., Measurement of Ds± production asymmetry in pp
√
collisions at s =7 and 8 TeV, JHEP 08 (2018) 008, arXiv:1805.09869.
[34] D. Martı́nez Santos and F. Dupertuis, Mass distributions marginalized over per-event
errors, Nucl. Instrum. Meth. A764 (2014) 150, arXiv:1312.5000.
−
[35] LHCb collaboration, R. Aaij et al., Measurement of the shape of the Λ0b → Λ+
c µ νµ
differential decay rate, Phys. Rev. D96 (2017) 112005, arXiv:1709.01920.

[36] P. Skands, S. Carrazza, and J. Rojo, Tuning PYTHIA 8.1: the Monash 2013 Tune,
Eur. Phys. J. C74 (2014) 3024, arXiv:1404.5630.
[37] J. R. Christiansen and P. Z. Skands, String Formation Beyond Leading Colour, JHEP
08 (2015) 003, arXiv:1505.01681.
[38] S. Argyropoulos and T. Sjöstrand, Effects of color reconnection on tt̄ final states at
the LHC, JHEP 11 (2014) 043, arXiv:1407.6653.
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P. Garcia Moreno45 , J. Garcı́a Pardiñas26,j , B. Garcia Plana46 , F.A. Garcia Rosales12 ,
L. Garrido45 , C. Gaspar48 , R.E. Geertsema32 , D. Gerick17 , L.L. Gerken15 , E. Gersabeck62 ,
M. Gersabeck62 , T. Gershon56 , D. Gerstel10 , Ph. Ghez8 , V. Gibson55 , H.K. Giemza36 ,
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Università di Bari, Bari, Italy
d
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Università della Basilicata, Potenza, Italy
p
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