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1 Introduction

The study of CP violation in the B0
s meson system provides crucial tests of the Cabibbo-

Kobayashi-Maskawa (CKM) mechanism within the Standard Model (SM) and enables inves-
tigation of potential contributions from physics beyond the Standard Model (BSM) [1, 2].
A key observable is the CP -violating phase ϕs, which arises from the interference between
B0

s meson decays proceeding directly to a CP eigenstate and those occurring after B0
s –B0

s

mixing. Within the SM, neglecting subleading contributions, this phase is predicted to
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satisfy ϕs ≈ −2βs, where βs = arg(−VtsV
∗

tb/VcsV
∗

cb) is related to elements of the CKM ma-
trix [3–5]. Global fits to experimental data, assuming CKM unitarity, provide precise indirect
determinations of this phase [6, 7].

Experimentally, ϕs is measured directly using decays mediated by the b→ ccs transition,
with the decay B0

s → J/ψϕ serving as the benchmark channel. The current world average
for the phase measured in b→ ccs transitions is ϕccs

s = −0.052± 0.013 rad [8]. The excellent
theoretical precision of the SM prediction and the relatively clean experimental signature
make ϕs a powerful probe for BSM effects, which could modify the B0

s –B0
s mixing amplitude

and shift the measured value relative to the SM expectation [9].
However, subleading SM contributions from electroweak loop (penguin) topologies in the

B0
s → J/ψϕ decay process can also induce a phase shift, ∆ϕs, which complicates the interpre-

tation of the experimental measurement in terms of ϕs and thus BSM. The nonperturbative
QCD nature of the penguin contributions makes theoretical calculations challenging [10, 11],
which can be circumvented using data-driven strategies. One prominent approach, pro-
posed in ref. [12] and further detailed in refs. [13–16], uses CP asymmetry measurements
of CKM-suppressed b→ ccd decays, such as B0

s → J/ψK∗0 and B0 → J/ψρ0, to constrain
penguin effects in B0

s → J/ψϕ via approximate SU(3) flavour symmetry. The LHCb col-
laboration has previously conducted such measurements for B0

s → J/ψK∗(892)0 [17] and
B0→ J/ψρ(770)0[18], using a data sample corresponding to an integrated luminosity of
3 fb−1, collected during 2011–2012 (referred to as Run 1). In addition, the LHCb collabo-
ration also performed an SU(3)-symmetry-based analysis yielding constraints on ∆ϕs with
uncertainties ranging from 10 to 100 mrad depending on the inputs used [17]. Improving the
precision of the B0

s → J/ψK∗0 parameters is crucial for refining these constraints, especially
as the experimental uncertainty on ϕccs

s is reduced.
This paper presents an updated angular analysis of the decay

B0
s → (J/ψ → µ+µ−)(K∗0 → K−π+) using the full dataset collected by the LHCb

experiment during the second LHC operational period (Run 2).1 This dataset corresponds to
an integrated luminosity of 6 fb−1 of proton-proton (pp) collisions recorded at a centre-of-mass
energy of 13TeV. The analysis focuses on the region dominated by the K∗(892)0 resonance,
which is denoted as K∗0 for simplicity hereafter. The decay rate is analysed as a function
of three angles in the helicity basis (cos θK , cos θµ , ϕh), which describe the orientation
of the decay products in their respective rest frames. This analysis follows the approach
detailed in ref. [17] to determine the polarisation components, associated phase differences,
and direct CP asymmetries for both the P-wave (K∗0 vector meson) and S-wave (spin-zero)
components of the K−π+ system. The branching fraction relative to the B0 → J/ψK∗0

decay is also measured, providing updated inputs to constrain penguin contributions in
b→ ccs transitions. Compared to the previous LHCb result [17], the precision of this analysis
can achieve benefits not only from a nearly twofold increase in the integrated luminosity,
but also from an increased bb production cross-section at the higher centre-of-mass energy,
and from an optimised event selection that improves the sample purity. The larger data
and simulation samples also allow for a significant reduction of the dominant systematic
uncertainties, many of which were statistically limited in the previous measurement.

1The inclusion of charge-conjugate processes is implied throughout, unless otherwise noted.
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The remainder of this paper is organised as follows: a brief description of the LHCb
detector and the simulation samples used is provided in section 2, the reconstruction of
candidate decays and the event selection criteria are detailed in section 3, followed by the
procedure for the fit to the mass distribution in section 4. The methodology for the angular
analysis is summarised in section 5, and the determination of the branching fraction is
explained in section 6. The results obtained from the Run 2 data, along with their associated
uncertainties, are presented in section 7. These are then combined with previous LHCb
measurements from Run 1 in section 8. Finally, section 9 provides the conclusions of this work.

