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Abstract

A pioneering machine-learning-based flavor-tagging algorithm combining same-side
and opposite-side tagging is used to obtain the equivalent of 27 500 tagged B0

s →
J/ψ ϕ(1020) decays from pp collisions at

√
s = 13 TeV, collected by the CMS ex-

periment and corresponding to an integrated luminosity of 96.5 fb−1. A time- and
flavor-dependent angular analysis of the µ+µ− K+K− final state is used to mea-
sure parameters of the B0

s − B0
s system. The weak phase is measured to be ϕs =

−73± 23 (stat)± 7 (syst) mrad, which, combined with a
√

s = 8 TeV CMS result, gives
ϕs = −74 ± 23 mrad. This value differs from zero by 3.2 standard deviations, pro-
viding evidence for CP violation in B0

s → J/ψ ϕ(1020) decays. All measured physics
parameters are found to agree with standard model predictions where available.
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The decays of B0
s mesons provide powerful ways to test the standard model (SM) predictions

for CP violation (CPV) in the quark sector and search for new physics effects. In the SM, the
weak phase ϕs , which arises from CPV in the interference between decays with and without
mixing of B0

s mesons to a CP eigenstate, is related to the elements of the Cabibbo–Kobayashi–
Maskawa quark mixing matrix [1, 2] by ϕs ≈ −2βs = −2 arg(−VtsV∗

tb/VcsV∗
cb), ignoring small

contributions from penguin diagrams [3]. Global fits to measurements of b-hadron and kaon
decays in the context of the SM predict −2βs ≈ −37± 1 mrad [4, 5]. This precise determination
makes ϕs an excellent probe for beyond-the-SM physics, as its value can be modified by the
contribution of new particles to B0

s mixing [6–8]. Several experiments have measured ϕs via
b → ccs transitions in B0

s decays [9–26], with no evident deviation from SM-based predictions.
This Letter presents a study of the B0

s → J/ψ ϕ(1020) decay to the µ+µ− K+K− final state using
proton-proton collisions collected by the CMS experiment [27, 28] at

√
s = 13 TeV during 2017–

2018, corresponding to an integrated luminosity of 96.5 fb−1 [29–31]. This analysis introduces a
pioneering flavor-tagging algorithm, which combined with the use of additional trigger paths
compared to the results in Ref. [15], provides the largest effective number of tagged signal
candidates ever used for a single measurement of ϕs . A combination of this result with the one
obtained by CMS at

√
s = 8 TeV [14] is also presented. In this Letter, wherever a particle or its

decay mode is specified, the charge conjugate is also implied unless otherwise indicated.

The B0
s → J/ψ ϕ(1020) decay proceeds through a mixture of CP eigenstates, which requires

an amplitude analysis to separate the CP-odd and CP-even components. A time-dependent
angular analysis is performed in the transversity basis [32] by measuring the decay angles of
the final-state particles Θ = (θT, ψT, φT) and ct, which is the proper decay time of the re-
constructed B0

s meson candidate, as described in Refs. [15, 33]. In the transversity basis, a
reference frame is chosen such that the x axis aligns with the ϕ(1020) momentum, and the
x-y plane is the ϕ(1020) → K+K− decay plane. The polar and azimuthal angles of the µ+

in the J/ψ rest frame are denoted θT and φT, respectively. The helicity angle ψT, computed
in the ϕ(1020) rest frame, is the angle between the K+ momentum and the direction of neg-
ative J/ψ momentum. The three decay angles are illustrated in Fig. 1 (left). The decay rate
formalism used to describe the distribution of final-state particles is the same as in previous
CMS results [14, 15]. The CPV in the B0

s − B0
s system is described by the complex parameter

λ = (q/p)(Af/Af), where Af (Af) is the decay amplitude of the B0
s (B0

s ) meson to the final
state f , and the parameters p and q relate the heavy and light mass eigenstates to the flavor
eigenstates through BL(H)

s = p|B0
s⟩ +

(−) q|B0
s⟩ [34]. The parameters of interest (POIs) describing

the decay rate are the weak phase ϕs ; the decay width and absolute mass differences between
the B0

s mass eigenstates ∆Γs and ∆ms ; their average decay width Γs ; the direct CPV observable
|λ|; the longitudinal, parallel, and perpendicular transversity amplitudes A0, A∥, and A⊥; and
the corresponding (CP conserving) strong phases δ0, δ∥, and δ⊥. Possible contributions from
B0

s → J/ψ f0(980) and nonresonant B0
s → J/ψ K+K− decays are taken into account by including

an additional S-wave term in the decay model, parametrized with amplitude AS and phase δS.
An effective coupling factor is required to model the S-P wave interference due to the lack of
a m(K+K−) parametrization in the fit model. Within the m(K+K−) range used in this analy-
sis (1009.5–1039.5 MeV), we calculate this correction to be kSP = 0.538 ± 0.004 by integrating
the mass lineshape interference term. A relativistic Breit–Wigner distribution and a constant
distribution are assumed to describe the P- and S-wave, respectively, with alternative assump-
tions used to estimate the kSP uncertainty. To simplify the decay model, the value of δ0 is set to
zero, following a general convention [10, 12], and the value of ∆Γs is constrained to be positive,
based on Ref. [35]. To reduce correlations, δS⊥ ≡ δS − δ⊥ is used instead of δS, as only phase
differences have physical meaning.
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Figure 1: Left: Definition of the three decay angles θT, ψT, and φT. Right: Invariant mass
distribution and fit projection of the selected candidates for the ST trigger category (2018 data).

