
First Measurement of the Decay-Time-Integrated CP Asymmetry in B0
s → D −

s π + Decays

R. Aaij et al.*

(LHCb Collaboration)

(Received 11 March 2026; accepted 29 June 2026; published 21 August 2026)

A measurement of the flavor-untagged decay-time-integrated CP asymmetry in the flavor-specific decay
B0
s → D−

s π
þ, hAs

untaggedi, is performed using proton-proton collision data collected by the LHCb experiment

between 2016 and 2018 at a center-of-mass energy of 13 TeV, corresponding to a total integrated luminosity
of 5.4 fb−1. The CP asymmetry is measured in two D−

s meson decay modes, D−
s → K−Kþπ− and

D−
s → π−πþπ−. The combined result, hAs

untaggedi¼ð−1.4�5.9ðstatÞ�1.1ðsystÞÞ×10−3, is consistent with

the StandardModel expectation and provides a direct constraint on new physics in tree-level b-hadron decays.

DOI: 10.1103/ljtv-y278

Decays of beauty mesons to open-charm mesons and an
associated light hadron of the form B0

ðsÞ → Dð�Þ−
ðsÞ hþ, where

h∈ fπ; Kg, are dominated by color-allowed, tree-level
amplitudes proceeding through the b → cūq quark tran-
sition, for q∈ fd; sg. (Charge-conjugate modes are implied
throughout, unless otherwise stated.) Theoretical predic-
tions of their branching fractions in the Standard Model
(SM), based on quantum chromodynamics factorisation,
consistently disagree with experimental averages [1–7].
One possible explanation is physics beyond the SM (BSM),
which may introduce an additional weak phase into the
decay amplitude [8–11]. The interference of such a BSM
amplitude with the SM amplitude can induce CP violation,
dubbed direct CP violation, resulting in a small decay-rate
asymmetry.
As the decay B0

s → D−
s π

þ is flavor specific (the corre-
sponding wrong-sign decay B0

s → Dþ
s π

− is heavily sup-
pressed) and proceeds only at tree level, direct CP violation
is not possible in the SM as this would require interference
with additional amplitudes. The flavor-specific CP asym-
metry, i.e., the asymmetry of measuring CP-conjugate final
states f and f̄, is defined as a function of time, t, as

As
fsðtÞ≡ ΓðB̄0

sðtÞ → f̄Þ − ΓðB0
sðtÞ → fÞ

ΓðB̄0
sðtÞ → f̄Þ þ ΓðB0

sðtÞ → fÞ ; ð1Þ

wherein Γ is the partial decay rate of a given state. This
is equal to the CP asymmetry in B0

s–B̄0
s mixing in the SM,

denoted as asfs for flavor-specific nonleptonic decays.

This quantity has been measured in semileptonic decays,
for which it is denoted by assl, as a

s
sl ¼ ð−60� 280Þ × 10−5

[12], consistent with the SM prediction of assl ¼
ð2.06� 0.18Þ × 10−5 [13].
The CP asymmetry of B0

s → D−
s π

þ decays can be
measured as a decay-time-integrated flavor-untagged quan-
tity, hAs

untaggedi, to make use of the fast oscillation frequency
of the B0

s meson and to circumvent the low efficiency to tag

the initial B0
s

ð−Þ
flavor [14]. This is evaluated as

hAs
untaggedi ≈ As

dir −
asfs
2
ð1 − ρsÞ; ð2Þ

wherein As
dir is a direct CP-asymmetry contribution from

potential BSM effects, which can be up toOð10−2Þ [8], and
ρs ≈ 0.001 accounts for dilution from B0

s–B̄0
s oscillation [8].

Experimentally, hAs
untaggedi can be measured from the

raw asymmetry, Araw, of observed B0
s → D−

s π
þ candidate

yields,N, to final statesDþ
s π

− andD−
s π

þ, obtained through
fits to the decay-time-integrated invariant-mass distribu-
tions,

Araw ¼ NðDþ
s π

−Þ − NðD−
s π

þÞ
NðDþ

s π
−Þ þ NðD−

s π
þÞ : ð3Þ

This asymmetry is subject to charge-dependent differences
in detection efficiency, resulting in a detection asymmetry,
Adet, which must be subtracted as

hAs
untaggedi ¼ Araw − Adet: ð4Þ

The term Adet is determined from data using calibration and
simulated samples. In this measurement, the decay-time-
integrated B0

s production asymmetry is neglected, as this
is diluted to Oð10−5Þ by the fast B0

s–B̄0
s oscillation

frequency [14–16].
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This Letter presents a measurement of the flavor-untagged
decay-time-integrated CP asymmetry of B0

s → D−
s π

þ
decays, hAs

untaggedi, performed using proton-proton ðppÞ
collision data collected by the LHCb experiment between
2016 and 2018 at a center-of-mass energy of 13 TeV,
corresponding to a total integrated luminosity of 5.4 fb−1.
The LHCb detector [17,18] 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 elements of particular relevance to this
analysis include: a silicon-strip vertex detector surrounding
the pp interaction region that allows c and b hadrons to be
identified from their characteristically long flight distance;
a tracking system that provides a measurement of the
momentum, p, of charged particles from their deflection by
a large dipole magnet (the polarity of which is periodically
reversed to reduce detection asymmetries); and two ring-
imaging Cherenkov detectors that can discriminate
between different species of charged hadrons.
The online event selection is performed by a trigger [19],

which consists of a hardware stage, L0, based on informa-
tion from the electromagnetic and hadronic (HCAL)
calorimeter and muon systems, followed by two software
stages, HLT1 and HLT2, which perform partial and full
event reconstruction, respectively. At the L0 stage, events
must contain a final-state hadron with greater transverse
energy than a threshold varying between 3.46 and
3.70 GeV depending on the data-taking year according
to the detector occupancy. A minimal spatial separation
between final-state hadrons in the HCAL is required, such
that energy deposits do not overlap. At the HLT1 stage,
single or pairs of tracks are required to be significantly
displaced from any primary pp interaction vertex (PV), as
is indicative of a b hadron decay. Similarly, HLT2 requires
a two-, three- or four-track secondary vertex (SV) with a
significant displacement from any PV. A multivariate
algorithm [20,21] is used to select those SVs consistent
with the decay topology of a b hadron. Triggered events
undergo a centralized, offline processing step and highly
automated LHCb analysis productions deliver physics-
analysis-ready data across the entire LHCb physics pro-
gram [22,23].
Simulated samples are used to determine reconstruction

and selection efficiencies and asymmetries, and shapes of
invariant-mass distributions. In the simulation, pp colli-
sions are generated using Pythia [24] with a specific LHCb
configuration [25]. Decays of unstable particles are
described by EvtGen [26], in which final-state radiation is
generated using Photos [27]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the Geant4 toolkit [28] as described in
Ref. [29]. These samples are corrected to account for
known differences between data and simulation in the
B0
s production kinematics and detector occupancy, and

track-reconstruction, particle-identification, and trigger
efficiencies.