2 The LHCb detector and simulation

The LHCb detector [19, 20] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [21], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
detectors and straw drift tubes [22] placed downstream of the magnet. The tracking system
provides a measurement of the momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The minimum distance of a
track to a primary pp collision vertex (PV), the impact parameter (IP), is measured with a
resolution of (15 + 29/pT)µm, where pT is the component of the momentum transverse to
the beam, in GeV/c. Different types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors (RICH) [23]. Photons, electrons and hadrons
are identified by a calorimeter system consisting of scintillating-pad and preshower detectors,
an electromagnetic and hadronic calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers [24].

Simulation samples are generated to model the signal (B0
s → J/ψK∗0) and normalisation

(B0 → J/ψK∗0) channels, as well as potential background contributions. Proton-proton
collisions are generated using Pythia 8 [25] with a specific LHCb configuration [26]. Decays
of hadronic particles are described by EvtGen [27], in which final-state radiation is generated
using Photos [28]. The interaction of the generated particles with the detector and its
response are implemented using the Geant4 toolkit [29] as described in ref. [30]. In the
signal and normalisation channel simulations, the P-wave components were generated to
match the angular distributions observed in the LHCb Run 1 analysis [17].

Several corrections to the simulated samples are applied to improve the agreement
with data. Differences in the B0

s /B0 production kinematics and detector occupancy are
corrected using a multivariate boosted decision tree (BDT) weighting technique [31]. These
corrections are derived from the high-statistics B0 → J/ψK∗0 control channel using simulation
and background-subtracted data, and then applied to both B0 and B0

s simulated samples.
Corrections for particle identification (PID) efficiencies are applied using calibration samples
and a kernel density estimation method, accounting for track kinematics and detector
occupancy [32, 33]. Further corrections related to angular acceptance are discussed in
section 5.2.
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3 Reconstruction and selection

Candidate B0
s → J/ψK∗0 decays are reconstructed using pp collision data collected by the

LHCb detector during Run 2. The online event selection employs a trigger system [34]
consisting of a hardware stage followed by two software stages. The hardware trigger selects
events based on high-pT muons or high transverse energy calorimeter deposits; events passing
any hardware decision are retained for this analysis. The first stage of the software trigger
performs partial event reconstruction, selecting candidates primarily through signatures
requiring displaced single muons, dimuons, or two-track vertices identified by multivariate
algorithms [35]. The second software stage performs a full event reconstruction, selecting
J/ψ → µ+µ− candidates with good vertex-fit quality, significant displacement from any PV,
and a dimuon mass within ±120MeV/c2 of the known J/ψ mass [36].

The offline selection criteria are optimised for the Run 2 dataset, following a strategy
similar to that used in the Run 1 analysis [17]. The J/ψ candidates are formed from two
oppositely charged tracks identified as muons using information from the muon chambers
and RICH detectors. The two tracks must have a small distance of closest approach (DOCA)
between their trajectories and form a vertex with good vertex-fit quality. The dimuon mass
is required to be within the range [−48.0,+42.9]MeV/c2 around the known J/ψ mass [36].
The K∗0 candidates are formed from two oppositely charged tracks identified as a kaon and
a pion using RICH information. Similar requirements as for the muons are applied to DOCA
and vertex-fit quality. The mass of the K−π+ pair must be within ±70MeV/c2 of the known
K∗0 mass [36]. The B0

s candidates are formed by combining a J/ψ and a K∗0 candidate,
requiring them to originate from a common vertex with a good vertex-fit quality.

All four final-state tracks must be inconsistent with originating from any PV. The B0
s

decay vertex must be significantly displaced from its associated PV, defined as that which gives
the smallest χ2

IP for the B0
s candidate. Here, χ2

IP is defined as the difference in the vertex-fit
χ2 of a given PV reconstructed with and without the particle under consideration. The cosine
of the angle between the B0

s momentum vector and the vector pointing from the associated
PV to the B0

s decay vertex (direction angle, DIRA) is required to be greater than 0.999.
To suppress candidates containing duplicate or partial track reconstructions, the minimum
opening angle between any pair of final-state tracks is required to be greater than 0.5mrad.

A kinematic fit [37] is performed to improve the resolution of the decay kinematics and
the helicity angles. The fit constrains the dimuon mass to the known J/ψ mass and requires
the B0

s candidate to originate from its associated PV.