The CMS apparatus is a multipurpose, nearly hermetic detector, designed to perform a wide
range of particle physics measurements. The B0

s → J/ψ ϕ(1020) → µ+µ− K+K− data sample
(“B0

s data sample”) is collected with two independent triggers [36]. The first trigger (“muon-
tagging”, MT) requires a J/ψ → µ+µ− candidate along with an additional muon, potentially
usable for flavor tagging [14]. In the second trigger, (“standard”, ST), events with a displaced
J/ψ → µ+µ− candidate in conjunction with a ϕ(1020) → K+K− vertex are demanded. To
avoid double counting, events collected by the MT trigger are not considered in the ST trig-
ger. To improve the signal purity, additional selection requirements are applied, including a
requirement of ct > 60 (100) µm for the MT (ST) triggered events. A total of 67 908 and 555 213
candidates are selected from the MT and ST triggered events, respectively. The distributions
for the invariant mass mµµKK, ct, and its uncertainty σct of the selected candidates in the ST
trigger category (2018 data) are shown in Figs. 1 (right) and 2 (left and center). Appendices A
and B provide a more detailed description of the experimental setup and event reconstruction,
while distributions for the other data samples can be found in the Appendix C.

The flavor of the B0
s meson candidate, i.e., its particle or antiparticle state at production is de-

termined using a novel flavor-tagging framework developed for this measurement. It consists
of four separate tagging algorithms (“taggers”): opposite-side (OS) muon, OS electron, OS jet,
and same-side (SS). The OS taggers infer the flavor of the b quark contained in the signal b me-
son by exploiting the decay products of the other b quark in the event, relying on the fact that
b quarks are predominantly produced in bb pairs. The SS tagger takes advantage of the charge
correlations between the b quark in the signal b meson and nearby particles produced in its
hadronization, which reflect the underlying flavor content. Each tagging algorithm produces
a tagging inference ξtag = 0,+1,−1, indicating whether the event is untagged, tagged as B0

s or
B0

s . For tagged events, the algorithm also estimates the mistag probability ωtag. The tagging ef-
ficiency (εtag) represents the fraction of tagged events, while the dilution factor Dtag ≡ 1− 2ωtag

quantifies the inference purity. The tagging power Ptag ≡ εtagD2
tag combines these parameters

and reflects the effective number of correctly tagged signal events (NB0
s
Ptag), contributing to

flavor-sensitive measurements.

All four taggers are used for the ST data sets, while only the OS muon algorithm is used in
the MT ones. The OS taggers are designed to be orthogonal to each other, meaning only one
can provide an inference for each event. To improve performance, ωtag is estimated on a per-
event basis by dedicated deep neural networks (DNNs) developed using simulated events and
calibrated in data. For the OS-jet and SS taggers, the same DNNs are also used to infer ξtag.
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Figure 2: Distributions of the proper decay time ct, its uncertainty σct, and mistag probability
ωtag of the selected candidates for the ST trigger category (2018 data). The projections of the
fitted model are also shown.

These calibrated DNNs act as probability estimators for the tagging inference. When an OS and
the SS algorithm both provide tagging inferences, ξtag and ωtag are recalculated by combining
the available information. B provides more details about the tagging algorithms.

The combined tagging performance for the B0
s data sample is εtag ≈ 56% and Ptag ≈ 5.6%. The

performance breakdown in each mutually exclusive tagging category is reported in Table 3.
The mistag probability distribution of the selected candidates for the ST trigger category (2018
data) is shown in Fig. 2 (right).

The flavor-tagging is validated with extensive studies on simulated data and B0 →
J/ψ K∗(892)0 → µ+µ− K+π− events (“B0 control data sample”). Several measurements are
performed on this sample to ensure that the tagging inference is reliable and free from signifi-
cant bias. To test the robustness of the tagging framework in mixing scenarios, B0 flavor oscil-
lations are analyzed. Using the tagging framework, the fitted value of the oscillation frequency
is ∆md = 0.5081 ± 0.0046 (stat) ℏps−1, which is in excellent agreement with the world-average
value of 0.5069 ± 0.0019 ℏps−1 [33]. The time-integrated mixing asymmetry in the B0 control
data sample is also examined, to investigate possible issues with the overall tagging calibra-
tion scale of the SS tagger. This is done by comparing the relationship between the measured
mixing asymmetry and the estimated tagging dilution. The observed experimental dilution is
found to be consistent with the estimated value. All validation studies are conducted using
each tagger independently and in each tagging category, as well as using the tagging inference
from the overall framework. Moreover, the CPV measurement in the B0

s → J/ψ ϕ(1020) chan-
nel is repeated four additional times, each using only one of the four tagging algorithms, and
the obtained results are compared. No evidence of bias has been found in any of the studies.

The B0
s data are divided into four main data sets according to the two trigger categories and two

data taking years, and further divided into a total of 12 data sets based on the three possible
values of ξtag. The POIs: ϕs , ∆Γs , Γs , ∆ms , |λ|, |A0|2, |A⊥|2, |AS|2, δ∥, δ⊥, and δS⊥, are extracted
with a simultaneous unbinned multidimensional extended maximum likelihood fit to the B0

s
data sets using seven observables as input: mµµKK, ct, σct, cos θT, cos ψT, φT, and ωtag. The
B0

s → J/ψ ϕ(1020) amplitudes are normalized to unity with the constraint |A∥|2 ≡ 1 − |A⊥|2 −
|A0|2. The likelihood function is composed of probability density functions (pdfs) describing
the B0

s → J/ψ ϕ(1020) signal, the combinatorial background, and the background from B0 →
J/ψ K∗(892)0 → µ+µ− K+π− where the pion is misidentified as a kaon (“B0 background”).
For each component, the pdf is the product of functions that model the distributions of the
seven observables of the reconstructed candidates. Correlations between the input observables



4

have been studied in data and simulation and found to have a negligible effect. The B0
s →

J/ψ ϕ(1020) differential decay rate model utilized in the fit includes the flavor inference ξtag
and the dilution term Dtag. Unless specified otherwise, all pdf parameters are left free in the
final fit. The fit model also includes the angular efficiency and time resolution functions. These
functions are computed separately for each main data set.