The B0
s → D−

s π
þ decay is reconstructed by selecting D−

s
candidates through their decays to K−Kþπ− and π−πþπ−

final states, and combining them with a charged pion,
referred to as the companion particle. Both final states
are charge symmetric under the exchange of kaon or pion
pairs. The invariant mass of all final-state particles,
mðh−hþπ−πþÞ, is required to be within the range
5280–6000 MeV=c2 and the h−hþπ− invariant mass must
lie within 30 MeV=c2 of the known D−

s mass [30]. To
separate the B0

s → D−
s π

þ signal from background sources
with misidentified particles, particle identification (PID)
requirements are applied using multivariate techniques that
combine PID and tracking information from all LHCb
subdetectors into two discriminants per particle species
[31]. A loose PID requirement is applied on the companion
track, since the B0

s → D−
s π

þ decay has a branching fraction
roughly an order of magnitude larger than the misidentified
B0
s → D−

s Kþ decay. The PID requirements on the D−
s

final-state tracks are optimized separately for the
D−

s → K−Kþπ− and D−
s → π−πþπ− decay modes. The

K−Kþπ− phase space is divided into three regions:
D−

s → ϕπ−, D−
s → K�ð892Þ0K−, and nonresonant, while

the π−πþπ− phase space is split into D−
s → f0ð980Þπ− and

nonresonant regions. Loose PID requirements are applied
in resonant regions, where background contamination is
low, while tight criteria are set in the nonresonant regions.
In addition, dedicated vetoes are applied to suppress
candidates from background contributions containing
J=ψ and D0 particles. Residual background components
are modeled in the invariant-mass fit. After the selection,
approximately 0.5% and 2.5% of events contain multiple
candidates in the D−

s → K−Kþπ− and D−
s → π−πþπ− final

states, respectively. In these events, one candidate is
retained arbitrarily, preferentially choosing candidates
reconstructed in the D−

s → K−Kþπ− final state where
events remain reconstructed in both final states. This
selection strategy differs from that of Ref. [14] in the
specific PID requirements applied, in the requirement of
hadron-pair separation in the HCAL, and in that a multi-
variate classifier was not used to suppress combinatorial
background.
The total B0

s → D−
s π

þ yield and Araw are determined
from unbinned extended maximum-likelihood fits to
mðh−hþπ−πþÞ across both spectra, and Araw is determined
through a simultaneous fit to the Dþ

s π
− and D−

s π
þ

invariant-mass distributions, where the models describing
each component are shared across the invariant-mass
distributions. Signal and background probability density
functions (PDFs) for the invariant-mass fit are obtained
from dedicated simulated and data samples, with the
simulated samples corrected for the L0 and PID responses
to better reflect the distributions observed in data. The L0
responses are calibrated using dedicated control samples of
D�þ → D0πþ decays; the PID responses in simulation are
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calibrated using dedicated control samples ofD�þ → D0πþ
and Λ → pπ− decays [31].
As in Ref. [14], themðh−hþπ−πþÞ distribution for signal

candidates is modeled as the sum of a modified Hypatia
function with tails on both sides of the peak [32] and a
Johnson SU function [33], sharing a common peak position.
Signal PDFs are determined from simulated B0

s → D−
s π

þ

decays for each D−
s final state separately. The PDF

parameters are fixed in the fits to data, except for additive
contributions to the peak position and width parameters,
which account for resolution differences between data
and simulation and are allowed to vary in the fit. The total
B0
s → D−

s π
þ yield and Araw are also allowed to vary in

the fit.
The combinatorial background consists of random track

combinations. It is modeled using two exponential func-
tions derived from fits to the uppermðh−hþπ−πþÞ sideband
region, 5600–6800 MeV=c2. In the baseline fit, all shape
parameters are fixed except for the larger exponent, which
is left free to account for possible differences between the
upper sideband and the baseline fit region. The yield and
asymmetry of the combinatorial background are deter-
mined directly from the data.
The background description closely follows Ref. [14]

and includes fully reconstructed B0 → Dþ
s π

− decays,
B0
s → D−

s Kþ decays in which the kaon is misidentified
as a pion, and partially reconstructed B0

s → D�−
s πþ decays

where the neutral particle from D�−
s → D−

s γ=π0 decays is
not reconstructed. Because of the similarity in the para-
metrization of B0 → Dþ

s π
− and B0

s → D�−
s πþ decays in the

selected mass range, the two decays are represented by the
same distribution, i.e., taking the B0 → Dþ

s π
− shape as that

of B0
s → D−

s π
þ decays and adjusting for the known mass

difference between the B0 and B0
s mesons [30]. Additional

background contributions in the D−
s → K−Kþπ− mode

arise from B0 → D−πþ and Λ̄0
b → Λ̄−

c π
þ decays, where

misidentification leads to the charm hadron being recon-
structed as a D−

s meson. The PDFs for these components
are determined from simulation, with only the peak
position and width parameters varying in the baseline fit,
using the same additive shifts as the signal description. In
the baseline fit, misidentified background asymmetries are
fixed to zero to improve the stability of the fit, while the
asymmetry of the component describing B0 → Dþ

s π
− and

B0
s → D�−

s πþ decays, which contains many more events, is
free to vary. The yields of B0

s → D−
s Kþ and B0 → D−πþ

decays are fixed relative to the signal yields, corrected with
their corresponding efficiencies from simulation and
known branching fractions.
Distributions of invariant masses are shown in Fig. 1,

along with the results of the mass fits. The charge-
combined signal yields are 28940� 190 and 7270� 150
for the D−

s → K−Kþπ− and D−
s → π−πþπ− decay modes,

respectively. The measured value of Araw is equal to
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FIG. 1. Invariant-mass distributions of (left) Dþ
s π

− and (right) D−
s π

þ candidates, for the (top) D−
s → K−Kþπ− and (bottom)

D−
s → π−πþπ− decay modes, shown with the result of the invariant-mass fit.
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ð−2.2� 6.2Þ × 10−3 for the D−
s → K−Kþπ− decay mode

and ð−0.2� 1.6Þ × 10−2 for the D−
s → π−πþπ− decay

mode, where the uncertainties are statistical.
Following Eq. (4), the measured Araw is corrected for

detection asymmetries in the D−
s π

þ and Dþ
s π

− final states,
evaluated using calibration data and simulated samples. This
is decomposed as a sum of four contributions: track
reconstruction (Atrack), kinematic and HCAL-based selection
requirements (Asel), particle-identification requirements
(APID), and L0 requirements (AL0). An additional contribu-
tion associated with the HLT1 requirements, AHLT1, is
estimated using a calibration sample of Dþ → K−πþπþ
decays and found to be small. Its effect is therefore included
as a systematic uncertainty on Asel. Table I summarizes the
measured values of the individual contributions to Adet,
which are described in detail below.
For the D−

s → K−Kþπ− decay mode, the track
reconstruction asymmetry is obtained as the sum of three
components: the single-pion, combined two-track K−πþ,
and single-kaon track reconstruction asymmetries. For the
D−

s → π−πþπ− decay mode, the track reconstruction asym-
metries of each final-state pion are combined, assuming
each pion to be uncorrelated.
The term Atrackðπ−Þ is estimated from the asymmetry

of efficiencies to fully reconstruct muons in bins of
muon kinematics using samples of partially reconstructed
J=ψ → μþμ− decays with the tag-and-probe approach as
described in Ref. [34]. One muon is reconstructed fully and
the other reconstructed using limited detector information;
the efficiency is estimated from the fraction of partially
reconstructed muons, which can be matched to fully
reconstructed muons, where numerator and denominator
are obtained by maximum-likelihood fits to the dimuon
invariant mass. The relative effect of hadronic interactions
of pions with the detector material is assumed to have a
small effect on Atrackðπ−Þ. In contrast to pions, kaons have
significant charge-asymmetric nuclear cross-sections, thus
AtrackðK−πþÞ is determined from the raw asymmetries of
prompt Dþ → K−πþπþ and Dþ → K0

