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A search for CP violation in Λ0
b → pK− and Λ0

b → pπ− decays is presented using the full Run 1 and
Run 2 data samples of pp collisions collected with the LHCb detector, corresponding to an integrated
luminosity of 9 fb−1 at center-of-mass energies of 7, 8, and 13 TeV. For the Run 2 data sample, the CP-

violating asymmetries are measured to be ApK−

CP ¼ ð−1.4� 0.7� 0.4Þ% and Apπ−

CP ¼ ð0.4� 0.9� 0.4Þ%,
where the first uncertainty is statistical and the second is systematic. Following significant improve-
ments in the evaluation of systematic uncertainties compared to the previous LHCb measurement, the
Run 1 dataset is reanalyzed to update the corresponding results. When combining the Run 2 and

updated Run 1 measurements, the final results are found to be ApK−

CP ¼ ð−1.1� 0.7� 0.4Þ% and

Apπ−

CP ¼ ð0.2� 0.8� 0.4Þ%, constituting the most precise measurements of these asymmetries to date.

DOI: 10.1103/PhysRevD.111.092004

I. INTRODUCTION

The Standard Model (SM) of particle physics predicts
the noninvariance of weak interactions under the combined
application of charge conjugation (C) and parity (P)
transformations via the Cabibbo-Kobayashi-Maskawa
mechanism [1,2]. In the baryon sector, many searches
for CP violation (CPV) have been performed [3–19], with
the only evidence coming from a recent analysis of the
decay Λ0

b → ΛKþK− [20]. In this scenario, Λ0
b → pK− and

Λ0
b → pπ− decays1 are promising candidates to search for

CPV, as they are mediated by the same quark-level tran-
sitions that contribute to charmless two-body B0 → Kþπ−

and B0
s → πþK− decays, where CPV is well established

[13,21–26].
In the SM, predictions for the CP asymmetries in decays

of the Λ0
b baryon to two-body charmless final states pK− or

pπ− are characterized by relatively large uncertainties.
These arise from difficulties in computing the hadronic
parameters due to residual quantum chromodynamic
(QCD) interactions between the quarks, with values of a
few percent reported both in the generalized factorization
approach [27,28] and in the MIT bag model [29]. Recently,
it has been suggested that the destructive interference

between different partial waves in these two decays could
explain the smallness of the measured CP asymmetries
[30]. Measurements of these quantities were performed by
the CDF and LHCb Collaborations [12–14]. The world
averages, dominated by the Run 1 LHCb measurement,
show asymmetries compatible with zero within uncertain-
ties of 2.2% and 2.9% for Λ0

b → pK− and Λ0
b → pπ−

decays, respectively [31].
This paper presents a search for CP violation in

Λ0
b → pK− and Λ0

b → pπ− decays, using proton-proton
(pp) collision data collected with the LHCb detector at
center-of-mass energies of 7, 8, and 13 TeV and corre-
sponding to 9 fb−1 of integrated luminosity. The dataset has
been collected in two data-taking campaigns, called Run 1
(2011–2012) and Run 2 (2015–2018). The CP asymmetry
is defined as

Af
CP ≡ ΓðΛ0

b → fÞ − ΓðΛ̄0
b → f̄Þ

ΓðΛ0
b → fÞ þ ΓðΛ̄0

b → f̄Þ ; ð1Þ

where Γ is the partial width of the given decay, with
f∈ fpK−; pπ−g and f̄∈ fp̄Kþ; p̄πþg.
The remainder of the paper is organized as follows. After

a brief description of the detector, trigger and simulation in
Sec. II, the formalism needed to relate the physical CP
asymmetries to the experimental measurements is pre-
sented in Sec. III. The event selection and fits to the
invariant-mass distributions are described in Secs. IVand V,
respectively. The determination of instrumental asymme-
tries is discussed in Sec. VI, while the estimation of
systematic uncertainties are presented in Sec. VII.
Finally, the results are given and conclusions drawn in
Sec. VIII.
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II. DETECTOR, TRIGGER, AND SIMULATION

The LHCb detector [32,33] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector (VELO) sur-
rounding the pp interaction region, 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 mea-
sured with a resolution of ð15þ 29=pTÞ μm, where pT is
the component of the momentum transverse to the beam, in
GeV=c. The magnetic field deflects particles in opposite
directions based on their charge, which can lead to
detection asymmetries. To reduce such effects, the magnet
polarity is reversed periodically throughout the data taking.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov (RICH)
detectors [34]. Photons, electrons, and hadrons are iden-
tified by a calorimeter system consisting of a preshower and
a scintillating-pad detector (SPD), 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 followed by a two-level
software stage, which applies a full event reconstruction. At
the hardware trigger stage, events are required to contain a
hadron with transverse energy deposited in the calorimeters
greater than approximately 3.7 GeV in Run 1 and 4.0 GeV
in Run 2. The first stage of the software trigger requires
the presence of at least one charged particle with
pT > 1.6 GeV=c and consistent with originating from a
displaced secondary vertex. In the second software stage, a
specific algorithm is used which inclusively reconstructs
decays of beauty hadrons to charged two-body final states.
During Run 2, in between the two software stages, an
alignment and calibration of the detector were performed in
near real time [35], ensuring the availability of high-quality
tracking and particle-identification (PID) information at the
trigger level.
Simulation is used to optimize the offline event selection

and to develop the invariant-mass models to be applied to
data. In the simulation, pp collisions are generated using
PYTHIA [36] with a specific LHCb configuration [37].
Decays of unstable particles are described by EvtGen

[38], in which final-state radiation is generated using
PHOTOS [39]. The interaction of the generated particles
with the detector, and its response, are implemented using
the Geant4 toolkit [40], as described in Ref. [41].

III. ANALYSIS STRATEGY

Two different strategies have been employed to extract
the CP asymmetries from the Run 1 and Run 2 samples,
due to the absence of a measurement of the Λ0

b baryon
production asymmetry for the latter. For the Run 1 samples,
the CP asymmetries of Λ0

b → pK− and Λ0
b → pπ− decays

are computed as the sums of various experimental quan-
tities

Aph−

CP ¼ Aph−
raw − Ap

D − Ah−
D − Aph−

PID − Aph−

T − A
Λ0
b

P ; ð2Þ

where Aph−
raw is the measured raw asymmetry between the

yields of the decays Λ0
b → ph− and Λ̄0

b → p̄hþ, with
h∈ fK; πg; Ap

D and Ah−
D are the asymmetries between the

detection efficiencies of a given hadron and its charge
conjugate; Aph−

PID is the asymmetry between the PID effi-
ciencies for the final states ph− and p̄hþ; Aph−

T is the
asymmetry between the trigger efficiencies for the particles

in the final states ph− and p̄hþ; and A
Λ0
b

P is the asymmetry
between the production cross sections of Λ0

b and Λ̄0
b

baryons. This linear approximation has good accuracy
due to the smallness of the terms involved.
The raw asymmetry is defined as

Af
raw ≡ NðΛ0

b → fÞ − NðΛ̄0
b → f̄Þ

NðΛ0
b → fÞ þ NðΛ̄0

b → f̄Þ ; ð3Þ

where N denotes the observed signal yield for the given
decay, obtained in this analysis by means of extended
binned maximum-likelihood fits to the invariant-mass
distributions of the eight possible final states, namely
pK−, p̄Kþ, pπ−, p̄πþ, Kþπ−, K−πþ, KþK−, and πþπ−,
where the last four are used to constrain the yields of
misidentified backgrounds in the signal channels.
The detection asymmetries are defined as

Ahþ
D ≡ εh

þ
rec − εh

−
rec

εh
þ

rec þ εh
−

rec
≡ − Ah−

D ; ð4Þ

where εh
�

rec, with h∈ fp;K; πg, is the total efficiency to
reconstruct the given charged particle, excluding PID and
trigger requirements. Such asymmetries are mostly due to
the different interaction cross sections of particles and
antiparticles with the detector material, and by construction
are asymmetric under charge reversal. The pion detection
asymmetry has been measured from the ratio of fully
to partially reconstructed D�þ → ðD0 → K−πþπþπ−Þπþ
decays [42]. The kaon detection asymmetry is obtained
by first measuring the detection asymmetry of the Kþπ−
pair via the subtraction of the raw asymmetries between the
Dþ → K0