The event reconstruction and selection efficiency as a function of ct, ε(ct), is determined
from data utilizing the B0 control data sample, which exhibits a similar topology to the
B0

s → J/ψ ϕ(1020) signal. The efficiency is parametrized using Bernstein polynomials to model
the ratio between the observed ct distribution for the signal and the expected distribution con-
volved with the time resolution. The expected distribution is an exponential characterized by
the B0 lifetime τPDG

B0 = 1.517 ps [33]. Residual efficiency differences between the control and
measurement samples are corrected using simulation. In the fit, each event in the B0

s data sam-
ple is weighted by 1/ε(ct). Since no dependence of the time resolution on ct is observed in
simulation, the ct uncertainty is calibrated for each main data set in bins of σct in a data sam-
ple of prompt events obtained by removing the displacement requirement from the MT trigger
category. Most of these events consist of prompt J/ψ → µ+µ− decays accompanied by two
tracks and are not anticipated to have a substantial lifetime. The long-lived components are
properly accounted for. The negative portion of the ct distribution in this sample arises from
resolution effects and is used to calibrate σct. The ct uncertainty matches the experimental time
resolution well, with only a uniform correction of +1.5 µm being needed. The calibrated σct av-
erage value for signal candidates is ≈20 µm. The angular efficiency functions ε(Θ) are derived
from B0

s → J/ψ ϕ(1020) simulated events in which ∆Γs is set to zero to disentangle the angular
and time components. These simulated samples are corrected to better match the observed
data, taking into account the kinematic properties of the final-state particles and the relevant
physical parameters. The angular efficiency is modeled using the Kernel Density Estimation
(KDE) method [38, 39] from the reconstructed and generated angular distributions, and is in-
corporated in the signal pdf as a 3D histogram. All parameters describing the efficiency and
time resolution calibration are fixed in the final fit.

The mass shapes for the signal and the B0 background are described by Johnson SU distribu-
tions [40], while an exponential distribution is used for the combinatorial background. The
ωtag distribution is modeled for each component using KDE distributions. For the B0 and
combinatorial backgrounds, the ct component is modeled with one and two exponential dis-
tributions, respectively. The angular variables are described with Bernstein polynomials. The
pdfs describing σct are modeled for each component by the sum of two Gamma distributions,
with their parameters fixed in the final fit based on what is obtained from a series of pre-fits.
The shape of the B0 background shape is modeled in simulated B0 → J/ψ K∗(892)0 events
reconstructed as B0

s → J/ψ ϕ(1020), while the yield is measured directly in the B0
s data sam-

ple with a simultaneous fit to the invariant mass distributions in the B0
s → J/ψ ϕ(1020) and

B0 → J/ψ K∗(892)0 reconstruction hypotheses. The time resolution for the B0 background is
assumed to be the same as for the B0

s signal. All parameters related to the B0 background are
fixed in the final fit. The fit model is duplicated for the four main data sets, with the individual
log-likelihoods summed to obtain the full log-likelihood.

The fit model is validated with simulation, fits to individual data categories, and the paramet-
ric bootstrap method [41]; the bootstrap method is also used to assess the statistical uncertain-
ties. This involves generating 1300 pseudo-experiments by repeatedly sampling from the fitted
model. Each of these pseudo-experiments is fitted with the reference fit model, producing a
set of POI values. The collection of these results forms the “bootstrap distributions”, which
represent the range of possible outcomes that could be observed given the uncertainties in the
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Table 1: Summary of the systematic and statistical uncertainties. The symbol (—) indicates an
uncertainty that is negligible or not evaluated. The combined systematic uncertainty is the sum
in quadrature of the individual uncertainties.

ϕs ∆Γs Γs ∆ms |λ| |A0|2 |A⊥|2 |AS|2 δ∥ δ⊥ δS⊥
[mrad] [ ps−1] [ ps−1] [ℏps−1] [rad] [rad] [rad]

Statistical uncertainty 23 0.0043 0.0015 0.035 0.014 0.0016 0.0021 0.0033 0.074 0.089 0.15

Fit bias 4 0.0011 0.0002 0.004 0.006 0.0012 0.0022 0.0006 0.015 0.017 0.03
Flavor tagging 4 <10−4 0.0005 0.007 0.002 <10−4 <10−4 0.0006 0.012 0.016 0.03
Angular efficiency 4 0.0002 <10−4 0.015 0.011 0.0042 0.0019 0.0001 0.017 0.044 0.02
Time efficiency <1 0.0014 0.0026 <10−3 <10−3 0.0004 0.0005 <10−4 0.001 0.002 <10−2

Time resolution <1 <10−4 <10−4 <10−3 <10−3 <10−4 <10−4 <10−4 <10−3 0.001 <10−3

Model assumptions — 0.0005 0.0006 — — — — — — — —
B0 background <1 0.0002 0.0003 <10−3 <10−3 <10−4 <10−4 <10−4 <10−3 <10−3 <10−2

Λ0
b background — — 0.0004 — — 0.0004 0.0003 — — — —

S-P wave interference <1 <10−4 <10−4 <10−3 <10−3 <10−4 <10−4 <10−4 <10−3 <10−3 <10−2

P(σct) uncertainty <1 0.0002 0.0003 <10−3 <10−3 0.0001 0.0001 <10−4 <10−3 <10−3 <10−2

Total systematic uncertainty 7 0.0019 0.0028 0.017 0.012 0.0044 0.0030 0.0009 0.025 0.050 0.05

data. The statistical uncertainty is defined as the 68.3% confidence level (CL) interval centered
around the mean of the bootstrap distribution of interest. Importantly, this method helps iden-
tify any potential bias in the nominal fit (“fit bias”), which is the difference between the central
value of the bootstrap distribution and the expected true value. In line with standard practices
in the field [15, 20, 26], this bias is removed from the statistical uncertainty evaluation and is
treated as a systematic uncertainty. The measured number of B0

s → J/ψ ϕ(1020) signal events
from the fit is 491 270 ± 950, corresponding to an effective number of tagged signal candidates
of NB0

s
Ptag = 27 500 ± 100.