Sπ
þ decays, follow-

ing the method described in Ref. [35]. Candidates are
weighted such that the kinematics of the final state particles

in the Dþ → K−πþπþ (Dþ → K0
Sπ

þ) decay reflect the
kinematic distributions of the signal D−

s → K−Kþπ−
(weightedDþ → K−πþπþ) sample. This kinematic weight-
ing mitigates phase-space-dependent effects on the
reconstruction efficiency.
The remaining terms are determined from charge-spe-

cific efficiencies of the corresponding requirements: Asel
from the efficiencies of the selection requirements in
simulation, and APID by evaluating the per-event PID
efficiencies in bins of the kinematics of each particle from
calibration samples ofD�þ → D0ðK−πþÞπþ decays, where
the charge of the companion pion identifies the charge of
the kaon and pion originating from the D0 meson,
independently of PID requirements [31]. Similarly, AL0,
arising from the charge-dependent efficiencies of the L0
trigger to select light hadrons, is determined using reference
D�þ → D0πþ decays in which pions and kaons originating
from the D0 meson are well identified. The trigger
efficiency is computed separately for the inner and outer
HCAL regions in bins of transverse energy. As these
contributions are evaluated using the same simulated
samples, the corresponding statistical uncertainties are
assumed to be fully correlated. The statistical uncertainty
on Adet is thereby evaluated as the quadrature sum of the
largest of these statistical uncertainties with the statistical
uncertainty on Atrack.
The systematic uncertainties on Araw originate from

imperfect modeling of the signal and background in the
invariant-mass fits and from fixing misidentified back-
ground yields and their asymmetries. Each source is
evaluated as the difference in Araw relative to the baseline
fit result after repeating the data fit accounting for each
effect. For the signal model, an alternative parametrization
using the sum of a Gaussian and a modified Gaussian
function from Ref. [36] is employed. Similarly, the low-
mass background systematic uncertainty is estimated by
replacing the B0 → Dþ

s π
− shape with the B0

s → D�−
s πþ

model. Alternative fits are also performed allowing to vary
within a Gaussian constraint all parameters fixed in the
baseline fit, i.e., the fraction between the two exponential
functions of the combinatorial background model, the
fractions defining the B0

s → D−
s Kþ and B0 → D−πþ yields,

and the misidentified background asymmetries. Individual
contributions are assumed to be uncorrelated and combined
in quadrature, resulting in systematic uncertainties of
4.9 × 10−4 and 1.3 × 10−4 for the D−

s → K−Kþπ− and
D−

s → π−πþπ− decay modes, respectively.
The systematic uncertainty on the detection asymmetry

is estimated for each constituent term, as listed in Table I.
For Atrack, a systematic uncertainty is assigned for the
differences between muon and pion tracking efficiency
asymmetries due to pion-hadron interactions according to
Ref. [37]. A systematic uncertainty on the pion tracking
efficiency derived from J=ψ → μþμ− decays is obtained by
varying the fit model and binning scheme. The difference in

TABLE I. Contributions to Adet, averaged over magnet polar-
ities and data-taking periods. The first uncertainties are statistical
and the second are due to systematic sources. All values are given
in percent.

Asymmetry
(%) KþK−πþπ− πþπ−πþπ−

Atrack 0.008� 0.061� 0.073 −0.010� 0.023� 0.029
Asel 0.031� 0.063� 0.080 0.03� 0.24� 0.22
APID 0.021� 0.088� 0.057 0.08� 0.34� 0.17
AL0 −0.169� 0.056� 0.007 0.00� 0.21� 0.02
Adet −0.11� 0.11� 0.11 0.10� 0.34� 0.28
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beam-crossing angles between the magnet-up and -down
configurations may induce a magnet polarity- and phase-
space-dependent contribution to Atrack, for which a sys-
tematic uncertainty is estimated. Two different kinematic
weighting schemes are used for the promptDþ → K−πþπþ

and Dþ → K0
Sπ

þ samples in determining the combined
two-track K−πþ asymmetry, and the resulting difference is
assigned as a systematic uncertainty. The systematic
uncertainty on Asel is evaluated by comparing its value
with and without per-event weights from PID and L0
efficiencies. A systematic uncertainty from omitting the
small AHLT1 is also assigned to Asel by evaluating the
impact of HLT1 on the raw asymmetry in reference samples
of prompt Dþ → K−πþπþ decays. A systematic uncer-
tainty on APID is assigned by varying the PID selection
requirements and the binning scheme applied to the
calibration samples. The systematic uncertainty on AL0 is
entirely due to the limited size of the available reference
sample.
Studies are carried out to ensure the robustness of the

measurement, in which the data sample is divided and the
measurement repeated in each subsample. The data sample
is divided into subsets according to the dipole magnet
polarity, which is regularly changed during data-taking
periods. The data are also divided by year of data taking, in
bins of the B0

s meson and companion-pion momentum and
pseudorapidity, and the resonant or nonresonant regions of
the D−

s phase space. The measurements of hAs
untaggedi are

consistent between subsamples at the scale of the statistical
uncertainties in each final state.
In conclusion, the first measurement of the flavor-

untagged decay-time-integrated CP asymmetry in
B0
s → D−

s π
þ decays is performed using pp collision data

collected by the LHCb experiment at a center-of-mass
energy of 13 TeV, corresponding to a total integrated
luminosity of 5.4 fb−1. The B0

s → D−
s π

þ decay is recon-
structed in two D−

s decay modes, D−
s → K−Kþπ− and

D−
s → π−πþπ−. The measured asymmetries are

hAs
untaggediðK−Kþπ−πþÞ ¼ ð−1.1� 6.3� 1.2Þ × 10−3;

hAs
untaggediðπ−πþπ−πþÞ ¼ ð−3� 16� 3Þ × 10−3;

where the first uncertainty is statistical and the second
systematic. The two results are combined as a mean
weighted by the quadrature sums of uncertainties, yielding

hAs
untaggediðD−

s π
þÞ ¼ ð−1.4� 5.9� 1.1Þ × 10−3:

This represents the first measurement of a decay-time-
integrated CP asymmetry in hadronic B0

s → D−
s π

þ decays.
The measurements of hAs

untaggedi in each final state, and
their combination, are all consistent with the SM expect-
ations and with the measured value of assl, and exclude
generic BSM contributions that induce CP asymmetries

outside of the range −1.9–1.6% at the 95% confi-
dence level.
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analysis of the b → cūq puzzle, J. High Energy Phys. 06
(2025) 19.

PHYSICAL REVIEW LETTERS 137, 081802 (2026)

081802-5

https://doi.org/10.1103/PhysRevD.102.071701
https://doi.org/10.1103/PhysRevD.102.071701
https://doi.org/10.1140/epjc/s10052-020-08512-8
https://doi.org/10.1140/epjc/s10052-020-08512-8
https://doi.org/10.1007/JHEP06(2025)019
https://doi.org/10.1007/JHEP06(2025)019


[4] R. Fleischer and E. Malami, Revealing new physics in
B̄0
s → D∓

s K� decays, Eur. Phys. J. C 83, 420 (2023).
[5] R. Fleischer and E. Malami, Using B0

s → D∓
s K� decays as a

portal to new physics, Phys. Rev. D 106, 056004 (2022).
[6] R. Fleischer, N. Serra, and N. Tuning, Tests of factorization

and SU(3) relations in B decays into heavy-light final states,
Phys. Rev. D 83, 014017 (2011).

[7] F.-M. Cai, W.-J. Deng, X.-Q. Li, and Y.-D. Yang, Probing
new physics in class-I B-meson decays into heavy-light final
states, J. High Energy Phys. 10 (2021) 235.

[8] T. Gershon, A. Lenz, A. V. Rusov, and N. Skidmore, Testing
the standard model with CP asymmetries in flavor-specific
nonleptonic decays, Phys. Rev. D 105, 115023 (2022).

[9] T. Huber, S. Kränkl, and X.-Q. Li, Two-body non-leptonic
heavy-to-heavy decays at NNLO in QCD factorization, J.
High Energy Phys. 09 (2016) 112.

[10] R. Fleischer and K. K. Vos, B0
s − B̄0

s oscillations as a new
tool to explore CP violation in D�

s decays, Phys. Lett. B
770, 319 (2017).

[11] I. Dunietz, R. Fleischer, and U. Nierste, In pursuit of new
physics with Bs decays, Phys. Rev. D 63, 114015 (2001).