Sπ
þ and Dþ → K−πþπþ decay modes, and then

removing the single-pion detection asymmetry. The effects
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of CP violation and detection asymmetries for the neutral
kaons are corrected according to the strategy used in
Ref. [43]. The proton detection asymmetry is measured
following the procedure described in Ref. [44], using as
input the flight distance of protons traversing the detector in
units of the nuclear interaction length. The method is
validated with the combined use of a detailed LHCb
detector simulation, external measurements of cross sec-
tions of proton and antiproton scattering on deuterium
targets, and information from a large calibration sample of
Λ → pπ− decays. The measurement is performed with Run
2 data and used for both Run 1 and Run 2 samples. The
validity of this approach is based on the assumption that the
material budget of the detector did not change significantly
between the two data-taking periods, as the only change to
the detector was the removal of the aerogel radiator from
one of the two RICH detectors.
The PID asymmetries are measured from large calibra-

tion samples of D�þ → ðD0 → K−πþÞπþ decays for pions
and kaons, and Λ → pπ− and Λþ

c → pK−πþ decays for
protons [45]. They are defined as

Aph−

PID ≡ εph
−

PID − εp̄h
þ

PID

εph
−

PID þ εp̄h
þ

PID

; ð5Þ

where εfPID is the PID efficiency for a final state f given a
set of PID requirements.
Asymmetries arising from different efficiencies on

oppositely charged particles for the hardware and software
trigger, Aph−

T , may bias the results. They are defined
similarly to Eq. (5), and are estimated with data-driven
techniques, whose details are given in Sec. VI.
The Λ0

b production asymmetry is defined as

A
Λ0
b

P ≡ σðΛ0
bÞ − σðΛ̄0

bÞ
σðΛ0

bÞ þ σðΛ̄0
bÞ
; ð6Þ

where σ denotes the inclusive production cross section in
the LHCb acceptance. The Run 1 production asymmetry
has been measured using semileptonic Λ0

b → Λþ
c μ

−ν̄μX
decays in Ref. [44].
For the Run 2 sample, there is no available measurement

of A
Λ0
b

P ; therefore, a different strategy to obtain the CP
asymmetries has been devised. Employing a control sample
of Λ0

b → ðΛþ
c → pK−πþÞπ− decays, the following formu-

las are used:

ApK−

CP ¼ ΔAraw − ΔAp
D − ΔAK−

D − ΔAPID − ΔAΛ0
b

P

− ΔAT − Aπ−
D − Aπþ

D þ AΛþ
c π

−

CP ; ð7Þ

Apπ−

CP ¼ ΔAraw − ΔAp
D − ΔAπ−

D − ΔAPID − ΔAΛ0
b

P − ΔAT

− AK−

D − Aπþ
D þ AΛþ

c π
−

CP ; ð8Þ

whereΔA indicates the difference between the asymmetries
determined for the signal and control modes, and Aπ−

D , Aπþ
D ,

and AK−

D are the detection asymmetries of particles from the
control sample that are not accounted for in ΔAh−

D . The CP

asymmetry in the control sample, AΛþ
c π

−

CP , is expected to be
zero in the SM, within the experimental uncertainties of this
analysis. The control sample is weighted to equalize the
two-dimensional distribution in the ðpT; ηÞ plane of the Λ0

b
baryon with that from Λ0

b → ph− decays, such that the

ΔAΛ0
b

P term is zero by construction in Eqs. (7) and (8).
Apart from this change in strategy, there is also a

different method used to determine the pion detection
asymmetry for Run 2. It is measured as the ratio of pion
yields from K0

S → πþπ− decays reconstructed with all the
tracking detectors to those reconstructed using only the
track segment in the VELO [46].

IV. EVENT SELECTION

An optimization of the offline event selection is
performed for the Run 2 sample, using the same strategy
developed for the previous Run 1 analysis. To start,
b-hadron candidates are reconstructed in the second
stage of the software trigger, combining pairs of
oppositely charged tracks with pT > 1 GeV=c, that
are inconsistent with originating from any PV and are
required to form a common vertex. The candidates must
have an invariant mass, computed by assigning the pion
hypothesis to both final-state tracks, in the range
between 4.6 and 6.4 GeV=c2 for Run 1 and between
4.7 and 6.2 GeV=c2 for Run 2. Finally, each b-hadron
candidate is required to be consistent with originating
from a PV. In addition to the event selection strategy,
fiducial requirements in the ðp; ηÞ plane are applied to
both tracks in the final state, to ensure kinematic
coverage of the samples used to calibrate the PID
performances. The final-state particles passing the fidu-
cial requirements have their momentum (in GeV=c) and
pseudorapidity lying inside the polygon of vertices
(p, η) ∈ fð0; 2Þ; ð25; 2Þ; ð120; 3.75Þ; ð123; 4.2Þ; ð0; 4.2Þg.
Particle-identification criteria are used to divide the data

sample into mutually exclusive subsamples corresponding
to the final-state hypotheses pK−, p̄Kþ, pπ−, p̄πþ, Kþπ−,
K−πþ, KþK−, and πþπ−. The event selection also includes
requirements on the output of a boosted decision tree
(BDT) classifier [47], used to reject candidates formed with
random combinations of oppositely charged tracks (com-
binatorial background). The BDT combines the informa-
tion from the following variables: the smallest and largest
transverse momentum of the b-hadron decay products; the
smallest and largest of their impact parameters; the smallest
and largest of the logarithms of their χ2IP values, where χ

2
IP is

defined as the difference in the vertex fit χ2 of the track’s
associated PV reconstructed with and without the track
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under consideration2; and the χ2 of the common-vertex fit
of the two tracks and the distance of the closest approach
between them. The BDT also exploits the following
properties of the b-hadron candidate: transverse momen-
tum, χ2IP, flight distance (FD), and the χ

2 of the FD, all with
respect to the PV associated with the candidate. The χ2 of
the FD is a measure of how well the decay vertex of the
candidate is separated from the PV. The BDT is trained
using Run 2 simulated signal decays and combinatorial
background candidates from Run 2 data in the high-mass
sideband, defined as mπþπ− > 5.6 GeV=c2.
Separate optimizations of the selection criteria applied to

the BDT output and the PID variables are performed for
Λ0
b → pK− and Λ0

b → pπ− decays. These two selections
will be denoted hereafter as SpK− and Spπ− , respectively.
For each selection, the same BDT requirement is used to
select the other final-state samples, while different PID
requirements are used to separate the Kþπ−, πþK−, πþπ−,
andKþK− final states, as well as cross-feed pπ− (pK−) and
p̄πþ (p̄Kþ) final states for SpK− (Spπ−). The optimization
procedure has been designed during the Run 1 analysis [14]
to obtain the best sensitivity on the raw asymmetry from
Eq. (3), and is based on pseudoexperiments. The optimi-
zation is performed only for the Run 2 sample, while the
same BDT and PID selection from the previous analysis is
kept for the Run 1 sample [14], given that the additional
fiducial requirements in the ðp; ηÞ plane only change the
already excellent signal-to-background ratio of the selected
candidates by about 10%.
In less than 1% of the events, more than one candidate is

present. In such cases, all candidates but one are rejected
according to a reproducible pseudorandom sequence.
Finally, the dataset is split into 12 disjoint subsets based

on the year of acquisition (2011, 2012, and 2015–2018)
and the polarity of the dipole magnet (Up, Down). This
provides two useful checks: first, that the measured CP
asymmetries are independent of the data-taking conditions,
and second, that any possible residual left-right asymmetry
has a negligible impact on the determination of ACP. The
CP asymmetries are measured separately in each subsam-
ple and then averaged to obtain the final result of the
measurement following the method of Ref. [48].