The systematic uncertainties potentially impacting the POIs are categorized into two groups.
Type-I uncertainties stem from the finite number of events in the simulated samples and from
uncertainties related to the parameters of the efficiency and calibration functions. These uncer-
tainties are evaluated by either sampling the function parameters based on their uncertainties
or, in the case of nonparametric functions, by resampling the simulated samples. The system-
atic uncertainties are then quantified as the root-mean-square of the resulting POI distributions.
Type-II uncertainties account for potential biases resulting from the assumptions made in the
fit model and analysis methods. For each tested assumption, an alternative model choice is
selected, and the fit to the data is repeated. A deviation ∆syst from the reference results is sig-
nificant if it exceeds 20% of the statistical uncertainty associated with a parameter. In such
cases, a double-sided systematic uncertainty of 0.5 ∆syst is assigned, assuming a uniform dis-
tribution for the true bias between 0 and ∆syst. The fit bias does not fall into either of these
two categories and is assessed as the mean of the bootstrap distributions with respect to the
nominal results. The systematic uncertainties are summarized in Table 1.

Type-I uncertainties are evaluated for the B0 background yield, the values of kSP and τPDG
B0 , and

the parameters of the time resolution and flavor tagging calibration functions. Similarly, uncer-
tainties arising from the fixed σct pdfs in the final fit are also evaluated. Statistical uncertainties
associated with the B0 control data sample and B0

s → J/ψ ϕ(1020) simulated events, which are
employed to determine the efficiency functions, are estimated using resampling techniques.

Type-II uncertainties are assigned by conducting extensive investigations and cross-verification
processes to validate the model assumptions. We explore alternative hypotheses regarding
the pdf shapes of the mass, ct, and angular variable distributions for both the signal and
background components. Additionally, we examine alternative models for the efficiency
functions to identify potential sources of bias. The impact of neglecting background from
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Figure 3: Angular observables distributions of the selected candidates and fit projection for the
ST trigger category (2018 data). The projections of the fitted model are also shown.

Table 2: Measured values and uncertainties of the main parameters of interest.

Parameter Fit value Stat. unc. Syst. unc.
ϕs [mrad] −73 ± 23 ± 7
∆Γs [ ps−1] 0.0761 ± 0.0043 ± 0.0019
Γs [ ps−1] 0.6613 ± 0.0015 ± 0.0028
∆ms [ℏps−1] 17.757 ± 0.035 ± 0.017
|λ| 1.011 ± 0.014 ± 0.012
|A0|2 0.5300 + 0.0016

− 0.0014 ± 0.0044
|A⊥|2 0.2409 ± 0.0021 ± 0.0030
|AS|2 0.0067 ± 0.0033 ± 0.0009
δ∥ [rad] 3.145 ± 0.089 ± 0.025
δ⊥ [rad] 2.931 ± 0.089 ± 0.050
δS⊥ [rad] 0.48 ± 0.15 ± 0.05

Λ0
b → J/ψ pK− → µ+µ− pK− is assessed by incorporating a dedicated component into the

fit model, following an approach similar to the one for the B0 background, and repeating the
fit to the B0

s data sample. Various validation studies are carried out on the correction proce-
dure applied to the simulated samples used to evaluate the angular efficiency. The calibration
procedure for the OS tagging algorithms is evaluated using results from simulation to correct
for differences between B0

s → J/ψ ϕ(1020) and B+ → J/ψ K+ decays. The calibration for the
SS tagger already accounts for these differences. We investigate its calibration strategy by re-
moving these corrections, which introduce a significant perturbation of approximately 10% to
the calibration parameters, and testing the stability of the physics results in response to these
changes.

The fit results, along with the associated statistical and systematic uncertainties, are provided
in Table 2. The projection of the fit onto each of the seven fitted distributions for the ST trigger
category (2018 data) is shown in Figs. 1, 2, and 3. The results are found to be consistent with
SM-based predictions [4, 5, 42] and the latest world-average values [33]. The weak CPV phase is
measured to be ϕs = −73 ± 23 (stat) ± 7 (syst) mrad, which is within 1.5 standard deviations of
the SM-based prediction. The measured value of |λ| is consistent with no direct CPV (|λ| = 1).
These results are comparable in precision to the world’s most precise single measurement [20]
and supersede the previous results in Ref. [15]. The results are combined with those obtained
by CMS at

√
s = 8 TeV [14] using the BLUE method [43, 44] to obtain ϕs = −74 ± 23 mrad

and ∆Γs = 0.0780 ± 0.0045 ps−1, which are both compatible with SM-based predictions. The
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uncertainties include both statistical and systematic components. The full set of combined
results is reported in Appendix C. Figure 4 shows the two-dimensional ϕs vs. ∆Γs contour
at 68% CL for the combined results, alongside the SM-based prediction and the latest results
from other LHC experiments. Tabulated results are provided in the HEPData record for this
analysis [45]. The combined ϕs value exhibits a deviation from zero of 3.2 standard deviations,
providing the first evidence for CPV in B0

s → J/ψ ϕ(1020) decays.
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Figure 4: The two-dimensional 68% CL contours in the ϕs-∆Γs plane for the combined CMS
(red), ATLAS (blue) [26], and LHCb (green) [20] results. Results refer only to B0

s → J/ψ K+K−

measurements. The contours account for both statistical and systematic uncertainties. The SM
prediction neglects possible contributions from higher-order penguin diagrams and is repre-
sented by the thin black band, with the central value indicated with the black diamond [4, 5, 42].
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A The CMS detector, simulated samples, and event reconstruc-
tion

The CMS apparatus is a multipurpose, nearly hermetic detector, designed to trigger on [36, 46]
and identify electrons, muons, photons, and hadrons [47–49]. A global event description
algorithm [50] aims to reconstruct all individual particles in an event, combining informa-
tion provided by the all-silicon inner tracker and by the crystal electromagnetic, and a brass
and scintillator hadron calorimeters, operating inside a 3.8 T superconducting solenoid, with
data from the gas-ionization muon detectors embedded in the flux-return yoke outside the
solenoid. Simulated events are employed to determine the angular efficiency and to train the
various machine-learning models. These samples are generated with the software described in
Refs. [51–56] and validated via comparison with background-subtracted data in several control
distributions.