[12] S. Banerjee et al. (Heavy Flavor Averaging Group), Aver-
ages of b-hadron, c-hadron, and τ-lepton properties as of
2023, Phys. Rev. D 113, 012008 (2026).

[13] A. Lenz and G. Tetlalmatzi-Xolocotzi, Model-independent
bounds on new physics effects in non-leptonic tree-level
decays of B-mesons, J. High Energy Phys. 07 (2020) 177.

[14] R. Aaij et al. (LHCb Collaboration), Precise determination
of the B0

s -B̄0
s oscillation frequency, Nat. Phys. 18, 1 (2022).

[15] R. Aaij et al. (LHCb Collaboration), First evidence of direct
CP violation in charmless two-body decays of B0

s mesons,
Phys. Rev. Lett. 108, 201601 (2012).

[16] R. Aaij et al. (LHCb Collaboration), Measurement of the
flavour-specific CP-violating asymmetry assl in B0

s decays,
Phys. Lett. B 728, 607 (2014).

[17] A. A. Alves Jr. et al. (LHCb Collaboration), The LHCb
detector at the LHC, J. Instrum. 3, S08005 (2008).

[18] R. Aaij et al. (LHCb Collaboration), LHCb detector
performance, Int. J. Mod. Phys. A 30, 1530022 (2015).

[19] R. Aaij et al., Design and performance of the LHCb trigger
and full real-time reconstruction in Run 2 of the LHC, J.
Instrum. 14, P04013 (2019).

[20] V. V. Gligorov and M. Williams, Efficient, reliable and fast
high-level triggering using a bonsai boosted decision tree, J.
Instrum. 8, P02013 (2013).

[21] T. Likhomanenko, P. Ilten, E. Khairullin, A. Rogozhnikov,
A. Ustyuzhanin, and M. Williams, LHCb topological trigger
reoptimization, J. Phys. Conf. Ser. 664, 082025 (2015).

[22] N. Grieser et al., The LHCb stripping project: Sustainable
legacy data processing for high-energy physics, Comput.
Software Big. Sci. 9, 21 (2025).

[23] A. Ahmed et al., The LHCb sprucing and analysis pro-
ductions, Comput. Software Big Sci. 9, 15 (2025).

[24] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduction
to PYTHIA 8.1, Comput. Phys. Commun. 178, 852 (2008),
arXiv:0710.3820; T. Sjöstrand, S. Mrenna, and P. Skands,
PYTHIA 6.4 physics and manual, J. High Energy Phys. 05
(2006) 026, arXiv:hep-ph/0603175.

[25] I. Belyaev et al., Handling of the generation of primary
events in Gauss, the LHCb simulation framework, J. Phys.
Conf. Ser. 331, 032047 (2011).

[26] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum.Methods Phys. Res., Sect. A 462, 152 (2001).

[27] N. Davidson, T. Przedzinski, and Z. Was, PHOTOS interface
in C++: Technical and physics documentation, Comput.
Phys. Commun. 199, 86 (2016).

[28] J. Allison et al. (Geant4 Collaboration), Geant4 develop-
ments and applications, IEEE Trans. Nucl. Sci. 53, 270
(2006); S. Agostinelli et al. (Geant4 Collaboration), Geant4:
A simulation toolkit, Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[29] M. Clemencic, G. Corti, S. Easo, C. R. Jones, S.
Miglioranzi, M. Pappagallo, and P. Robbe, The LHCb
simulation application, Gauss: Design, evolution and expe-
rience, J. Phys. Conf. Ser. 331, 032023 (2011).

[30] S. Navas et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[31] R. Aaij et al., Selection and processing of calibration
samples to measure the particle identification performance
of the LHCb experiment in Run 2, Eur. Phys. J. Tech. Instr.
6, 1 (2019).

[32] D. Martínez Santos and F. Dupertuis, Mass distributions
marginalized over per-event errors, Nucl. Instrum. Methods
Phys. Res., Sect. A 764, 150 (2014).

[33] N. L. Johnson, Systems of frequency curves generated by
methods of translation, Biometrika 36, 149 (1949).

[34] R. Aaij et al. (LHCb Collaboration), Measurement of the
track reconstruction efficiency at LHCb, J. Instrum. 10,
P02007 (2015).

[35] A. Davis et al., Measurement of the instrumental asymmetry
for K−πþ-pairs at LHCb in Run 2, LHCb-PUB-2018-004,
2018.

[36] R. Aaij et al. (LHCb Collaboration), Measurement
of the CKM angle γ in B� → DK� and B� → Dπ� decays
with D → K0

Sh
þh−, J. High Energy Phys. 02 (2021)

169.
[37] R. Aaij et al. (LHCb Collaboration), Measurement of the

semileptonic CP asymmetry in B0–B̄0 mixing, Phys. Rev.
Lett. 114, 041601 (2015).

[38] https://cds.cern.ch/record/2956449

R. Aaij ,38 M. Abdelfatah,69 A. S. W. Abdelmotteleb ,57 C. Abellan Beteta ,51 F. Abudinén ,59 T. Ackernley ,61

A. A. Adefisoye ,69 B. Adeva ,47 M. Adinolfi ,55 P. Adlarson ,87 C. Agapopoulou ,14 C. A. Aidala ,89 Z. Ajaltouni,11

S. Akar ,11 K. Akiba ,38 P. Albicocco ,28 J. Albrecht ,19,b R. Aleksiejunas ,81 F. Alessio ,49 P. Alvarez Cartelle ,56,47

R. Amalric ,16 S. Amato ,3 J. L. Amey ,55 Y. Amhis ,14 L. An ,6 L. Anderlini ,27 M. Andersson ,51 P. Andreola ,51

PHYSICAL REVIEW LETTERS 137, 081802 (2026)

081802-6

https://doi.org/10.1140/epjc/s10052-023-11588-7
https://doi.org/10.1103/PhysRevD.106.056004
https://doi.org/10.1103/PhysRevD.83.014017
https://doi.org/10.1007/JHEP10(2021)235
https://doi.org/10.1103/PhysRevD.105.115023
https://doi.org/10.1007/JHEP09(2016)112
https://doi.org/10.1007/JHEP09(2016)112
https://doi.org/10.1016/j.physletb.2017.04.056
https://doi.org/10.1016/j.physletb.2017.04.056
https://doi.org/10.1103/PhysRevD.63.114015
https://doi.org/10.1103/x87q-tld5
https://doi.org/10.1007/JHEP07(2020)177
https://doi.org/10.1038/s41567-021-01394-x
https://doi.org/10.1103/PhysRevLett.108.201601
https://doi.org/10.1016/j.physletb.2013.12.030
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/14/04/P04013
https://doi.org/10.1088/1748-0221/14/04/P04013
https://doi.org/10.1088/1748-0221/8/02/P02013
https://doi.org/10.1088/1748-0221/8/02/P02013
https://doi.org/10.1088/1742-6596/664/8/082025
https://doi.org/10.1007/s41781-025-00151-6
https://doi.org/10.1007/s41781-025-00151-6
https://doi.org/10.1007/s41781-025-00144-5
https://doi.org/10.1016/j.cpc.2008.01.036
https://arXiv.org/abs/0710.3820
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://arXiv.org/abs/hep-ph/0603175
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1088/1742-6596/331/3/032023
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1140/epjti/s40485-019-0050-z
https://doi.org/10.1140/epjti/s40485-019-0050-z
https://doi.org/10.1016/j.nima.2014.06.081
https://doi.org/10.1016/j.nima.2014.06.081
https://doi.org/10.1093/biomet/36.1-2.149
https://doi.org/10.1088/1748-0221/10/02/P02007
https://doi.org/10.1088/1748-0221/10/02/P02007
https://doi.org/10.1007/JHEP02(2021)169
https://doi.org/10.1007/JHEP02(2021)169
https://doi.org/10.1103/PhysRevLett.114.041601
https://doi.org/10.1103/PhysRevLett.114.041601
https://cds.cern.ch/record/2956449
https://cds.cern.ch/record/2956449
https://cds.cern.ch/record/2956449
https://orcid.org/0000-0003-0533-1952
https://orcid.org/0000-0001-7905-0542
https://orcid.org/0009-0009-0869-6798
https://orcid.org/0000-0002-6737-3528
https://orcid.org/0000-0002-5951-3498
https://orcid.org/0000-0003-2448-1550
https://orcid.org/0000-0001-9756-3712
https://orcid.org/0000-0002-1326-1264
https://orcid.org/0000-0001-6280-3851
https://orcid.org/0000-0002-2368-0147
https://orcid.org/0000-0001-9540-4988
https://orcid.org/0000-0003-0288-9694
https://orcid.org/0000-0002-6736-471X
https://orcid.org/0000-0001-6430-1038
https://orcid.org/0000-0001-8636-1621
https://orcid.org/0000-0002-9093-2252
https://orcid.org/0000-0001-5317-1098
https://orcid.org/0000-0003-1652-2834
https://orcid.org/0000-0003-4595-2729
https://orcid.org/0000-0002-3277-0662
https://orcid.org/0000-0002-2597-3808
https://orcid.org/0000-0003-4282-1512
https://orcid.org/0000-0002-3274-5627
https://orcid.org/0000-0001-6808-2418
https://orcid.org/0000-0003-3594-9163
https://orcid.org/0000-0002-3923-431X