V. INVARIANT-MASS FIT

For each final-state hypothesis, namely pK−, p̄Kþ, pπ−,
p̄πþ, Kþπ−, K−πþ, KþK−, and πþπ−, the invariant-mass
distribution of selected candidates is modeled by an
appropriate probability density function. These models
are used to perform a simultaneous fit to the eight
invariant-mass spectra and determine the yields and raw
asymmetries of all two-body b-hadron signal decays

contributing to the spectra. Three categories are considered
for the background: combinatorial, due to random combi-
nations of oppositely charged particles; partially recon-
structed, due to multibody b-hadron decays with one or
more particles not reconstructed; and cross-feed, arising
from other two-body b-hadron decays where one or both
final-state particles are misidentified.
The model used to describe each signal is the sum of a

Gaussian function and a Johnson SU function [49] with
common mean and width. For the high-yield channels, i.e.,
B0 → Kþπ−, B0

s → KþK−, and B0 → πþπ−, an additional
Gaussian function with the same mean and an independent
width is added to improve the quality of the fit. The shape
parameters of each model are obtained from fits to
simulated samples and fixed in the fit to data, with the
exception of the mean and width(s).
The combinatorial background is modeled using expo-

nential functions, with the exception of the pK− and p̄Kþ
spectra, for which the exponential is multiplied by a
function of the form ½1þ tanhðmÞ�, wherem is the invariant
mass of the hadron pair, to modulate the rise of the
exponential at low invariant masses. This is introduced
to model the threshold effect due to the requirements
applied in the software trigger on the dipion mass.
The partially reconstructed background is parametrized

using ARGUS functions [50] convolved with Gaussian
functions with zero mean and with the same width as
used for the signal model in that channel. For the three
signal decays which employ a second Gaussian, the width
of the component with the highest fit fraction is used for
the convolution. For the pK− and pπ− final states,
dedicated templates are built by producing large samples
of Λ0

b → pK−π0 and Λ0
b → pπ−π0 decays using fast

simulation [51]. Decays of Λ0
b to final states with heavier

particles or additional missing particles are not taken into
consideration, as their reconstructed invariant mass lies
outside the fit region. The impact of the BDT requirement is
modeled by studying its efficiency with fully simulated
Λ0
b → pK− decays as a function of the cosine of the angle

between the flight direction of the reconstructed b hadron
and the direction of its reconstructed momentum. This
variable is a good proxy for the fraction of momentum
removed by the undetected particle in the multibody
decays. The obtained efficiency is then used to correct
the samples produced with the fast simulation, where the
direction of theb-hadronmomentum is obtained considering
only the two charged final-state particles. The produced
templates are then used directly in the fit model to describe
the shape of partially reconstructed backgrounds.
Finally, the cross-feed backgrounds are modeled by

applying a kernel density estimation method [52] to
simulated two-body b-hadron decays. The simulated sam-
ples are first weighted using PID efficiency tables as a
function of particle kinematics. The cross-feed background
yields are then set to the corresponding two-body b-hadron

2The associated PV is defined as that giving the smallest χ2IP
value for the b-hadron candidate.
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decay yields, determined by the simultaneous fit, multiplied
by appropriate PID-efficiency ratios. The efficiencies for a
given PID requirement are determined from calibration
samples in bins of particle momentum, pseudorapidity, and
hit multiplicity in the SPD, as the performances of the
RICH detectors depend on such variables. They are then
averaged over the corresponding distributions of back-
ground-subtracted signal candidates.
After the application of the BDT and PID requirements,

an extended binned maximum-likelihood fit is performed
simultaneously to the eight final-state samples for each of
the two selections, SpK− and Spπ− . The mpK− and mpπ−

invariant-mass distributions are shown in Fig. 1 after
combining all 12 subsamples, with the results of the fits
also shown. About 6 × 103 and 4 × 103 signal events are
found in the Run 1 sample for Λ0

b → pK− and Λ0
b → pπ−,

respectively, while for Run 2 they are respectively about
23 × 103 and 14 × 103.

The fits are validated by generating a large number of
pseudoexperiments according to the total probability den-
sity function of the model and performing an extended
binned maximum-likelihood fit to each sample. The result-
ing pull distributions for ApK−

raw and Apπ−
raw are each found to

be consistent with a standard normal distribution.
The raw asymmetries in the control sample of

Λ0
b → Λþ

c π
− decays used in Eqs. (7) and (8) are measured

with unbinned maximum-likelihood fits to the invariant
mass of the weighted sample split into the same 12 subsets
as the signal channel. The signal is modeled with a Crystal
Ball function [53], the combinatorial category with an
exponential function, and the cross-feed background events
from Λ0

b → Λþ
c K− with a Gaussian distribution with the

same width as the signal function and the mean shifted by
the impact of the wrong mass hypothesis. About 168 × 103

signal events are found for this control sample in Run 1 and
Run 2.

FIG. 1. Invariant-mass distributions of the total Run 1 and Run 2 samples: mpK− (top left), mp̄Kþ (top right), mpπ− (bottom left), and
mp̄πþ (bottom right) for candidates passing the SpK− (top) and Spπ− (bottom) selections. The results of the fits are also shown.
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VI. INSTRUMENTAL ASYMMETRIES

Determination of the instrumental asymmetries intro-
duced in Eqs. (2), (7), and (8) is crucial to obtain the CP
asymmetries, as described in Sec. III. The pion detection
asymmetry is obtained by exploiting the measurements in
Refs. [42,46] for Run 1 and Run 2, respectively, as a
function of pion momentum and pseudorapidity. The
kaon detection asymmetry is determined as a function of
the kaon momentum and pseudorapidity, following the
approach developed in Ref. [43]. Finally, maps of the
proton detection asymmetry, as a function of proton
momentum, are taken from Ref. [44]. The maps were
determined using Run 2 data and applied to both Run 1 and
Run 2 samples. This approach is validated by the compat-
ibility of the kaon and pion detection asymmetries between
Run 1 and Run 2, at the level of 0.6 standard deviations (σ)
or better. For the three types of final-state particles, a
weighted average of the kinematically dependent asymme-
tries is evaluated over the background-subtracted [54]
kinematic distributions of pions, kaons, and protons from
Λ0
b → pK−, Λ0

b → pπ−, and Λ0
b → Λþ

c π
− decays to obtain

the integrated detection asymmetries.
The PID asymmetries are computed according to Eq. (5),

where the PID efficiencies for a final state f are obtained by
integrating two-dimensional maps of efficiency for a set of
PID requirements over the distribution of particle momen-
tum and pseudorapidity taken from simulation. The
decrease in performance with increasing event occupancy
is also accounted for. The overall Λ0

b production asymmetry
for Run 1 is calculated by averaging the production
asymmetries measured as a function of Λ0

b rapidity [44]
over the background-subtracted rapidity distributions of
Λ0
b → pK− and Λ0

b → pπ− candidates.
Asymmetries related to different trigger efficiencies for

the charge-conjugated final states, AT, may arise. Signal
candidates are classified depending on whether they are
directly responsible for the affirmative decision of the
trigger (denoted as Trigger On Signal, or TOS candidates)
or not (Trigger Independent of Signal, or TIS candidates).
In the former case, an asymmetry can arise due to dif-
ferent probabilities of positively or negatively charged
hadrons firing the trigger; in the latter, the same can
happen to the decay products of the other b hadron
produced in the pp collision. For candidates classified
as TOS at both the hardware and software stages of the
LHCb trigger, the corresponding efficiency is determined
using samples of Λ0

b → ðΛþ
c → pK−πþÞμ−νX for protons

and B0 → ðD̄0 → Kþπ−ÞμþνX decays for pions and kaons,
where only the muon is required to give a positive trigger
decision. For the hardware trigger, asymmetries are deter-
mined as a function of the transverse-energy deposit in the
calorimeter system. For the software trigger, the pT and
logðχ2IPÞ of the decay products are considered, as these are
the variables used by the corresponding algorithms to select

or reject candidates. Systematic uncertainties for this
procedure are evaluated by applying the same method
on simulated samples and comparing the results with the
asymmetries obtained using truth information. For TIS
candidates, which instead are only selected by the hardware
trigger stage, the charge asymmetry is determined by
studying a sample of Bþ → J=ψKþ decays [55] and
computing the TIS efficiency as a function of Bþ transverse
momentum. The TIS asymmetry is then obtained by
averaging the pT-dependent values over the background-
subtracted kinematic distributions of Λ0

b → pK− and Λ0
b →

pπ− decays.