To improve the purity of the signal, additional requirements are imposed on events selected
by the trigger system. Muons and kaons must have pseudorapidity |η| < 2.4 and |η| < 2.5,
respectively. For the MT (ST) trigger category, muons are required to have transverse momen-
tum pT > 3.5 (4.0)GeV, while tracks are required to have pT > 1.15 (0.90)GeV. The opposite-
charge muons forming the J/ψ candidate are then constrained to a common vertex, obtained
via a Kalman fit [57], with an invariant mass within 150 MeV of the world-average mass of the
J/ψ meson [33]. The ϕ(1020) meson candidates are retained only if their invariant mass, as-
suming both oppositely charged particles to be kaons, lies within 10 MeV of the world-average
mass of the ϕ(1020) meson [33]. Finally, the J/ψ and ϕ(1020) mesons candidates are combined
to create B0

s meson candidates through a kinematic fitting process involving the four tracks,
where the dimuon mass is constrained to the world-average J/ψ meson mass [33]. The B0

s me-
son candidates are accepted if their pT > 9.5 GeV, their invariant mass is in the 5.24–5.49 GeV
range, and the vertex fit χ2 probability exceeds 2%. The primary vertex (PV) is chosen as the
vertex closest to the line passing through the B0

s decay vertex and parallel to its momentum.
The ct is measured as ct = c mPDG

B0
s

L⃗xy · p⃗T/p2
T, where mPDG

B0
s

is the world-average B0
s mass [33]

and L⃗xy is the vector from the PV to the B0
s vertex in the transverse plane. The ct uncertainty σct

is obtained by propagating the uncertainties in Lxy and pT of the B0
s meson candidate to ct. It

is required that ct ≥ 60 (100) µm for the MT (ST) trigger category, with σct < 50 µm. Addition-
ally, events in the ST trigger category need to satisfy ct/σct > 3. In approximately 2% of the
events, multiple B0

s meson candidates are reconstructed, and in these cases the candidate with
the highest vertex-fit probability is chosen.

B Flavor tagging
The OS muon and OS electron taggers follow the same strategy. They search for semileptonic
b → ℓ− + X decays of the OS b quark, using the lepton charge as the tagging variable and
subsequently employing DNNs to estimate ωtag. For each event, we search for a candidate
OS lepton consistent with being produced by the OS b hadron. To reduce contamination from
background sources, loose kinematic requirements are imposed on the candidates, and DNN
discriminators are used to reduce contributions from hadrons and photons misreconstructed as
muons and electrons, respectively. To avoid overlaps, an OS electron is searched only if no OS
muon is found. In both algorithms, conditions are introduced to separate the OS lepton from
the B0

s meson candidate. An ensemble of DNNs is used to discriminate the right- and wrong-
tag leptons, as well as to estimate the event mistag probability. The DNNs have been developed
using simulated B0

s → J/ψ ϕ(1020) events and calibrated with self-tagging B+ → J/ψ K+ data
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samples, as described below. The input features of the lepton tagging DNNs consist of variables
extracted from the kinematic properties of the lepton candidate and the surrounding activity.
The structure of all DNN models has been optimized to maximize the tagging power. The
architecture is purposefully designed so that its output score “sDNN” corresponds directly to
the probability of correctly tagging an event.

The OS jet tagger is based on DNNs, referred to collectively as “DeepJetCharge” (DJC), derived
from the DEEPSETS architecture [58] and exploits charge asymmetries in OS b jets to predict
the probability of being produced by b versus b quarks. The resulting probability serves as
the basis for determining both ξtag and ωtag. An OS jet candidate is selected if it passes loose
kinematic requirements, does not contain tracks from the signal B0

s , the probability Pb of orig-
inating from a bottom or anti-bottom quark, as estimated by DEEPJET [59] exceeds 20%, and
contains at least two tracks from the PV. To ensure the OS algorithms are orthogonal to each
other, an OS jet is searched for only if no OS muon or OS electron is found. Features used
by DJC include pT and η of the B0

s meson, pT, η, and Pb of the jet, and the angular distances

∆R ≡
√
(∆η)2 + (∆ϕ)2 and ∆ϕ between the direction of the jet and that of the B0

s . Features
from at most 15 charged particles (ordered by the longitudinal impact parameter relative to
the PV, IPz) are also included: charge, pT, η, ∆R and ∆ϕ relative to the B0

s momentum, impact
parameters with respect to the PV, and their uncertainties. Besides the jet constituents, other
tracks in a ∆R < 0.5 cone around the jet axis are used to recover tracks not found by the jet
reconstruction. The DJC is trained on simulated B0

s → J/ψ ϕ(1020) events of the ST trigger
category and its structure is composed of four blocks. First, three dense layers act on every in-
put feature except track charge, making this block explicitly flavor invariant. Then, the charge
information is added and two more dense layers are executed. Subsequently, all the hidden
features are summed across all tracks, flattening the track vector to a single dimension. Finally,
four interlaced dense and dropout layers convert the feature vector to a probability, which is
the model output. All dense layers use an exponential linear unit activation function [60]. To
preserve symmetry between the two classes, that is b and b jets, the algorithm is constructed
as flavor invariant, that is the probabilities for the b hypothesis are identical to those of the
b hypothesis when inverting all the charges. This is achieved by explicitly symmetrizing the
output as sDJC(x) = [sDJC(x) + (1 − sDJC(x))]/2, where x is the model input and x is the input
with all the track charges reversed. The output of DJC coincides with the probability of the
OS jet being produced by a bottom quark, which can be straightforwardly used to perform the
tagging inference and ωtag estimation.