M. Andreotti ,26 S. Andres Estrada ,44 A. Anelli ,31,c D. Ao ,7 C. Arata ,12 F. Archilli ,37 Z. Areg ,69 M. Argenton ,26

S. Arguedas Cuendis ,9,49 L. Arnone ,31,c M. Artuso ,69 E. Aslanides ,13 R. Ataíde Da Silva,50 M. Atzeni ,65

B. Audurier ,12 J. A. Authier ,15 D. Bacher ,64 I. Bachiller Perea ,50 S. Bachmann ,22 M. Bachmayer ,50 J. J. Back ,57

Z. B. Bai ,8 P. Baladron Rodriguez ,47 V. Balagura ,15 A. Balboni ,26 W. Baldini ,26 Z. Baldwin ,79 L. Balzani ,19

H. Bao ,7 J. Baptista de Souza Leite ,2 C. Barbero Pretel ,47,12 M. Barbetti ,27 I. R. Barbosa ,70 R. J. Barlow ,63,a

M. Barnyakov ,25 S. Barsuk ,14 W. Barter ,59 J. Bartz ,69 S. Bashir ,40 B. Batsukh ,82 P. B. Battista ,14

A. Bavarchee ,80 A. Bay ,50 A. Beck ,65 M. Becker ,19 F. Bedeschi ,35 I. B. Bediaga ,2 N. A. Behling ,19 S. Belin ,47

A. Bellavista ,25 I. Belov ,29 I. Belyaev ,36 G. Benane ,13 G. Bencivenni ,28 E. Ben-Haim ,16 R. Bernet ,51

A. Bertolin ,33 F. Betti ,59 J. Bex ,56 O. Bezshyyko ,88 S. Bhattacharya ,80 M. S. Bieker ,18 N. V. Biesuz ,26

A. Biolchini ,38 M. Birch ,62 F. C. R. Bishop ,10 A. Bitadze ,63 A. Bizzeti ,27,d T. Blake ,57,e F. Blanc ,50

J. E. Blank ,19 S. Blusk ,69 J. A. Boelhauve ,19 O. Boente Garcia ,49 T. Boettcher ,90 A. Bohare ,59 C. Bolognani ,19

R. Bolzonella ,26,f R. B. Bonacci ,1 A. Bordelius ,49 F. Borgato ,33,49 S. Borghi ,63 M. Borsato ,31,c J. T. Borsuk ,86

E. Bottalico ,61 S. A. Bouchiba ,50 M. Bovill ,64 T. J. V. Bowcock ,61 A. Boyer ,49 C. Bozzi ,26 J. D. Brandenburg ,91

A. Brea Rodriguez ,50 N. Breer ,19 C. Breitfeld ,19 J. Brodzicka ,41 J. Brown ,61 D. Brundu ,32 E. Buchanan ,59

M. Burgos Marcos ,84 C. Burr ,49 C. Buti ,27 J. S. Butter ,56 J. Buytaert ,49 W. Byczynski ,49 S. Cadeddu ,32

H. Cai ,75 Y. Cai ,5 A. Caillet ,16 R. Calabrese ,26,f L. Calefice ,45 M. Calvi ,31,c M. Calvo Gomez ,46

P. Camargo Magalhaes ,2,g J. I. Cambon Bouzas ,47 P. Campana ,28 A. C. Campos ,3 A. F. Campoverde Quezada ,7

Y. Cao,6 S. Capelli ,31,c M. Caporale ,25 L. Capriotti ,26 R. Caravaca-Mora ,9 A. Carbone ,25,h L. Carcedo Salgado ,47

R. Cardinale ,29,i A. Cardini ,32 P. Carniti ,31 L. Carus ,22 A. Casais Vidal ,65 R. Caspary ,22 G. Casse ,61

M. Cattaneo ,49 G. Cavallero ,26 V. Cavallini ,26,f S. Celani ,49 I. Celestino ,35,j S. Cesare ,49,k A. J. Chadwick ,61

I. Chahrour ,89 M. Charles ,16 Ph. Charpentier ,49 E. Chatzianagnostou ,38 R. Cheaib ,80 M. Chefdeville ,10

C. Chen ,57 J. Chen ,50 S. Chen ,5 Z. Chen ,7 A. Chen Hu ,62 M. Cherif ,12 A. Chernov ,41 S. Chernyshenko ,53

X. Chiotopoulos ,84 G. Chizhik ,1 V. Chobanova ,44 M. Chrzaszcz ,41 V. Chulikov ,28,36,49 P. Ciambrone ,28

X. Cid Vidal ,47 G. Ciezarek ,49 P. Cifra ,49 P. E. L. Clarke ,59 M. Clemencic ,49 H. V. Cliff ,56 J. Closier ,49

C. Cocha Toapaxi ,22 V. Coco ,49 J. Cogan ,13 E. Cogneras ,11 L. Cojocariu ,43 S. Collaviti ,50 P. Collins ,49

T. Colombo ,49 M. Colonna ,19 A. Comerma-Montells ,45 L. Congedo ,24 J. Connaughton ,57 A. Contu ,32

N. Cooke ,60 G. Cordova ,35,j C. Coronel ,66 I. Corredoira ,12 A. Correia ,16 G. Corti ,49 G. C. Costantino ,61

J. Cottee Meldrum ,55 B. Couturier ,49 D. C. Craik ,51 N. Crepet ,14 M. Cruz Torres ,2,l M. Cubero Campos ,9

E. Curras Rivera ,50 R. Currie ,59 C. L. Da Silva ,68 X. Dai ,4 E. Dall’Occo ,49 J. Dalseno ,44 C. D’Ambrosio ,62

J. Daniel ,11 G. Darze ,3 A. Davidson ,57 J. E. Davies ,63 O. De Aguiar Francisco ,63 C. De Angelis ,32,m

F. De Benedetti ,49 J. de Boer ,38 K. De Bruyn ,83 S. De Capua ,63 M. De Cian ,63 U. De Freitas Carneiro Da Graca ,2

E. De Lucia ,28 J. M. De Miranda ,2 L. De Paula ,3 M. De Serio ,24,n P. De Simone ,28 F. De Vellis ,19

J. A. de Vries ,84 F. Debernardis ,24 D. Decamp ,10 S. Dekkers ,1 L. Del Buono ,16 B. Delaney ,65 J. Deng ,8

V. Denysenko ,51 O. Deschamps ,11 F. Dettori ,32,m B. Dey ,80 P. Di Nezza ,28 S. Ding ,69 Y. Ding ,50 L. Dittmann ,22

A. D. Docheva ,60 A. Doheny ,57 C. Dong ,4,o F. Dordei ,32 A. C. dos Reis ,2 A. D. Dowling ,69 L. Dreyfus ,13

W. Duan ,73 P. Duda ,86 L. Dufour ,50 V. Duk ,34 P. Durante ,49 M. M. Duras ,86 J. M. Durham ,68 O. D. Durmus ,80

A. Dziurda ,41 S. Easo ,58 E. Eckstein ,18 U. Egede ,1 S. Eisenhardt ,59 E. Ejopu ,61 L. Eklund ,87 M. Elashri ,66

D. Elizondo Blanco ,9 J. Ellbracht ,19 S. Ely ,62 A. Ene ,43 J. Eschle ,69 T. Evans ,38 F. Fabiano ,14 S. Faghih ,66

L. N. Falcao ,31,c B. Fang ,7 R. Fantechi ,35 L. Fantini ,34,p M. Faria ,50 K. Farmer ,59 F. Fassin ,83,38 D. Fazzini ,31,c

L. Felkowski ,86 C. Feng,6 M. Feng ,5,7 A. Fernandez Casani ,48 M. Fernandez Gomez ,47 A. D. Fernez ,67

F. Ferrari ,25,h F. Ferreira Rodrigues ,3 M. Ferrillo ,51 M. Ferro-Luzzi ,49 R. A. Fini ,24 M. Fiorini ,26,f M. Firlej ,40

K. L. Fischer ,64 D. S. Fitzgerald ,89 C. Fitzpatrick ,63 T. Fiutowski ,40 F. Fleuret ,15 A. Fomin ,52 M. Fontana ,25,49

L. A. Foreman ,63 R. Forty ,49 D. Foulds-Holt ,59 V. Franco Lima ,3 M. Franco Sevilla ,67 M. Frank ,49

E. Franzoso ,26,f G. Frau ,63 C. Frei ,49 D. A. Friday ,63,49 J. Fu ,7 Q. Führing ,19,56,b T. Fulghesu ,13 G. Galati ,24,n

M. D. Galati ,38 A. Gallas Torreira ,47 D. Galli ,25,h S. Gambetta ,59 M. Gandelman ,3 P. Gandini ,30 B. Ganie ,63

H. Gao ,7 R. Gao ,64 T. Q. Gao ,56 Y. Gao ,8 Y. Gao ,6 Y. Gao ,8 L. M. Garcia Martin ,50 P. Garcia Moreno ,45

J. García Pardiñas,65 P. Gardner ,67 L. Garrido ,45 C. Gaspar ,49 A. Gavrikov ,33 L. L. Gerken ,19 E. Gersabeck ,20

M. Gersabeck ,20 T. Gershon ,57 S. Ghizzo ,29,i Z. Ghorbanimoghaddam ,55 F. I. Giasemis ,16,q V. Gibson ,56

H. K. Giemza ,42 A. L. Gilman ,66 M. Giovannetti ,28 A. Gioventù ,47 L. Girardey ,63,58 M. A. Giza ,41

PHYSICAL REVIEW LETTERS 137, 081802 (2026)