VII. SYSTEMATIC UNCERTAINTIES
AND COMBINATION

Several sources of systematic uncertainties associated
with the fit model are investigated. Alternative models are
considered: the baseline model used for signal is replaced
by a double-sided Crystal Ball function [53]; the templates
for the cross-feed decays are modified by excluding the
correction for the PID efficiencies; the function used to
model the combinatorial background is substituted with a
second-order polynomial; and the templates describing
the partially reconstructed backgrounds in the pK−,
p̄Kþ, pπ−, and p̄πþ spectra, defined in Sec. V, are replaced
by ARGUS functions [50]. When testing alternative mod-
els, 1000 pseudoexperiments are generated according
to the baseline fit results. Fits are performed to each of
the generated samples using the baseline model and then
the alternative models. The mean and the root mean square
of the distribution of the difference between the raw
asymmetries determined by the two sets of fits are added
in quadrature, with the resulting value taken as a systematic
uncertainty.
A different approach is adopted to assess systematic

uncertainties related to the knowledge of the cross-feed
background contamination. Samples are generated using
the baseline fit results. The baseline model is then fitted
1000 times to the generated samples, varying the PID
efficiencies according to their uncertainties, which are
mainly driven by the choice of the binning scheme used
to divide the phase space. On changing the binning scheme
and recomputing the efficiencies, the largest deviation from
the baseline is taken as a systematic uncertainty. Finally, the
statistical uncertainty on the raw asymmetry extracted from
the Λ0

b → Λþ
c π

− control sample is propagated to the ACP

measurement, and quoted as a systematic uncertainty.
Correlations between the results in the various subsam-

ples may arise from the use of calibration samples that are
common among them—e.g., the use of the proton detection
asymmetry measurement from Run 1 over all the Run 2
samples, or the computation of several instrumental asym-
metries on the signal and control samples following
Eqs. (7) and (8) with the same method. These correlations
are evaluated by generating 1000 versions of the tables used
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to compute all the corrections, sampled from Gaussian
distributions with means equal to the central values and
widths equal to the nominal uncertainties. Then, the 1000
sets of corrections are used to recompute ApK−

CP and Apπ−

CP .
From the distributions of the 1000 values, the correlations
between the various subsamples are inferred. The correla-
tions are found to be smaller than 8%, but are taken into
account nonetheless when averaging the results.
To quantify the size of each systematic uncertainty on the

final measurement, the bootstrapping procedure is repeated
many times, each one varying only the baseline tables
corresponding to a single correction, to decouple them from
the others to which they might be correlated. This allows a
breakdown of the contribution of each systematic uncer-
tainty to the final results, which is reported in Table I.
Some systematic uncertainties are applicable to either
Run 1 or Run 2 asymmetries. For instance, the use of
the Λ0

b → Λþ
c π

− control sample for Run 2 requires the
evaluation of detection asymmetries for protons, kaons, and
pions, as opposed to the Run 1 sample in which only two of
these particles are needed for each signal channel. As this
pertains to the Λ0

b production asymmetry, its contribution
for Run 2 is removed by the kinematic weighting of the
Λ0
b → Λþ

c π
− sample, as explained in Eqs. (7) and (8).

Conversely, this control sample is not needed for Run 1, as
the relevant Λ0

b production asymmetry is measured by
other means.

VIII. RESULTS AND CONCLUSIONS

The measurements of the CP-violating asymmetries in
the 12 individual data-taking year and magnet-polarity
subsamples are found to be consistent, with a χ2=ndf of
11.6=11 for ApK−

CP and 6.7=11 for Apπ−

CP , showing no
dependence on the data-taking conditions. Using Eq. (2)

in each subsample, and after computing their average value
according to Ref. [48], the Run 1CP asymmetries are
measured to be

ApK−

CP ¼ ð−0.3� 1.5� 0.6Þ%;

Apπ−

CP ¼ ð−0.6� 1.9� 0.5Þ%;

where the first uncertainties are statistical and the second are
systematic, with the correlation between the two measure-
ments being 2.7%. The results are compatible with the
previous result from LHCb using the same dataset [14].
While the updated measurements have larger statistical
uncertainties due to the PID fiducial requirements, the
systematic and total uncertainties are significantly reduced,
in particular due to the new determination of the Λ0

b
production asymmetry [44]. As an additional cross-check,
the method formalized in Eqs. (7) and (8) is also used to
measure the Run 1CP asymmetries, obtaining compatible
results. The Run 2CP asymmetries, measured following
Eqs. (7) and (8), are similarly averaged over the Run 2
samples to obtain

ApK−

CP ¼ ð−1.4� 0.7� 0.4Þ%;

Apπ−

CP ¼ ð0.4� 0.9� 0.4Þ%;

with a correlation of 9.8%. These values are compatible with
the Run 1 results, withwhich they are combined to obtain the
final results

ApK−

CP ¼ ð−1.1� 0.7� 0.4Þ%;

Apπ−

CP ¼ ð0.2� 0.8� 0.4Þ%;

with a total correlation of 9.6%. By performing a scan, the
likelihood of both CP asymmetries has been found to be
Gaussian. No evidence of CP violation is found. These are

TABLE I. Absolute systematic and statistical uncertainties, in percent, on the CP asymmetry measurements, split
by decay channel and data-taking period. The empty cells represent systematic uncertainties that do not contribute to
the measurement in the corresponding sample.

Run 1 Run 2

Λ0
b → pK− Λ0

b → pπ− Λ0
b → pK− Λ0

b → pπ−

Fit model 0.1 0.2 0.1 0.2
Particle identification 0.3 0.3 0.2 0.2
TIS trigger 0.1 0.1 <0.1 <0.1
TOS hardware trigger 0.2 0.2 0.1 0.1
TOS software trigger 0.3 0.3 0.2 0.2
Proton detection 0.1 0.1 <0.1 <0.1
Kaon detection 0.3 � � � 0.1 <0.1
Pion detection � � � 0.10 <0.1 <0.1
Λ0
b production 0.1 0.1 � � � � � �

Λ0
b → Λþ

c π
− sample size � � � � � � 0.3 0.3

Total systematic 0.6 0.5 0.4 0.4
Statistical 1.5 1.9 0.7 0.9
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the most precise measurements of these observables to date,
improving over the current world averages by a factor of 3.
These results supersede those previously obtained by LHCb
[14], and theywill help in constraining theoreticalmodels for
QCDeffects contributing to these two-bodybaryonic decays.
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R. Le Gac ,13 H. Lee ,61 R. Lefèvre ,11 A. Leflat ,44 S. Legotin ,44 M. Lehuraux ,57 E. Lemos Cid ,49 O. Leroy ,13

T. Lesiak ,41 E. D. Lesser ,49 B. Leverington ,22 A. Li ,4,p C. Li ,13 H. Li ,72 K. Li ,8 L. Li ,63 M. Li ,8 P. Li ,7

P.-R. Li ,73 Q. Li ,5,7 S. Li ,8 T. Li ,5,u T. Li ,72 Y. Li ,8 Y. Li ,5 Z. Lian ,4,p X. Liang ,69 S. Libralon ,48 C. Lin ,7

T. Lin ,58 R. Lindner ,49 H. Linton ,62 V. Lisovskyi ,50 R. Litvinov ,32,49 F. L. Liu ,1 G. Liu ,72 K. Liu ,73 S. Liu ,5,7

W. Liu ,8 Y. Liu ,59 Y. Liu ,73 Y. L. Liu ,62 G. Loachamin Ordonez ,70 A. Lobo Salvia ,46 A. Loi ,32 T. Long ,56

J. H. Lopes ,3 A. Lopez Huertas ,46 S. López Soliño ,47 Q. Lu ,15 C. Lucarelli ,27 D. Lucchesi ,33,g

M. Lucio Martinez ,79 V. Lukashenko ,38,53 Y. Luo ,6 A. Lupato ,33,v E. Luppi ,26,f K. Lynch ,23 X.-R. Lyu ,7

G. M. Ma ,4,p S. Maccolini ,19 F. Machefert ,14 F. Maciuc ,43 B. Mack ,69 I. Mackay ,64 L. M. Mackey ,69

L. R. Madhan Mohan ,56 M. J. Madurai ,54 A. Maevskiy ,44 D. Magdalinski ,38 D. Maisuzenko ,44

J. J. Malczewski ,41 S. Malde ,64 L. Malentacca ,49 A. Malinin ,44 T. Maltsev ,44 G. Manca ,32,m G. Mancinelli ,13

C. Mancuso ,30 R. Manera Escalero ,46 F. M. Manganella ,37 D. Manuzzi ,25 D. Marangotto ,30,k J. F. Marchand ,10

R. Marchevski ,50 U. Marconi ,25 E. Mariani ,16 S. Mariani ,49 C. Marin Benito ,46 J. Marks ,22 A. M. Marshall ,55

L. Martel ,64 G. Martelli ,34,q G. Martellotti ,36 L. Martinazzoli ,49 M. Martinelli ,31,c D. Martinez Gomez ,78

D. Martinez Santos ,81 F. Martinez Vidal ,48 A. Martorell i Granollers ,45 A. Massafferri ,2 R. Matev ,49 A. Mathad ,49

V. Matiunin ,44 C. Matteuzzi ,69 K. R. Mattioli ,15 A. Mauri ,62 E. Maurice ,15 J. Mauricio ,46 P. Mayencourt ,50

J. Mazorra de Cos ,48 M. Mazurek ,42 M. McCann ,62 T. H. McGrath ,63 N. T. McHugh ,60 A. McNab ,63

R. McNulty ,23 B. Meadows ,66 G. Meier ,19 D. Melnychuk ,42 F. M. Meng ,4,p M. Merk ,38,79 A. Merli ,50

L. Meyer Garcia ,67 D. Miao ,5,7 H. Miao ,7 M. Mikhasenko ,76 D. A. Milanes ,75,w A. Minotti ,31,c E. Minucci ,28

T. Miralles ,11 B. Mitreska ,19 D. S. Mitzel ,19 A. Modak ,58 L. Moeser ,19 R. A. Mohammed ,64 R. D. Moise ,17

MEASUREMENT OF CP ASYMMETRIES IN Λ0
b → ph− … PHYS. REV. D 111, 092004 (2025)