3.1 Combinatorial background

A BDT classifier [38] with gradient boosting is used to suppress the large combinatorial
background remaining after the initial selection. To account for variations in data-taking
conditions, separate BDTs are trained for three distinct periods: 2015–2016, 2017, and 2018.
Simulated B0

s → J/ψK∗0 events, corrected as described in section 2, serve as the signal proxy.
Data candidates from the high-mass sideband, m(J/ψK−π+) ∈ [5440, 5650]MeV/c2, serve
as the background proxy. The k-folding technique (k = 10) [39] is used during training.
Fourteen variables, selected for their ability to discriminate between signal and combinatorial
background, are used as inputs to the BDT. These include:
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• Track variables: minimum track χ2
IP with respect to any PV, maximum DOCA between

final-state tracks, maximum track fit χ2/ndf (chi-squared per degree of freedom) for
hadron and muon tracks separately;

• Vertex variables: vertex-fit χ2/ndf of the J/ψ and B0
s decay vertices;

• Particle identification: variables quantifying the confidence of muon identification, and
neural network probabilities indicating whether hadron tracks correspond to kaons or
pions;

• Kinematics: transverse momentum of the B0
s candidate;

• Flight information: B0
s candidate proper decay time, B0

s χ
2
IP relative to its associated

PV, B0
s DIRA;

• Fit quality: χ2 from the B0
s kinematic fit.

The trained classifiers are applied to the respective data and simulation samples, and a
selection requirement is applied to the BDT output for each data-taking period. This
requirement is chosen to maximise the statistical precision of the angular analysis (section 5),
which involves balancing the retention of signal events against the rejection of background.
This selection retains approximately 92.7% of the signal candidates passing the preceding
requirements, while rejecting around 95.6% of the combinatorial background. Multiple
candidates from the same pp bunch crossing are rare (∼ 0.05%) after this selection; all such
candidates are retained [40].

3.2 Peaking background

Specific background sources involving misidentified particles or partially reconstructed
decays can form peaking structures in the m(J/ψK−π+) spectrum, potentially bias-
ing both the signal yield and angular distributions. These contributions are evaluated
and suppressed. The backgrounds considered include B+ → J/ψK+, B0 → J/ψπ+π−,
B0

s → J/ψπ+π−, B0
s → J/ψK+K−, Λ0

b → J/ψpK−, and Λ0
b → J/ψpπ− decays. These back-

grounds are studied using simulated samples, and their expected yields are evaluated taking
into account the sample luminosity, selection efficiencies, production cross-section from
ref. [41], fragmentation fractions from ref. [42], and decay branching fractions from ref. [36].

Dedicated vetoes based on alternative mass hypotheses are applied to suppress the
dominant background contributions. These include B+ → J/ψK+ decays where the J/ψ and
K+ are combined with an unrelated pion, and decays such as Λ0

b → J/ψpK− and Λ0
b → J/ψpπ−

involving particle misidentification. A combination of mass and PID requirements is used to
reduce contributions from B0 → J/ψπ+π− and B0

s → J/ψπ+π− decays.
After these steps, following the Run 1 analysis approach [17], the remaining small contri-

butions (at the level of 1% of the signal yield) from B0 → J/ψπ+π− [43], B0
s → J/ψK+K− [44],

and Λ0
b → J/ψpK− [45] decays are statistically subtracted. This is achieved by adding simu-

lated decays for these channels to the data sample, using negative weights. These simulated
events are added prior to the mass fit (section 4), weighted according to their known amplitude
models and scaled to their estimated residual yields. The remaining background contributions
are sufficiently small and therefore neglected.
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3.3 Candidates with degraded momentum

Decays in which final-state hadrons decay in flight or interact with detector material can
lead to poorly measured momenta and contribute to tails in the reconstructed m(J/ψK−π+)
distribution. This effect is particularly relevant for the B0 control channel, where the
tail extends significantly into the B0

s signal region. Approximately 3% of reconstructed
B0 candidates have masses above 5325MeV/c2, contaminating the B0

s peak. To suppress
these contributions, a dedicated BDT classifier is trained using simulated B0 → J/ψK∗0

events. Signal proxy events are those where both kaon and pion tracks reach at least the
second tracking station downstream of the magnet without significant interaction or decay.
Background proxy events are those where at least one hadron fails this condition. Nine
input variables are used related to track-fit quality, consistency between tracking subsystems,
ghost probability [46], the probability of being misidentified as muons, and track momenta.
After applying simulation corrections and k-folding (k = 10), a loose requirement on the
BDT output is applied to data and simulation. This selection significantly reduces the
tail from poorly reconstructed B0 decays. Specifically, the ratio of B0 candidates falling
within the B0

s mass window (defined as ±30MeV/c2 around the known B0
s mass [36]) to

the number of B0
s signal candidates in the same window is decreased from approximately

12.8% to 7.6%. This reduction is achieved while maintaining a high signal efficiency of
approximately 97.8% for the B0

s decays.