081802-7

https://orcid.org/0000-0003-2918-1311
https://orcid.org/0009-0004-1572-0964
https://orcid.org/0000-0002-6191-934X
https://orcid.org/0000-0003-1647-4238
https://orcid.org/0009-0002-1990-7289
https://orcid.org/0000-0002-1779-6813
https://orcid.org/0009-0001-8618-2305
https://orcid.org/0009-0006-3169-0077
https://orcid.org/0000-0003-4234-7005
https://orcid.org/0009-0008-2154-8493
https://orcid.org/0000-0002-5991-7273
https://orcid.org/0000-0003-3286-683X
https://orcid.org/0000-0002-3208-3336
https://orcid.org/0000-0001-9090-4254
https://orcid.org/0009-0000-4716-5097
https://orcid.org/0000-0002-1249-367X
https://orcid.org/0000-0002-3721-4876
https://orcid.org/0000-0002-1186-3894
https://orcid.org/0000-0001-5996-2747
https://orcid.org/0000-0001-7791-4490
https://orcid.org/0009-0000-2352-4200
https://orcid.org/0000-0003-4240-2094
https://orcid.org/0000-0002-1611-7188
https://orcid.org/0009-0003-8872-976X
https://orcid.org/0000-0001-7658-8777
https://orcid.org/0000-0002-8534-0922
https://orcid.org/0009-0006-5241-1452
https://orcid.org/0009-0002-7027-021X
https://orcid.org/0000-0002-4442-5372
https://orcid.org/0009-0001-1805-6219
https://orcid.org/0000-0002-6704-6914
https://orcid.org/0000-0002-3226-8672
https://orcid.org/0000-0002-8295-8612
https://orcid.org/0009-0000-0102-0482
https://orcid.org/0000-0002-0898-6551
https://orcid.org/0000-0002-9264-4799
https://orcid.org/0000-0002-2646-4124
https://orcid.org/0000-0001-9861-8922
https://orcid.org/0000-0003-1020-2549
https://orcid.org/0009-0005-5095-0439
https://orcid.org/0000-0001-7880-4525
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-4872-1213
https://orcid.org/0000-0002-7972-8760
https://orcid.org/0000-0002-8315-2119
https://orcid.org/0000-0001-7806-5283
https://orcid.org/0000-0003-4750-7872
https://orcid.org/0000-0001-7154-1304
https://orcid.org/0009-0009-3723-834X
https://orcid.org/0000-0003-1699-9202
https://orcid.org/0000-0002-7458-7030
https://orcid.org/0000-0002-8176-8315
https://orcid.org/0000-0002-5107-0610
https://orcid.org/0000-0002-9510-8414
https://orcid.org/0000-0002-4856-8063
https://orcid.org/0000-0003-1393-4315
https://orcid.org/0000-0002-2395-235X
https://orcid.org/0000-0002-2856-8074
https://orcid.org/0000-0001-7106-5213
https://orcid.org/0009-0007-8372-6008
https://orcid.org/0000-0001-7113-7862
https://orcid.org/0000-0003-3004-0946
https://orcid.org/0000-0001-6064-9993
https://orcid.org/0000-0001-9157-4461
https://orcid.org/0000-0002-0023-3897
https://orcid.org/0000-0001-7979-1092
https://orcid.org/0000-0001-5729-5530
https://orcid.org/0000-0002-0259-5891
https://orcid.org/0000-0001-5775-3132
https://orcid.org/0000-0002-6546-5605
https://orcid.org/0000-0001-9170-684X
https://orcid.org/0000-0002-3543-9959
https://orcid.org/0000-0003-0261-8085
https://orcid.org/0000-0002-2439-9955
https://orcid.org/0000-0003-1077-8046
https://orcid.org/0000-0003-3752-6789
https://orcid.org/0000-0002-0055-0577
https://orcid.org/0009-0004-1871-2417
https://orcid.org/0009-0002-3529-8524
https://orcid.org/0000-0002-3149-6710
https://orcid.org/0000-0001-5135-1511
https://orcid.org/0000-0001-5760-2924
https://orcid.org/0000-0002-9065-9030
https://orcid.org/0000-0003-2238-8803
https://orcid.org/0000-0002-0044-6470
https://orcid.org/0009-0006-2494-8287
https://orcid.org/0000-0002-3505-6915
https://orcid.org/0000-0002-9909-0186
https://orcid.org/0000-0001-6782-3982
https://orcid.org/0000-0002-6327-5947
https://orcid.org/0000-0001-5650-445X
https://orcid.org/0000-0003-0307-3662
https://orcid.org/0009-0005-0632-7949
https://orcid.org/0000-0002-8556-0597
https://orcid.org/0000-0001-9846-9672
https://orcid.org/0000-0003-4457-5896
https://orcid.org/0009-0008-3263-1823
https://orcid.org/0009-0001-9716-0793
https://orcid.org/0000-0002-5155-1094
https://orcid.org/0009-0009-2488-5548
https://orcid.org/0000-0002-1816-536X
https://orcid.org/0000-0002-7958-6790
https://orcid.org/0009-0008-0187-3395
https://orcid.org/0000-0002-7763-500X
https://orcid.org/0000-0003-0898-3673
https://orcid.org/0009-0004-5445-9404
https://orcid.org/0009-0001-8340-3870
https://orcid.org/0000-0002-1354-5400
https://orcid.org/0000-0001-6401-1583
https://orcid.org/0000-0002-8797-1357
https://orcid.org/0000-0001-5588-1448
https://orcid.org/0000-0003-3641-8110
https://orcid.org/0000-0002-2952-3118
https://orcid.org/0000-0001-8233-1951
https://orcid.org/0009-0000-0785-8163
https://orcid.org/0000-0003-1968-1216
https://orcid.org/0000-0002-8444-4498
https://orcid.org/0009-0008-9395-8723
https://orcid.org/0000-0003-4899-0587
https://orcid.org/0000-0001-8010-0447
https://orcid.org/0000-0002-7045-2243
https://orcid.org/0000-0003-3101-3528
https://orcid.org/0000-0002-7835-7638
https://orcid.org/0000-0002-6649-0298
https://orcid.org/0000-0002-7820-2732
https://orcid.org/0009-0009-5251-2474
https://orcid.org/0000-0003-0469-2588
https://orcid.org/0000-0002-1449-1619
https://orcid.org/0000-0002-8516-237X
https://orcid.org/0000-0001-7707-169X
https://orcid.org/0000-0002-8342-7047
https://orcid.org/0000-0001-7601-129X
https://orcid.org/0000-0003-4715-7622
https://orcid.org/0009-0008-0215-0308
https://orcid.org/0000-0003-0886-7111
https://orcid.org/0000-0003-3537-9404
https://orcid.org/0000-0002-1472-0987
https://orcid.org/0000-0003-4795-498X
https://orcid.org/0000-0001-9295-8635
https://orcid.org/0009-0009-3781-1820
https://orcid.org/0000-0002-6292-3068
https://orcid.org/0000-0002-6553-6493
https://orcid.org/0000-0002-3400-5489
https://orcid.org/0009-0006-1819-4271
https://orcid.org/0000-0002-8647-1828
https://orcid.org/0000-0002-0215-7269
https://orcid.org/0009-0002-3626-8909
https://orcid.org/0009-0004-4839-7139
https://orcid.org/0000-0003-0232-6808
https://orcid.org/0000-0002-2546-6080
https://orcid.org/0009-0006-5762-6559
https://orcid.org/0000-0002-7962-1541
https://orcid.org/0000-0002-1353-6002
https://orcid.org/0000-0001-7901-8710
https://orcid.org/0000-0002-7767-9117
https://orcid.org/0000-0003-0253-9846
https://orcid.org/0000-0002-0468-541X