092004-11

https://orcid.org/0000-0001-9400-3322
https://orcid.org/0000-0003-3177-2700
https://orcid.org/0000-0003-3179-2525
https://orcid.org/0000-0002-0813-3065
https://orcid.org/0000-0001-9391-8619
https://orcid.org/0000-0001-8300-5939
https://orcid.org/0000-0001-7348-3312
https://orcid.org/0000-0002-8716-4440
https://orcid.org/0000-0002-2745-7954
https://orcid.org/0000-0003-2375-6030
https://orcid.org/0000-0003-2420-0501
https://orcid.org/0000-0001-8192-8377
https://orcid.org/0000-0001-7267-6008
https://orcid.org/0009-0008-7115-3940
https://orcid.org/0000-0002-6025-6193
https://orcid.org/0009-0004-1782-7642
https://orcid.org/0000-0001-7933-0835
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0000-0002-6069-8995
https://orcid.org/0009-0002-5342-4475
https://orcid.org/0000-0003-0714-8991
https://orcid.org/0000-0002-3612-1651
https://orcid.org/0000-0003-2316-8829
https://orcid.org/0000-0002-8090-563X
https://orcid.org/0000-0002-8512-8219
https://orcid.org/0000-0001-8883-6539
https://orcid.org/0000-0002-8009-1509
https://orcid.org/0000-0002-6769-3679
https://orcid.org/0000-0002-2860-6528
https://orcid.org/0000-0002-0075-8669
https://orcid.org/0000-0002-3183-5065
https://orcid.org/0009-0001-5178-9385
https://orcid.org/0000-0002-4410-9505
https://orcid.org/0000-0002-5170-0635
https://orcid.org/0000-0003-0622-1069
https://orcid.org/0000-0002-6661-1192
https://orcid.org/0000-0003-2597-8796
https://orcid.org/0000-0001-5934-7541
https://orcid.org/0000-0003-2135-9568
https://orcid.org/0000-0001-5399-326X
https://orcid.org/0000-0002-8254-7274
https://orcid.org/0000-0002-6159-4557
https://orcid.org/0000-0002-0805-1561
https://orcid.org/0000-0002-2132-2071
https://orcid.org/0000-0001-8416-5416
https://orcid.org/0000-0002-8189-8267
https://orcid.org/0000-0003-0523-495X
https://orcid.org/0000-0001-8080-0769
https://orcid.org/0000-0001-6216-1596
https://orcid.org/0000-0003-2500-8247
https://orcid.org/0000-0002-3064-9834
https://orcid.org/0009-0003-2873-425X
https://orcid.org/0000-0002-7318-482X
https://orcid.org/0000-0002-9224-914X
https://orcid.org/0000-0002-7822-3947
https://orcid.org/0000-0003-3353-9750
https://orcid.org/0000-0001-5570-0133
https://orcid.org/0000-0003-2501-9608
https://orcid.org/0000-0003-1920-6618
https://orcid.org/0000-0001-8461-8382
https://orcid.org/0000-0003-2868-2173
https://orcid.org/0000-0001-6571-4096
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0001-7907-4261
https://orcid.org/0000-0001-8212-846X
https://orcid.org/0000-0002-7770-1839
https://orcid.org/0000-0001-5813-7972
https://orcid.org/0000-0003-0386-4923
https://orcid.org/0000-0001-5360-0091
https://orcid.org/0000-0002-8967-3644
https://orcid.org/0000-0001-5635-6063
https://orcid.org/0000-0001-8829-9681
https://orcid.org/0009-0004-8932-4024
https://orcid.org/0000-0003-3676-5040
https://orcid.org/0000-0002-4057-4274
https://orcid.org/0000-0002-5115-0581
https://orcid.org/0000-0001-8857-1665
https://orcid.org/0000-0001-7552-400X
https://orcid.org/0000-0002-6825-6497
https://orcid.org/0009-0002-6342-5965
https://orcid.org/0000-0001-5730-8434
https://orcid.org/0000-0002-2234-0001
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0002-4947-2928
https://orcid.org/0009-0005-1427-6520
https://orcid.org/0000-0003-0959-3853
https://orcid.org/0000-0002-2231-1374
https://orcid.org/0000-0002-5556-1775
https://orcid.org/0000-0002-7958-2917
https://orcid.org/0000-0001-7641-7505
https://orcid.org/0000-0002-3804-8734
https://orcid.org/0000-0001-8162-4277
https://orcid.org/0000-0001-9616-6651
https://orcid.org/0009-0000-1763-6759
https://orcid.org/0009-0005-8756-0960
https://orcid.org/0000-0003-2714-2706
https://orcid.org/0000-0002-1465-0077
https://orcid.org/0000-0001-8177-0856
https://orcid.org/0000-0002-6986-9404
https://orcid.org/0000-0001-6445-4907
https://orcid.org/0009-0008-7974-3785
https://orcid.org/0000-0002-1529-8087
https://orcid.org/0000-0003-3605-832X
https://orcid.org/0000-0001-7828-3694
https://orcid.org/0000-0001-6265-8412
https://orcid.org/0000-0001-9384-6926
https://orcid.org/0000-0002-3712-7318
https://orcid.org/0009-0002-1307-1759
https://orcid.org/0000-0002-9199-8616
https://orcid.org/0000-0002-3139-3332
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0009-0001-7370-061X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-2855-0544
https://orcid.org/0000-0002-5924-2683
https://orcid.org/0000-0002-1407-1729
https://orcid.org/0000-0003-3018-5707
https://orcid.org/0000-0001-7894-8799
https://orcid.org/0000-0002-8894-6292
https://orcid.org/0000-0002-4174-6509
https://orcid.org/0000-0001-6349-0033
https://orcid.org/0000-0001-8771-3115
https://orcid.org/0000-0001-5534-1732
https://orcid.org/0000-0002-2522-6722
https://orcid.org/0000-0002-1940-6276
https://orcid.org/0000-0003-1409-1428
https://orcid.org/0000-0001-8403-0706
https://orcid.org/0000-0003-4971-7160
https://orcid.org/0000-0002-8096-3792
https://orcid.org/0000-0003-0182-8638
https://orcid.org/0000-0002-6564-040X
https://orcid.org/0000-0002-5438-9176
https://orcid.org/0000-0002-0025-4663
https://orcid.org/0000-0003-3719-119X
https://orcid.org/0000-0001-6427-4746
https://orcid.org/0000-0003-1728-8525
https://orcid.org/0000-0001-8120-3296
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-0656-8647
https://orcid.org/0000-0002-8579-844X
https://orcid.org/0000-0002-9850-4965
https://orcid.org/0000-0003-3272-6001
https://orcid.org/0000-0003-1699-8816
https://orcid.org/0000-0001-5706-7255
https://orcid.org/0000-0002-5821-1674
https://orcid.org/0009-0005-4053-1222
https://orcid.org/0009-0009-5577-1308
https://orcid.org/0000-0002-6066-7232
https://orcid.org/0000-0002-1285-3911
https://orcid.org/0000-0002-8912-4653
https://orcid.org/0000-0003-3598-0427
https://orcid.org/0009-0006-5064-966X
https://orcid.org/0000-0002-6528-8178
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0009-0006-1867-9674
https://orcid.org/0000-0001-8686-2303
https://orcid.org/0000-0002-4285-8027
https://orcid.org/0000-0001-8482-5576
https://orcid.org/0009-0009-3480-5724
https://orcid.org/0000-0002-1290-6737
https://orcid.org/0000-0001-7910-4109
https://orcid.org/0000-0002-9652-1964
https://orcid.org/0000-0003-3838-281X
https://orcid.org/0000-0002-5291-9583
https://orcid.org/0000-0002-0260-6570
https://orcid.org/0000-0002-6520-8203
https://orcid.org/0000-0002-0253-8619
https://orcid.org/0009-0005-4421-9025
https://orcid.org/0000-0001-9695-8165
https://orcid.org/0000-0001-7909-1272
https://orcid.org/0000-0003-0828-0943