The SS tagger, referred to as “DeepSameSide” (DSS), exploits the correlation between the quark
content of the B0

s meson at production time and the charges of the fragmentation particles
surrounding it. Consequently, it is independent of the OS tag, is not diluted by mixing in the
other b quark, and does not depend on the presence of its decay products from the other b
quark, such as leptons or jets, within the acceptance of the CMS detector. The architecture of
DSS is modeled on that of DJC (including output symmetrization), exploiting the features from
the B0

s meson candidate and all the tracks, other than its constituents, in a ∆R = 0.8 cone around
its direction (care is taken to avoid geometrical overlap with the OS methods). Up to 20 tracks,
ordered by IPz, are considered; in contrast to DJC, no jet features are used. The DSS is trained on
a sample of B0

s and B+ simulated events to compute the probability of having a bottom quark
at production time. The B+ events are used to render the algorithm invariant for B0

s ↔ B−

and B0
s ↔ B+ transformation and allow the calibration in data with B+ → J/ψ K+ decays. The

DSS exploits the charge of the particles produced in the hadronization for the discrimination,
which depends on the light quark in the meson. The DSS is trained to produce the probability
of an initial signal B0

s meson, from which the tagging inference and ωtag estimation can be then
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performed.

The event mistag probability, as estimated by the tagging algorithms, undergoes calibration
utilizing a self-tagging data sample of B+ → J/ψ K+ events, where the kaon’s charge corre-
sponds to the B+ meson flavor. The calibration procedure is executed separately for each data
set, by comparing the measured mistag fraction (ωmeas) with the ωtag predicted by the taggers.
The B+ events are divided into bins in ωtag, and, within each bin, the count of right- and wrong-
tag events is computed independently on the J/ψ K+ invariant mass distribution to derive the
corresponding ωmeas value. The (ωtag, ωmeas) pairs are then used to refine the DNNs’ predic-
tions through the Platt scaling method [61]. This method fits a linear function to the model’s
output before the final sigmoid layer, effectively calibrating the predicted probabilities to the
measured outcomes. In the case of the OS lepton taggers, both parameters of the linear func-
tion are left free to float, while for the OS jet and SS tagger, the constant term is set to zero to
preserve symmetry between the two flavor hypotheses. The calibration of DSS is further cor-
rected to account for potential differences between B0

s and B+ mesons by using the calibrations
obtained in simulated B0

s → J/ψ ϕ(1020) and B+ → J/ψ K+ events. The size of this correction
is found to be of the order of 10%. For the OS-jet and SS tagger, events with ωtag > 0.48 and
ωtag > 0.46, respectively, are classified as untagged. These events contribute minimally to the
performance, and their removal enhances the calibration reliability.

All tagging DNNs are developed in simulated events and employ the cross-entropy loss func-
tion combined with the Adam optimizer [62]. Input features are preprocessed so that the mean
and variance for each of the input variables are, respectively, zero and one. The four tracks
forming the B0

s meson candidate are explicitly excluded from consideration by the taggers and
precautions are taken to reduce the effect of multiple collisions in the same or neighboring
bunch crossings.

The combined performance of the tagging framework yields a tagging power of Ptag = (5.59 ±
0.02)%. The tagging efficiency, tagging power, and effective dilution for each exclusive tagging
category are presented in Table 3.

Table 3: Calibrated flavor tagging performance as measured in the B0
s data sample in the vari-

ous mutually exclusive categories. The effective dilution D2
tag,eff is obtained from the measured

tagging efficiency εtag and tagging power Ptag. The uncertainties are statistical only.

Category εtag [%] D2
tag,eff Ptag [%]

Only OS muon 6.07 ± 0.05 0.212 1.29 ± 0.07
Only OS electron 2.72 ± 0.02 0.079 0.214 ± 0.004
Only OS jet 5.16 ± 0.03 0.045 0.235 ± 0.003
Only SS 33.12 ± 0.07 0.080 2.64 ± 0.01
SS + OS muon 0.62 ± 0.01 0.202 0.125 ± 0.003
SS + OS electron 2.77 ± 0.02 0.150 0.416 ± 0.005
SS + OS jet 5.40 ± 0.03 0.124 0.671 ± 0.006

Combined 55.9 ± 0.1 0.100 5.59 ± 0.02



16

C Additional tables and figures
The matrices of the statistical and systematic uncertainty correlations between pairs of physics
parameters, as obtained from the analysis of the 13 TeV data, are reported in Tables C.1 and C.2.

The values and uncertainties of the physics parameters obtained from the combination of the
CMS 8 TeV and 13 TeV results using the BLUE method are provided in Table C.3, while the
matrix of the correlations between the physics parameters is reported in Tab. C.4.

The distributions for the input observables of the selected candidates and the projections from
the fit for the MT categories and the ST trigger category (2017 data) are shown in Figs. C.1, C.2,
and C.3.

Figures C.4 and C.5 show the ct uncertainty calibration fits and the ct distribution of prompt
events used for calibration, respectively.