https://orcid.org/0000-0003-1002-8368
https://orcid.org/0000-0003-3068-7029
https://orcid.org/0000-0003-3746-0732
https://orcid.org/0000-0003-1710-6824
https://orcid.org/0000-0003-0531-0916
https://orcid.org/0000-0002-0228-9130
https://orcid.org/0000-0001-5812-8611
https://orcid.org/0000-0002-5310-6808
https://orcid.org/0000-0001-7194-7566
https://orcid.org/0000-0002-8933-9427
https://orcid.org/0000-0002-1281-5923
https://orcid.org/0009-0003-7280-8236
https://orcid.org/0000-0003-1437-4022
https://orcid.org/0000-0002-9617-9687
https://orcid.org/0009-0000-1704-4139
https://orcid.org/0000-0002-8980-6048
https://orcid.org/0000-0003-4536-4644
https://orcid.org/0000-0003-2557-4361
https://orcid.org/0000-0002-3545-2969
https://orcid.org/0000-0002-4179-3700
https://orcid.org/0009-0003-8308-4798
https://orcid.org/0009-0006-9231-4024
https://orcid.org/0000-0002-6089-0899
https://orcid.org/0000-0002-6483-8596
https://orcid.org/0000-0003-2857-4471
https://orcid.org/0000-0002-7924-3931
https://orcid.org/0009-0009-3900-6905
https://orcid.org/0000-0001-6749-1033
https://orcid.org/0000-0002-3684-1560
https://orcid.org/0009-0005-1388-9173
https://orcid.org/0000-0003-2607-131X
https://orcid.org/0000-0002-5183-4668
https://orcid.org/0000-0002-6555-0340
https://orcid.org/0000-0002-0166-9529
https://orcid.org/0000-0003-4106-8258
https://orcid.org/0000-0003-3395-7151
https://orcid.org/0000-0001-9313-4021
https://orcid.org/0000-0003-3288-4683
https://orcid.org/0000-0003-4344-9994
https://orcid.org/0000-0002-9022-4264
https://orcid.org/0000-0002-7666-6533
https://orcid.org/0009-0002-0647-2028
https://orcid.org/0000-0002-5382-8683
https://orcid.org/0000-0003-2735-678X
https://orcid.org/0009-0005-5033-5866
https://orcid.org/0000-0002-7960-3116
https://orcid.org/0000-0002-6084-4294
https://orcid.org/0000-0002-0615-4399
https://orcid.org/0000-0002-6285-9596
https://orcid.org/0000-0002-1268-9621
https://orcid.org/0000-0003-0451-4028
https://orcid.org/0000-0003-0793-0844
https://orcid.org/0009-0003-2505-7337
https://orcid.org/0000-0002-4984-7734
https://orcid.org/0000-0003-4915-7933
https://orcid.org/0000-0001-9392-2079
https://orcid.org/0000-0001-7596-5091
https://orcid.org/0000-0003-4712-9816
https://orcid.org/0009-0001-5383-4899
https://orcid.org/0000-0001-9643-6762
https://orcid.org/0000-0001-9598-875X
https://orcid.org/0000-0003-4774-2194
https://orcid.org/0009-0007-6371-8035
https://orcid.org/0000-0002-4395-3616
https://orcid.org/0000-0002-0455-5404
https://orcid.org/0000-0002-7047-6042
https://orcid.org/0000-0003-0256-8663
https://orcid.org/0000-0002-4563-5806
https://orcid.org/0000-0003-4894-6762
https://orcid.org/0000-0002-5946-581X
https://orcid.org/0009-0008-2518-8392
https://orcid.org/0009-0000-0510-0252
https://orcid.org/0000-0002-7680-4043
https://orcid.org/0009-0006-2410-6282
https://orcid.org/0000-0003-3259-6323
https://orcid.org/0000-0002-2571-5067
https://orcid.org/0000-0001-7517-8418
https://orcid.org/0009-0007-1406-3343
https://orcid.org/0009-0000-2823-5141
https://orcid.org/0000-0003-1765-9939
https://orcid.org/0000-0003-4043-7963
https://orcid.org/0000-0002-3924-2774
https://orcid.org/0000-0001-6440-0087
https://orcid.org/0000-0002-1204-2270
https://orcid.org/0000-0002-4153-5293
https://orcid.org/0000-0002-5831-3398
https://orcid.org/0000-0002-8161-7832
https://orcid.org/0000-0003-4338-7156
https://orcid.org/0000-0002-4027-7333
https://orcid.org/0009-0009-5267-5177
https://orcid.org/0000-0001-5493-0762
https://orcid.org/0000-0002-4860-6779
https://orcid.org/0000-0003-3711-7547
https://orcid.org/0000-0002-2014-3864
https://orcid.org/0000-0001-9398-953X
https://orcid.org/0009-0007-4950-0822
https://orcid.org/0000-0003-1231-6347
https://orcid.org/0000-0003-1618-3617
https://orcid.org/0000-0001-5513-0927
https://orcid.org/0000-0002-7312-3699
https://orcid.org/0000-0003-3016-1879
https://orcid.org/0000-0001-6915-9923
https://orcid.org/0009-0008-3848-4967
https://orcid.org/0000-0003-3441-583X
https://orcid.org/0000-0003-0030-3813
https://orcid.org/0000-0002-6243-5726
https://orcid.org/0000-0002-2351-3998
https://orcid.org/0000-0002-4675-4209
https://orcid.org/0000-0003-2364-2877
https://orcid.org/0009-0002-9804-5364
https://orcid.org/0000-0002-5938-4286
https://orcid.org/0000-0002-0196-910X
https://orcid.org/0000-0002-6308-5078
https://orcid.org/0000-0003-1394-509X
https://orcid.org/0000-0003-1984-4759
https://orcid.org/0000-0001-9900-6514
https://orcid.org/0000-0002-3721-4585
https://orcid.org/0000-0002-4274-5583
https://orcid.org/0000-0003-1052-2198
https://orcid.org/0009-0008-1868-2165
https://orcid.org/0000-0002-3821-3998
https://orcid.org/0000-0001-6559-2084
https://orcid.org/0000-0002-1084-0084
https://orcid.org/0009-0000-8700-9910
https://orcid.org/0000-0001-6862-6876
https://orcid.org/0000-0003-3674-0812
https://orcid.org/0000-0003-2342-8854
https://orcid.org/0000-0002-2430-782X
https://orcid.org/0000-0002-3631-0604
https://orcid.org/0000-0003-4727-831X
https://orcid.org/0000-0002-2741-9966
https://orcid.org/0000-0003-2103-7577
https://orcid.org/0000-0001-9921-687X
https://orcid.org/0000-0002-3761-209X
https://orcid.org/0000-0002-5250-2948
https://orcid.org/0000-0002-4625-559X
https://orcid.org/0000-0003-2130-1593
https://orcid.org/0000-0003-3160-482X
https://orcid.org/0000-0001-5501-5611
https://orcid.org/0000-0001-9400-3322
https://orcid.org/0000-0003-3177-2700
https://orcid.org/0000-0003-3179-2525
https://orcid.org/0000-0001-9391-8619
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/0000-0002-6069-8995
https://orcid.org/0009-0002-5342-4475
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0000-0003-0714-8991
https://orcid.org/0000-0002-3612-1651
https://orcid.org/0000-0002-8090-563X
https://orcid.org/0000-0001-8883-6539
https://orcid.org/0000-0002-8009-1509
https://orcid.org/0000-0002-6741-5409
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/0000-0003-0622-1069
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/0000-0002-0805-1561