https://orcid.org/0000-0003-0741-5922
https://orcid.org/0000-0002-1821-1848
https://orcid.org/0009-0002-3680-1224
https://orcid.org/0000-0003-2589-5130
https://orcid.org/0009-0005-2645-8364
https://orcid.org/0000-0001-9092-3527
https://orcid.org/0000-0001-8614-7203
https://orcid.org/0000-0002-7473-2031
https://orcid.org/0000-0002-8767-7289
https://orcid.org/0009-0005-5473-6050
https://orcid.org/0000-0002-1495-0053
https://orcid.org/0000-0001-6805-0395
https://orcid.org/0000-0002-4036-2060
https://orcid.org/0000-0001-8631-4200
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0009-0003-6637-841X
https://orcid.org/0000-0001-8774-8270
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0009-0002-8059-5325
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0000-0002-8366-1167
https://orcid.org/0009-0005-6974-140X
https://orcid.org/0009-0005-3844-0778
https://orcid.org/0000-0003-1633-0496
https://orcid.org/0000-0002-5443-4870
https://orcid.org/0000-0003-1587-4555
https://orcid.org/0000-0001-5241-8642
https://orcid.org/0000-0002-5816-9488
https://orcid.org/0000-0002-2360-2392
https://orcid.org/0000-0002-9467-8001
https://orcid.org/0000-0002-3454-7261
https://orcid.org/0000-0002-0322-5550
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0002-7195-8537
https://orcid.org/0000-0002-3151-3453
https://orcid.org/0000-0003-4074-4787
https://orcid.org/0000-0002-7551-6971
https://orcid.org/0009-0003-3006-2149
https://orcid.org/0000-0002-6917-6210
https://orcid.org/0000-0001-9619-6666
https://orcid.org/0000-0003-3192-6175
https://orcid.org/0000-0001-7600-7039
https://orcid.org/0000-0003-3001-6268
https://orcid.org/0000-0002-2589-240X
https://orcid.org/0000-0002-3966-2998
https://orcid.org/0000-0001-8367-8703
https://orcid.org/0000-0001-6640-7274
https://orcid.org/0000-0001-5012-6013
https://orcid.org/0000-0002-3554-5479
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0000-0002-2243-8412
https://orcid.org/0000-0003-4625-6880
https://orcid.org/0009-0002-3024-1545
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0009-0004-1932-8580
https://orcid.org/0000-0001-5455-3768
https://orcid.org/0000-0002-5723-0961
https://orcid.org/0000-0002-5241-2555
https://orcid.org/0000-0003-2043-4669
https://orcid.org/0009-0004-0130-6121
https://orcid.org/0000-0003-4602-6946
https://orcid.org/0000-0002-5277-9103
https://orcid.org/0009-0002-5841-9624
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0001-6052-8243
https://orcid.org/0000-0002-5541-6500
https://orcid.org/0009-0000-3693-1972
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-4234-435X
https://orcid.org/0009-0002-2387-8150
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0003-4529-3356
https://orcid.org/0000-0002-6919-227X
https://orcid.org/0009-0005-0734-2753
https://orcid.org/0000-0003-3257-9240
https://orcid.org/0009-0002-0885-5145
https://orcid.org/0000-0001-9617-6067
https://orcid.org/0009-0001-3549-3939
https://orcid.org/0000-0002-2375-9509
https://orcid.org/0000-0003-4176-1503
https://orcid.org/0000-0001-7292-848X
https://orcid.org/0000-0003-1168-9547
https://orcid.org/0000-0002-6323-5582
https://orcid.org/0000-0001-9892-5113
https://orcid.org/0000-0002-6598-1941
https://orcid.org/0000-0002-8196-1828
https://orcid.org/0000-0003-4937-7637
https://orcid.org/0000-0001-6823-2607
https://orcid.org/0000-0002-0630-5185
https://orcid.org/0009-0001-8755-2937
https://orcid.org/0000-0003-0312-3914
https://orcid.org/0000-0002-1072-5633
https://orcid.org/0000-0002-7053-4951
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0000-0001-8838-5205
https://orcid.org/0000-0002-9571-7535
https://orcid.org/0000-0002-4644-5916
https://orcid.org/0000-0001-6651-9436
https://orcid.org/0000-0001-8323-6454
https://orcid.org/0000-0003-0171-7890
https://orcid.org/0000-0002-8285-3589
https://orcid.org/0000-0002-9390-8821
https://orcid.org/0000-0002-6503-0759
https://orcid.org/0000-0003-1652-8005
https://orcid.org/0000-0001-6267-7314
https://orcid.org/0000-0001-5704-3499
https://orcid.org/0000-0003-2744-3656
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0001-6717-2980
https://orcid.org/0000-0002-3731-9977
https://orcid.org/0000-0002-2120-5633
https://orcid.org/0000-0003-1960-4413
https://orcid.org/0000-0003-1144-3678
https://orcid.org/0000-0002-2490-435X
https://orcid.org/0000-0003-4981-6847
https://orcid.org/0009-0003-1124-0974
https://orcid.org/0000-0002-9915-6587
https://orcid.org/0000-0001-9099-4878
https://orcid.org/0000-0002-4111-0797
https://orcid.org/0000-0003-3410-0918
https://orcid.org/0000-0002-5055-7224
https://orcid.org/0009-0002-3683-2709
https://orcid.org/0000-0002-7298-3101
https://orcid.org/0000-0003-0529-6982
https://orcid.org/0000-0002-2867-722X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0000-0001-8562-0038
https://orcid.org/0000-0002-6150-3168
https://orcid.org/0000-0002-8663-9037
https://orcid.org/0000-0002-8996-795X
https://orcid.org/0000-0003-4792-9178
https://orcid.org/0009-0001-2684-9139
https://orcid.org/0000-0002-6438-4483
https://orcid.org/0000-0001-6841-6035
https://orcid.org/0009-0005-6982-9006
https://orcid.org/0000-0002-3264-3401
https://orcid.org/0000-0001-8713-6119
https://orcid.org/0000-0002-9428-4715
https://orcid.org/0000-0003-4665-5451
https://orcid.org/0000-0002-4047-4521
https://orcid.org/0000-0003-2222-7727
https://orcid.org/0000-0003-1664-8963
https://orcid.org/0000-0002-7366-4364
https://orcid.org/0000-0002-9331-1363
https://orcid.org/0000-0002-8210-1256
https://orcid.org/0000-0003-0525-2736
https://orcid.org/0000-0002-3687-9630
https://orcid.org/0000-0002-3038-7301
https://orcid.org/0000-0001-8993-3234
https://orcid.org/0000-0002-5477-3995
https://orcid.org/0000-0001-5023-2086
https://orcid.org/0000-0001-7144-0175
https://orcid.org/0000-0002-1947-8034
https://orcid.org/0000-0002-4266-1726
https://orcid.org/0000-0003-1667-7115
https://orcid.org/0009-0004-1533-6014
https://orcid.org/0000-0003-0818-4695
https://orcid.org/0000-0002-0374-5310
https://orcid.org/0000-0002-2622-8551
https://orcid.org/0000-0003-4232-5615
https://orcid.org/0000-0002-1936-5400
https://orcid.org/0000-0002-6969-2063
https://orcid.org/0000-0001-7450-1121
https://orcid.org/0000-0002-0091-5177
https://orcid.org/0000-0002-3972-6824
https://orcid.org/0000-0002-4018-1454
https://orcid.org/0000-0002-1697-4999
https://orcid.org/0000-0003-3650-2689
https://orcid.org/0000-0003-1198-1441
https://orcid.org/0009-0007-2494-8241
https://orcid.org/0000-0002-3718-4144
https://orcid.org/0000-0002-5662-8804