4 Fit to the mass distribution

The sample of selected J/ψK−π+ candidates, after the application of selection requirements
(section 3) and the statistical subtraction of known peaking backgrounds (section 3.2),
consists primarily of signal B0

s → J/ψK∗0 decays, control channel B0 → J/ψK∗0 decays, and
combinatorial background. To determine the yields of the signal and control channels, as well
as combinatorial background, an extended unbinned maximum-likelihood fit is performed
to the m(J/ψK−π+) mass distribution. From the results of this fit, sPlot weights [47] are
calculated, using m(J/ψK−π+) as the discriminating variable. These weights are then used to
statistically separate the different signal and background components, providing the necessary
background-subtracted distributions for the subsequent angular analysis (section 5).

To account for variations across data-taking periods and the dependence of the signal
shape on the K−π+ mass (mKπ), the data sample is divided into twelve subsamples. These
are based on three data-taking periods (2015–2016, 2017, 2018) and four bins in mKπ, each
35MeV/c2 wide and spanning the region centred around the known K∗0 mass [36]. The fit
is performed simultaneously across these subsamples.

The probability density function (PDF) used in the fit describes three main components:
B0 and B0

s signals, and combinatorial background. The B0 and B0
s signal shapes are

modelled using a customised double-sided Crystal Ball function (2DSCB). This function
offers a description of the signal tails comparable to that of the Hypatia function used in
the Run 1 analysis [17], particularly accounting for effects such as final-state radiation from
muons (bremsstrahlung), while providing improved robustness in the fit minimisation process.
The 2DSCB function is constructed as a sum of two DSCB components [48], sharing the
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same peak position µ and tail parameters (αL, αR, nL, nR), but with different resolution
parameters (σ1, σ2) combined with a relative fraction f1,

P2DSCB(m; ϑ⃗) =f1PDSCB(m;αL, αR, nL, nR, σ1, µ)
+ (1− f1)PDSCB(m;αL, αR, nL, nR, σ2, µ),

(4.1)

where ϑ⃗ represents the set of shape parameters. For both B0 and B0
s signals, the tail

parameters and the fraction f1 are shared within each mKπ bin and are fixed to values
determined from fits to simulation. The position of the B0

s peak, µB0
s
, is constrained relative

to the B0 peak (µB0) using the world-average mass difference ∆m [36], i.e. µB0
s
= µB0 +∆m.

The core Gaussian resolutions for the 2DSCB function are determined from fits to simulated
B0 events and shared between B0 and B0

s decays. To account for potential differences
between data and simulation, these simulation-based resolutions are adjusted in the fit to
data using multiplicative scale factors, sB0

s
and sB0 , applied independently to the signal

and normalisation channels, respectively. These scale factors (sB0
s

and sB0) and the B0

peak position (µB0) are allowed to vary freely in the fit, determined independently for each
mKπ bin but shared across the data-taking years. Finally, the combinatorial background
component is described by an exponential function, Pcomb(m) ∝ ekcombm, where the slope
parameter kcomb is allowed to vary freely in the fit for each subsample.

The full PDF per subsample is given by

Pfull(m; ϑ⃗, µB0 ,∆m, sB0 , sB0
s
) = NB0

s
P2DSCB(m; ϑ⃗, µB0 +∆m, sB0

s
)

+NB0P2DSCB(m; ϑ⃗, µB0 , sB0)
+NcombPcomb(m; kcomb),

(4.2)

where ϑ⃗ denotes the shape parameters that are fixed to values determined from simulation,
while the yields NB0

s
, NB0 , and Ncomb are free parameters in each subsample.

The simultaneous fit is performed across all twelve subsamples in the mass range
5150 < m(J/ψK−π+) < 5650MeV/c2. Projections of the fit result, summed over all sub-
samples, are shown in figure 1. The overall yields, summed across all mKπ bins and years,
are determined to be

NB0 = 726 540± 860 (stat) ± 260 (syst),
NB0

s
= 6098± 84 (stat) ± 39 (syst),

where the systematic uncertainties arise primarily from the choice of fit model (section 7). The
ratio of these fitted yields, which is a key ingredient in the branching fraction measurement
(section 6), is found to be

NB0
s

NB0
= (8.39± 0.12 (stat) ± 0.05 (syst))× 10−3,

where the small correlations between B0 and B0
s yields are taken into account.