The flavor tagging calibration fits for the OS-muon, OS-electron, OS-jet, and SS taggers are
reported in Figs. C.6, C.7, C.8, and C.9, respectively. The comparison of the SS tagger calibra-
tion curves before and after applying the corrections from simulation is shown in Fig. C.10.
The B0 mixing asymmetry as a function of ct as measured in the B0 → J/ψ K∗(892)0 con-
trol data sample is shown in Figs. C.11 and C.12. The oscillation frequencies measured in
each category are consistent with one another and with the world-average value ∆mPDG

d =

0.5069 ± 0.0019 ℏps−1 [33]. The comparison of the CP violation fit results obtained using each
of the four individual flavor tagging algorithms versus the reference fit, which combines all
four taggers, is reported in Fig. C.13. These studies were conducted to validate the tagging
framework and assess the consistency of information provided by various tagging techniques.

Table C.1: Matrix of the correlations of the statistical uncertainties between pairs of physics
parameters.

ϕs ∆Γs Γs ∆ms |λ| |A0|2 |A⊥|2 |AS|2 δ∥ δ⊥ δS⊥
ϕs +1.00 −0.05 +0.01 −0.14 +0.20 −0.07 +0.07 +0.05 −0.04 −0.15 −0.02
∆Γs +1.00 −0.58 +0.06 −0.07 +0.67 −0.75 +0.01 +0.09 +0.08 −0.06
Γs +1.00 +0.01 +0.09 −0.44 +0.50 −0.02 −0.08 −0.03 +0.07
∆ms +1.00 −0.18 +0.06 −0.06 −0.03 +0.04 +0.70 −0.01
|λ| +1.00 −0.07 +0.08 −0.03 −0.30 −0.24 +0.07
|A0|2 +1.00 −0.63 −0.01 0.00 +0.06 −0.03
|A⊥|2 +1.00 −0.10 −0.12 −0.09 +0.10
|AS|2 +1.00 +0.11 +0.10 −0.72
δ∥ +1.00 +0.44 −0.15
δ⊥ +1.00 −0.11
δS⊥ +1.00
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Table C.2: Matrix of the correlations of the systematic uncertainties between pairs of physics
parameters.

ϕs ∆Γs Γs ∆ms |λ| |A0|2 |A⊥|2 |AS|2 δ∥ δ⊥ δS⊥
ϕs +1.00 −0.11 −0.14 +0.13 −0.37 +0.08 −0.04 −0.42 +0.47 +0.17 +0.38
∆Γs +1.00 +0.39 −0.00 +0.02 +0.25 −0.54 +0.09 −0.05 −0.01 −0.10
Γs +1.00 +0.10 −0.05 −0.07 +0.04 +0.14 −0.06 +0.09 −0.12
∆ms +1.00 −0.78 +0.11 −0.06 +0.24 +0.24 +0.95 −0.29
|λ| +1.00 −0.11 +0.06 −0.07 −0.47 −0.80 +0.10
|A0|2 +1.00 −0.77 +0.01 +0.04 +0.10 +0.01
|A⊥|2 +1.00 −0.04 −0.03 −0.06 +0.03
|AS|2 +1.00 −0.34 +0.20 −0.72
δ∥ +1.00 +0.42 +0.31
δ⊥ +1.00 −0.24
δS⊥ +1.00

Table C.3: Values and uncertainties of the physics parameters obtained from the combination
of the CMS 8 TeV and 13 TeV results using the BLUE method. The uncertainty includes both
statistical and systematic sources.

Parameter Value Uncertainty
ϕs [mrad] −74 ± 23
∆Γs [ ps−1] 0.0780 ± 0.0045
Γs [ ps−1] 0.6633 ± 0.0029
∆ms [ℏps−1] 17.759 ± 0.038
|λ| 1.011 ± 0.019
|A0|2 0.5273 ± 0.0044
|A⊥|2 0.2417 ± 0.0036
|AS|2 0.0072 ± 0.0032
δ∥ [rad] 3.152 ± 0.077
δ⊥ [rad] 2.940 ± 0.098
δS⊥ [rad] 0.45 ± 0.14

Table C.4: Matrix of the correlations between the physics parameters as obtained from the
combination between the CMS 8 TeV and 13 TeV results. Correlations include both statistical
and systematic uncertainties.

ϕs ∆Γs Γs ∆ms |λ| |A0|2 |A⊥|2 |AS|2 δ∥ δ⊥ δS⊥
ϕs +1.00 −0.09 −0.01 −0.12 +0.08 −0.03 +0.06 +0.03 0.00 −0.12 +0.02
∆Γs +1.00 −0.16 +0.04 −0.03 +0.28 −0.55 −0.03 +0.06 +0.04 −0.03
Γs +1.00 +0.03 +0.01 −0.11 +0.16 +0.02 −0.06 +0.02 +0.01
∆ms +1.00 −0.33 +0.02 −0.02 −0.03 +0.06 +0.75 −0.02
|λ| +1.00 −0.09 +0.07 −0.02 −0.29 −0.40 +0.06
A0 +1.00 −0.69 −0.02 0.00 +0.02 0.00
A⊥ +1.00 −0.04 −0.07 −0.03 +0.04
AS +1.00 +0.09 +0.09 −0.69
δ∥ +1.00 +0.43 −0.13
δ⊥ +1.00 −0.12
δS⊥ +1.00
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Figure C.1: The distributions for the input observables of the selected candidates and the pro-
jections from the fit for the MT trigger category (2017 data).
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Figure C.2: The distributions for the input observables of the selected candidates and the pro-
jections from the fit for the MT trigger category (2018 data).
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Figure C.3: The distributions for the input observables of the selected candidates and the pro-
jections from the fit for the ST trigger category (2017 data).
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Figure C.6: Results of the mistag probability calibration fit for the OS-muon tagger on B+ →
J/ψ K+ decays for 2017 (top row) and 2018 (bottom row) data. The measured mistag probability
is plotted versus the value predicted by the tagging algorithm. The solid red line shows the
results of the Platt scaling calibration fit to data. The calibration model is a linear function
applied to the tagger DNN’s output before the final sigmoid layer. The plots in the left column
refer to the MT trigger category, while the ones in the right column to the ST trigger category.
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Figure C.7: Results of the mistag probability calibration fit for the OS-electron tagger on B+ →
J/ψ K+ decays for 2017 (left) and 2018 (right) data. The measured mistag probability is plotted
versus the value predicted by the tagging algorithm. The solid red line shows the results of
the Platt scaling calibration fit to data. The calibration model is a linear function applied to the
tagger DNN’s output before the final sigmoid layer.
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Figure C.8: Results of the mistag probability calibration fit for the OS-jet tagger on B+ →
J/ψ K+ decays for 2017 (left) and 2018 (right) data. The measured mistag probability is plotted
versus the value predicted by the tagging algorithm. The solid red line shows the results of the
Platt scaling calibration fit to data. The calibration model is a linear function with the intercept
fixed to 0 applied to the tagger DNN’s output before the final sigmoid layer.
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Figure C.9: Results of the mistag probability calibration fit for the SS tagger on B+ → J/ψ K+