S. Mokhnenko ,44 E. F. Molina Cardenas ,83 T. Mombächer ,49 M. Monk ,57,1 S. Monteil ,11 A. Morcillo Gomez ,47

G. Morello ,28 M. J. Morello ,35,e M. P. Morgenthaler ,22 J. Moron ,40 W. Morren ,38 A. B. Morris ,49 A. G. Morris ,13

R. Mountain ,69 H. Mu ,4,p Z. M. Mu ,6 E. Muhammad ,57 F. Muheim ,59 M. Mulder ,78 K. Müller ,51

F. Muñoz-Rojas ,9 R. Murta ,62 P. Naik ,61 T. Nakada ,50 R. Nandakumar ,58 T. Nanut ,49 I. Nasteva ,3

M. Needham ,59 N. Neri ,30,k S. Neubert ,18 N. Neufeld ,49 P. Neustroev,44 J. Nicolini ,19 D. Nicotra ,79 E. M. Niel ,49

N. Nikitin ,44 Q. Niu ,73 P. Nogarolli ,3 P. Nogga ,18 C. Normand ,55 J. Novoa Fernandez ,47 G. Nowak ,66

C. Nunez ,83 H. N. Nur ,60 A. Oblakowska-Mucha ,40 V. Obraztsov ,44 T. Oeser ,17 S. Okamura ,26,f A. Okhotnikov,44

O. Okhrimenko ,53 R. Oldeman ,32,m F. Oliva ,59 M. Olocco ,19 C. J. G. Onderwater ,79 R. H. O’Neil ,49

D. Osthues ,19 J. M. Otalora Goicochea ,3 P. Owen ,51 A. Oyanguren ,48 O. Ozcelik ,59 F. Paciolla ,35,x A. Padee ,42

K. O. Padeken ,18 B. Pagare ,57 P. R. Pais ,22 T. Pajero ,49 A. Palano ,24 M. Palutan ,28 X. Pan ,4,p G. Panshin ,44

L. Paolucci ,57 A. Papanestis ,58,49 M. Pappagallo ,24,o L. L. Pappalardo ,26,f C. Pappenheimer ,66 C. Parkes ,63

D. Parmar ,76 B. Passalacqua ,26,f G. Passaleva ,27 D. Passaro ,35,49,e A. Pastore ,24 M. Patel ,62 J. Patoc ,64

C. Patrignani ,25,i A. Paul ,69 C. J. Pawley ,79 A. Pellegrino ,38 J. Peng ,5,7 M. Pepe Altarelli ,28 S. Perazzini ,25

D. Pereima ,44 H. Pereira Da Costa ,68 A. Pereiro Castro ,47 P. Perret ,11 A. Perrevoort ,78 A. Perro ,49,13

M. J. Peters ,66 K. Petridis ,55 A. Petrolini ,29,j J. P. Pfaller ,66 H. Pham ,69 L. Pica ,35,e M. Piccini ,34 L. Piccolo ,32