F. C. Glaser ,22,14 V. V. Gligorov ,16 C. Göbel ,70 L. Golinka-Bezshyyko ,88 E. Golobardes ,46 A. Golutvin ,62,49

S. Gomez Fernandez ,45 W. Gomulka ,40 F. Goncalves Abrantes ,64 I. Gonçales Vaz ,49 M. Goncerz ,41 G. Gong ,4,o

J. A. Gooding ,19 C. Gotti ,31 E. Govorkova ,65 J. P. Grabowski ,30 L. A. Granado Cardoso ,49 E. Graugés ,45

E. Graverini ,35,50 L. Grazette ,57 G. Graziani ,27 A. T. Grecu ,43 N. A. Grieser ,66 L. Grillo ,60 C. Gu ,15

M. Guarise ,26 L. Guerry ,11 A.-K. Guseinov ,50 Y. Guz ,6 T. Gys ,49 K. Habermann ,18 T. Hadavizadeh ,1

C. Hadjivasiliou ,67 G. Haefeli ,50 C. Haen ,49 S. Haken ,56 G. Hallett ,57 P. M. Hamilton ,67 Q. Han ,33 X. Han ,22,49

S. Hansmann-Menzemer ,22 N. Harnew ,64 T. J. Harris ,1 M. Hartmann ,14 S. Hashmi ,40 J. He ,7,r N. Heatley ,14

A. Hedes ,63 F. Hemmer ,49 C. Henderson ,66 R. Henderson ,14 R. D. L. Henderson ,1 A. M. Hennequin ,49

K. Hennessy ,61 J. Herd ,62 P. Herrero Gascon ,22 J. Heuel ,17 A. Heyn ,13 A. Hicheur ,3 G. Hijano Mendizabal ,51

J. Horswill ,63 R. Hou ,8 Y. Hou ,11 D. C. Houston ,60 N. Howarth ,61 W. Hu ,7,r X. Hu ,4 W. Hulsbergen ,38

R. J. Hunter ,57 D. Hutchcroft ,61 M. Idzik ,40 P. Ilten ,66 A. Iohner ,10 H. Jage ,17 S. J. Jaimes Elles ,77,48,49

S. Jakobsen ,49 T. Jakoubek ,78 E. Jans ,38 A. Jawahery ,67 C. Jayaweera ,54 A. Jelavic ,1 V. Jevtic ,19 Z. Jia ,16

E. Jiang ,67 X. Jiang ,5,7 Y. Jiang ,7 Y. J. Jiang ,6 E. Jimenez Moya ,9 N. Jindal ,91 M. John ,64

A. John Rubesh Rajan ,23 D. Johnson ,54 C. R. Jones ,56 S. Joshi ,42 B. Jost ,49 J. Juan Castella ,56 N. Jurik ,49

I. Juszczak ,41 K. Kalecinska,40 D. Kaminaris ,50 S. Kandybei ,52 M. Kane ,59 Y. Kang ,4,o C. Kar ,11 M. Karacson ,49

A. Kauniskangas ,50 J. W. Kautz ,66 M. K. Kazanecki ,41 F. Keizer ,49 M. Kenzie ,56 T. Ketel ,38 B. Khanji ,69

S. Kholodenko ,62,49 G. Khreich ,14 F. Kiraz,14 T. Kirn ,17 V. S. Kirsebom ,31,c S. Klaver ,39 N. Kleijne ,35,j

A. Kleimenova ,50 D. K. Klekots ,88 K. Klimaszewski ,42 M. R. Kmiec ,42 T. Knospe ,19 R. Kolb ,22 S. Koliiev ,53

L. Kolk ,19 A. Konoplyannikov ,6 P. Kopciewicz ,49 P. Koppenburg ,38 A. Korchin ,52 I. Kostiuk ,38 O. Kot ,53

S. Kotriakhova , E. Kowalczyk ,67 O. Kravcov ,81 M. Kreps ,57 W. Krupa ,49 W. Krzemien ,42 O. Kshyvanskyi ,53

S. Kubis ,86 M. Kucharczyk ,41 A. Kupsc ,87 V. Kushnir ,52 B. Kutsenko ,13 J. Kvapil ,68 I. Kyryllin ,52

D. Lacarrere ,49 P. Laguarta Gonzalez ,45 A. Lai ,32 A. Lampis ,32 D. Lancierini ,62 C. Landesa Gomez ,47

J. J. Lane ,1 G. Lanfranchi ,28 C. Langenbruch ,22 J. Langer ,19 T. Latham ,57 F. Lazzari ,35,s C. Lazzeroni ,54
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cAlso at Università degli Studi di Milano-Bicocca, Milano, Italy.
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kAlso at Università degli Studi di Milano, Milano, Italy.
lAlso at Universidad Nacional Autónoma de Honduras, Tegucigalpa, Honduras.
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rAlso at Hangzhou Institute for Advanced Study, UCAS, Hangzhou, China.
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