decays for 2017 (left) and 2018 (right) data. The measured mistag probability is plotted versus
the value predicted by the tagging algorithm. The solid red line shows the results of the Platt
scaling calibration fit to data. The calibration model is a linear function with the intercept fixed
to 0 applied to the tagger DNN’s output before the final sigmoid layer.
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Figure C.10: Comparison of the calibration curves before (black, B+) and after (red, B0
s ) the

application of the corrections from simulation to the calibration obtained in B+ → J/ψ K+

decays. The left plot refers to 2017 data, while the right one to 2018 data. The red function is
the one used as calibration for the CPV measurement.
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Figure C.11: The B0 mixing asymmetry as a function of the proper decay time as measured
in the B0 → J/ψ K∗(892)0 control data sample as a validation to the tagging framework. The
measured oscillation frequency is consistent with the world-average value ∆mPDG

d = 0.5069 ±
0.0019 ℏps−1 [33].
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Figure C.12: The B0 mixing asymmetry as a function of the proper decay time as measured in
the B0 → J/ψ K∗(892)0 control data sample in the different tagging categories. The reported
uncertainties for the ∆md fitted value are statistical only. This study was conducted to validate
the tagging framework and assess the consistency of information provided by various tagging
techniques. Top row, from left to right: only OS muon (MT trigger category), only OS muon
(ST trigger category), only OS electron, and only OS jet. Bottom row, from left to right: only SS,
SS + OS muon, SS + OS electron, and SS + OS jet. All tagging categories are mutually exclusive.
The oscillation frequencies measured in each category are consistent with one another and with
the world-average value ∆mPDG

d = 0.5069 ± 0.0019 ℏps−1 [33].
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Figure C.13: Comparison of CPV fit results obtained using each of the four individual fla-
vor tagging algorithms versus the reference fit, which combines all four taggers. Only flavor-
sensitive parameters are shown, and only statistical uncertainties are considered. The grey
band represents the statistical uncertainty of the reference fit.
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RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
S. Diekmann , A. Dodonova , N. Eich , D. Eliseev , F. Engelke , J. Erdmann , M. Erd-
mann , P. Fackeldey , B. Fischer , T. Hebbeker , K. Hoepfner , F. Ivone , A. Jung ,
M.y. Lee , F. Mausolf , M. Merschmeyer , A. Meyer , S. Mukherjee , D. Noll ,
F. Nowotny, A. Pozdnyakov , Y. Rath, W. Redjeb , F. Rehm, H. Reithler , V. Sarkisovi ,
A. Schmidt , C. Seth, A. Sharma , J.L. Spah , A. Stein , F. Torres Da Silva De Araujo22 ,
S. Wiedenbeck , S. Zaleski

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University,
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C. Baldenegro Barreraa,b , P. Barriaa , C. Basilea,b , F. Cavallaria , L. Cun-
queiro Mendeza ,b , D. Del Rea,b , E. Di Marcoa,b , M. Diemoza , F. Erricoa,b ,
R. Gargiuloa ,b, E. Longoa,b , L. Martikainena,b , J. Mijuskovica,b , G. Organtinia,b ,
F. Pandolfia , R. Paramattia,b , C. Quarantaa,b , S. Rahatloua,b , C. Rovellia ,
F. Santanastasioa,b , L. Soffia , V. Vladimirova,b

https://orcid.org/0000-0002-0791-3350
https://orcid.org/0000-0002-1909-6343
https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-8300-4124
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260
https://orcid.org/0000-0002-7497-7450
https://orcid.org/0000-0001-6794-8419
https://orcid.org/0000-0002-0218-4910
https://orcid.org/0000-0002-0782-0883
https://orcid.org/0000-0002-9918-1686
https://orcid.org/0000-0002-8387-762X
https://orcid.org/0000-0003-2461-275X
https://orcid.org/0009-0009-1025-6337
https://orcid.org/0000-0003-2414-4175
https://orcid.org/0009-0002-5210-6213
https://orcid.org/0000-0003-1692-6206
https://orcid.org/0000-0001-8219-2074
https://orcid.org/0000-0001-6262-4685
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0001-8348-2962
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0001-5924-4286
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-0079-8708
https://orcid.org/0000-0003-0336-5729
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-5441-7755
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0001-5140-9154
https://orcid.org/0000-0002-8938-2193
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0002-2726-2858
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0003-4108-3925
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0003-4981-2790
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0002-7575-8639
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0003-2351-0487
https://orcid.org/0000-0003-2514-6930
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0003-0582-4167
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0009-0008-8227-0755
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-6033-8885
https://orcid.org/0000-0002-3924-7380
https://orcid.org/0000-0003-4486-6482
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0001-6764-5370
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0009-0009-1589-9980
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876


34
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