B. Pietrzyk ,10 G. Pietrzyk ,14 R. N. Pilato ,61 D. Pinci ,36 F. Pisani ,49 M. Pizzichemi ,31,49,c V. Placinta ,43

M. Plo Casasus ,47 T. Poeschl ,49 F. Polci ,16 M. Poli Lener ,28 A. Poluektov ,13 N. Polukhina ,44 I. Polyakov ,44

E. Polycarpo ,3 S. Ponce ,49 D. Popov ,7 S. Poslavskii ,44 K. Prasanth ,59 C. Prouve ,81 D. Provenzano ,32,m

V. Pugatch ,53 G. Punzi ,35,s S. Qasim ,51 Q. Q. Qian ,6 W. Qian ,7 N. Qin ,4,p S. Qu ,4,p R. Quagliani ,49

R. I. Rabadan Trejo ,57 J. H. Rademacker ,55 M. Rama ,35 M. Ramírez García ,83 V. Ramos De Oliveira ,70

M. Ramos Pernas ,57 M. S. Rangel ,3 F. Ratnikov ,44 G. Raven ,39 M. Rebollo De Miguel ,48 F. Redi ,30,v J. Reich ,55

F. Reiss ,20 Z. Ren ,7 P. K. Resmi ,64 R. Ribatti ,50 G. R. Ricart ,15,12 D. Riccardi ,35,e S. Ricciardi ,58

K. Richardson ,65 M. Richardson-Slipper ,59 K. Rinnert ,61 P. Robbe ,14,49 G. Robertson ,60 E. Rodrigues ,61

A. Rodriguez Alvarez ,46 E. Rodriguez Fernandez ,47 J. A. Rodriguez Lopez ,75 E. Rodriguez Rodriguez ,49

J. Roensch ,19 A. Rogachev ,44 A. Rogovskiy ,58 D. L. Rolf ,49 P. Roloff ,49 V. Romanovskiy ,66 A. Romero Vidal ,47

G. Romolini ,26 F. Ronchetti ,50 T. Rong ,6 M. Rotondo ,28 S. R. Roy ,22 M. S. Rudolph ,69 M. Ruiz Diaz ,22

R. A. Ruiz Fernandez ,47 J. Ruiz Vidal ,82,y J. Ryzka ,40 J. J. Saavedra-Arias ,9 J. J. Saborido Silva ,47 R. Sadek ,15

N. Sagidova ,44 D. Sahoo ,77 N. Sahoo ,54 B. Saitta ,32,m M. Salomoni ,31,49,c I. Sanderswood ,48 R. Santacesaria ,36

C. Santamarina Rios ,47 M. Santimaria ,28 L. Santoro ,2 E. Santovetti ,37 A. Saputi ,26,49 D. Saranin ,44

A. Sarnatskiy ,78 G. Sarpis ,59 M. Sarpis ,63 C. Satriano ,36,z A. Satta ,37 M. Saur ,6 D. Savrina ,44 H. Sazak ,17

F. Sborzacchi ,49,28 L. G. Scantlebury Smead ,64 A. Scarabotto ,19 S. Schael ,17 S. Scherl ,61 M. Schiller ,60

H. Schindler ,49 M. Schmelling ,21 B. Schmidt ,49 S. Schmitt ,17 H. Schmitz,18 O. Schneider ,50 A. Schopper ,49

N. Schulte ,19 S. Schulte ,50 M. H. Schune ,14 R. Schwemmer ,49 G. Schwering ,17 B. Sciascia ,28 A. Sciuccati ,49

I. Segal ,76 S. Sellam ,47 A. Semennikov ,44 T. Senger ,51 M. Senghi Soares ,39 A. Sergi ,29,j N. Serra ,51

L. Sestini ,33 A. Seuthe ,19 Y. Shang ,6 D. M. Shangase ,83 M. Shapkin ,44 R. S. Sharma ,69 I. Shchemerov ,44

L. Shchutska ,50 T. Shears ,61 L. Shekhtman ,44 Z. Shen ,6 S. Sheng ,5,7 V. Shevchenko ,44 B. Shi ,7 Q. Shi ,7

Y. Shimizu ,14 E. Shmanin ,25 R. Shorkin ,44 J. D. Shupperd ,69 R. Silva Coutinho ,69 G. Simi ,33,g S. Simone ,24,o

N. Skidmore ,57 T. Skwarnicki ,69 M.W. Slater ,54 J. C. Smallwood ,64 E. Smith ,65 K. Smith ,68 M. Smith ,62

A. Snoch ,38 L. Soares Lavra ,59 M. D. Sokoloff ,66 F. J. P. Soler ,60 A. Solomin ,44,55 A. Solovev ,44 I. Solovyev ,44

N. S. Sommerfeld ,18 R. Song ,1 Y. Song ,50 Y. Song ,4,p Y. S. Song ,6 F. L. Souza De Almeida ,69

B. Souza De Paula ,3 E. Spadaro Norella ,29,j E. Spedicato ,25 J. G. Speer ,19 E. Spiridenkov,44 P. Spradlin ,60

V. Sriskaran ,49 F. Stagni ,49 M. Stahl ,76 S. Stahl ,49 S. Stanislaus ,64 M. Stefaniak ,84 E. N. Stein ,49

O. Steinkamp ,51 O. Stenyakin,44 H. Stevens ,19 D. Strekalina ,44 Y. Su ,7 F. Suljik ,64 J. Sun ,32 L. Sun ,74

D. Sundfeld ,2 W. Sutcliffe ,51 P. N. Swallow ,54 K. Swientek ,40 F. Swystun ,56 A. Szabelski ,42 T. Szumlak ,40

Y. Tan ,4,p Y. Tang ,74 M. D. Tat ,22 A. Terentev ,44 F. Terzuoli ,35,49,x F. Teubert ,49 E. Thomas ,49

D. J. D. Thompson ,54 H. Tilquin ,62 V. Tisserand ,11 S. T’Jampens ,10 M. Tobin ,5,49 L. Tomassetti ,26,f

G. Tonani ,30,k X. Tong ,6 T. Tork ,30 D. Torres Machado ,2 L. Toscano ,19 D. Y. Tou ,4,p C. Trippl ,45 G. Tuci ,22

N. Tuning ,38 L. H. Uecker ,22 A. Ukleja ,40 D. J. Unverzagt ,22 B. Urbach ,59 A. Usachov ,39 A. Ustyuzhanin ,44

U. Uwer ,22 V. Vagnoni ,25 V. Valcarce Cadenas ,47 G. Valenti ,25 N. Valls Canudas ,49 J. van Eldik ,49

R. AAIJ et al. PHYS. REV. D 111, 092004 (2025)

092004-12

https://orcid.org/0000-0002-1849-1472
https://orcid.org/0009-0002-0674-5305
https://orcid.org/0000-0002-5612-979X
https://orcid.org/0000-0003-0484-0157
https://orcid.org/0000-0001-5015-3353
https://orcid.org/0000-0001-9165-7080
https://orcid.org/0000-0002-6180-3697
https://orcid.org/0000-0003-4190-1078
https://orcid.org/0000-0002-7699-5724
https://orcid.org/0000-0002-1857-1675
https://orcid.org/0009-0004-1863-9344
https://orcid.org/0000-0002-0832-9199
https://orcid.org/0000-0001-6644-9888
https://orcid.org/0000-0003-1908-4219
https://orcid.org/0000-0001-9720-7507
https://orcid.org/0000-0001-9291-2231
https://orcid.org/0000-0001-7413-5862
https://orcid.org/0000-0002-1131-8909
https://orcid.org/0000-0001-6867-8166
https://orcid.org/0000-0002-5105-1305
https://orcid.org/0000-0002-4978-602X
https://orcid.org/0000-0002-6915-8370
https://orcid.org/0000-0001-6977-2971
https://orcid.org/0009-0000-6210-6861
https://orcid.org/0000-0002-6813-6794
https://orcid.org/0000-0002-5728-9867
https://orcid.org/0000-0001-7115-7214
https://orcid.org/0000-0002-8297-6714
https://orcid.org/0000-0002-6106-3756
https://orcid.org/0000-0002-0706-1944
https://orcid.org/0000-0003-2298-0102
https://orcid.org/0000-0001-9034-3637
https://orcid.org/0000-0001-7513-3033
https://orcid.org/0000-0002-6587-4695
https://orcid.org/0000-0003-0215-1091
https://orcid.org/0009-0004-3290-2444
https://orcid.org/0009-0001-4635-1055
https://orcid.org/0009-0006-2269-4666
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-1819-1381
https://orcid.org/0000-0003-4864-7164
https://orcid.org/0000-0002-2521-9346
https://orcid.org/0000-0002-7822-523X
https://orcid.org/0000-0003-1328-0534
https://orcid.org/0000-0002-0994-3641
https://orcid.org/0000-0001-7792-4082
https://orcid.org/0000-0003-1229-3093
https://orcid.org/0000-0002-0657-6962
https://orcid.org/0000-0001-6902-0710
https://orcid.org/0000-0001-7025-3407
https://orcid.org/0000-0002-6968-1217
https://orcid.org/0000-0002-2310-4166
https://orcid.org/0000-0002-9797-8464
https://orcid.org/0009-0004-8234-513X
https://orcid.org/0000-0002-9584-8500
https://orcid.org/0000-0002-4161-9147
https://orcid.org/0000-0002-8240-7300
https://orcid.org/0000-0003-3227-9248
https://orcid.org/0000-0002-6001-600X
https://orcid.org/0000-0002-5017-7168
https://orcid.org/0000-0001-7251-9125
https://orcid.org/0000-0003-3184-1622
https://orcid.org/0009-0005-9758-742X
https://orcid.org/0000-0001-9630-2000
https://orcid.org/0000-0002-6095-9593
https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0002-7439-6621
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0003-0465-2893
https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0003-0738-3668
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0009-0004-8530-7630
https://orcid.org/0000-0003-3643-7469
https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-8601-2197
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0009-0000-1201-4918
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0009-0006-7202-0811
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0009-0005-4236-4667
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0002-3863-352X
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0001-6343-447X
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0009-0008-9089-1287
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0009-0009-8578-3078
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1896-2892
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-4325-7530
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0003-3754-7221
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0009-0005-9992-9761
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-4264-9724
https://orcid.org/0000-0001-6453-4691
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-3049-7866
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0009-0006-1758-936X
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0009-0001-7628-6063
https://orcid.org/0000-0002-7548-6530
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-5479-9212
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-2510-8929
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0002-5600-9413
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0009-0007-2159-3633
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0009-0004-7916-2682
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0001-8605-3020
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0009-0006-2212-6431
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-7915-8211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0009-0006-7822-2860
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0002-5820-1054
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0002-9795-3582
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6558-6730
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-9753-329X
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0009-0001-4404-561X
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0009-0006-3241-8964
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0002-3221-7664


H. Van Hecke ,68 E. van Herwijnen ,62 C. B. Van Hulse ,47,aa R. Van Laak ,50 M. van Veghel ,38 G. Vasquez ,51

R. Vazquez Gomez ,46 P. Vazquez Regueiro ,47 C. Vázquez Sierra ,47 S. Vecchi ,26 J. J. Velthuis ,55 M. Veltri ,27,bb

A. Venkateswaran ,50 M. Verdoglia ,32 M. Vesterinen ,57 D. Vico Benet ,64 P. Vidrier Villalba ,46 M. Vieites Diaz ,47

X. Vilasis-Cardona ,45 E. Vilella Figueras ,61 A. Villa ,25 P. Vincent ,16 F. C. Volle ,54 D. vom Bruch ,13

N. Voropaev ,44 K. Vos ,79 C. Vrahas ,59 J. Wagner ,19 J. Walsh ,35 E. J. Walton ,1,57 G. Wan ,6 C. Wang ,22

G. Wang ,8 H. Wang ,73 J. Wang ,6 J. Wang ,5 J. Wang ,4,p J. Wang ,74 M. Wang ,49 N.W. Wang ,7 R. Wang ,55

X. Wang ,8 X. Wang ,72 X.W. Wang ,62 Y. Wang ,6 Y.W. Wang ,73 Z. Wang ,14 Z. Wang ,4,p Z. Wang ,30

J. A. Ward ,57,1 M. Waterlaat ,49 N. K. Watson ,54 D. Websdale ,62 Y. Wei ,6 J. Wendel ,81 B. D. C. Westhenry ,55

C. White ,56 M. Whitehead ,60 E. Whiter ,54 A. R. Wiederhold ,63 D. Wiedner ,19 G. Wilkinson ,64

M. K. Wilkinson ,66 M. Williams ,65 M. J. Williams ,49 M. R. J. Williams ,59 R. Williams ,56 Z. Williams ,55

F. F. Wilson ,58 M. Winn ,12 W. Wislicki ,42 M. Witek ,41 L. Witola ,22 G. Wormser ,14 S. A. Wotton ,56 H. Wu ,69

J. Wu ,8 X. Wu ,74 Y. Wu ,6 Z. Wu ,7 K. Wyllie ,49 S. Xian ,72 Z. Xiang ,5 Y. Xie ,8 T. X. Xing ,30 A. Xu ,35

L. Xu ,4,p L. Xu ,4,p M. Xu ,57 Z. Xu ,49 Z. Xu ,7 Z. Xu ,5 K. Yang ,62 S. Yang ,7 X. Yang ,6 Y. Yang ,29,j

Z. Yang ,6 V. Yeroshenko ,14 H. Yeung ,63 H. Yin ,8 X. Yin ,7 C. Y. Yu ,6 J. Yu ,71 X. Yuan ,5 Y Yuan ,5,7

E. Zaffaroni ,50 M. Zavertyaev ,21 M. Zdybal ,41 F. Zenesini ,25 C. Zeng ,5,7 M. Zeng ,4,p C. Zhang ,6 D. Zhang ,8

J. Zhang ,7 L. Zhang ,4,p S. Zhang ,71 S. Zhang ,64 Y. Zhang ,6 Y. Z. Zhang ,4,p Z. Zhang ,4,p Y. Zhao ,22

A. Zhelezov ,22 S. Z. Zheng ,6 X. Z. Zheng ,4,p Y. Zheng ,7 T. Zhou ,6 X. Zhou ,8 Y. Zhou ,7 V. Zhovkovska ,57

L. Z. Zhu ,7 X. Zhu ,4,p X. Zhu ,8 V. Zhukov ,17 J. Zhuo ,48 Q. Zou ,5,7 D. Zuliani ,33,g and G. Zunica 50

(LHCb Collaboration)

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas Físicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Department of Engineering Physics, Tsinghua University, Beijing, China

5Institute of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University,

Beijing, China
7University of Chinese Academy of Sciences, Beijing, China

8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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11Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
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