Based on the fit results within each subsample, sPlot weights [47] are calculated to
statistically separate the signal, normalisation, and background components for the angular
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Figure 1. Projection of the simultaneous fit to the m(J/ψK−π+) distribution for the full Run 2
data sample, summed over data-taking periods and mKπ bins. The distribution is shown with a
(left) linear y-axis scale, where the vertical range is adjusted to highlight the B0

s signal, and a (right)
logarithmic y-axis scale to display the full range. The data points and the total fit function, along
with its components, are described in the legend.

analysis. A key assumption for the unbiased application of the sPlot technique is the lack of
significant correlation between the discriminating variable (m(J/ψK−π+)) and the variables
of interest for the subsequent analysis (the angles: cos θK , cos θµ , ϕh). This lack of
correlation has been verified using the Kendall rank correlation test [49, 50] on simulation
and data sidebands (p-values > 0.1). Residual correlations are accounted for using input
from simulation, and considered when evaluating systematic uncertainties (section 7).

5 Angular analysis

The polarisation fractions, phase differences, and direct CP asymmetries of the B0
s → J/ψK∗0

decay are extracted via an unbinned maximum-likelihood fit to the three helicity angles
Ωhel = (cos θK , cos θµ, ϕh). The fit is performed on the background-subtracted data sample,
obtained using the sPlot weights derived from the mass fit [51]. The analysis closely follows
the methodology detailed in the previous LHCb measurement using Run 1 data [17].

5.1 Angular formalism

The decay is described in the helicity basis, where the helicity angles are defined as in
ref. [17]. The analysis considers contributions from the spin-one (P-wave) K∗0 resonance
and an effective spin-zero (S-wave) Kπ component. The time-integrated decay rate can be
expressed in the helicity basis as [52]

dΓ(Ωhel)
dΩhel

∝
∑

αµ=±1

∣∣∣∣∣
|λ|≤J∑

λ,J

√
2J + 1
4π HJ

λe
−iλϕhd1

λ,αµ
(θµ)dJ

−λ,0(θK)
∣∣∣∣∣
2

, (5.1)

where λ = 0,±1 is the J/ψ helicity, αµ = ±1 is the difference between the helicities of the
two muons, J is the spin of the Kπ system (J = 0 for S-wave, J = 1 for P-wave), HJ

λ are
the helicity amplitudes, and dj

m′m are the Wigner small d-matrices.
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Working in the transversity basis, the amplitudes (A0, A∥, A⊥, AS) have definite CP
properties, related to the helicity amplitudes via

A0 = H1
0,

A∥ =
1√
2
(H1

+1 +H1
−1),

A⊥ = 1√
2
(H1

+1 −H1
−1),

AS = H0
0.

(5.2)

These transversity amplitudes are complex numbers, Ak = |Ak|eiδk (for k = 0, ∥,⊥, S),
where |Ak| is the magnitude and δk is the corresponding phase. For the CP -conjugate decay
B0

s → (J/ψ → µ+µ−)(K∗0→ K+π−), the corresponding amplitudes are denoted Ak.
The differential decay rate can be expanded as a sum of ten terms involving products

(ak) of these amplitudes multiplied by specific angular functions Gk(Ωhel),

dΓ(Ωhel)
dΩhel

=
10∑

k=1
akGk(Ωhel). (5.3)

The terms ak involve bilinear products of the transversity amplitudes. Specifically, the
terms with index k = 1, 2, 3, 7 correspond to the squared magnitudes |A0|2, |A∥|2, |A⊥|2, |AS |2,
respectively. The remaining terms (k = 4, 5, 6, 8, 9, 10) represent interference between different
transversity amplitudes. The explicit forms of ak and Gk are given in table 1. For the terms
representing squared amplitudes, the table also shows the correspondence between the
summation index k and the respective polarisation state labels (0, ∥,⊥, S). This expansion
is equivalent to that in ref. [52]. A similar expansion exists for the B0

s decay rate using
the amplitudes Ak.

The direct CP asymmetry for a specific final-state polarisation k is defined using the
partial decay rates Γk =

∫
akGk(Ωhel)dΩhel integrated over angles (where ak involves only

|Ak|2 or |Ak|2 for k = 0, ∥,⊥, S),

ACP
k = Γk − Γk

Γk + Γk
(k = 0, ∥,⊥, S). (5.4)

The analysis employs a simultaneous maximum-likelihood fit across the eight categories
defined by the four mKπ bins (section 4) and the two meson states (B0

s and B0
s), tagged by

the reconstructed kaon charge. This fit determines the physics asymmetries ACP
k defined in

eq. (5.4), along with parameters describing the CP -averaged decay dynamics. Introducing
the CP -averaged partial decay rate for polarisation state k as Γavg

k = (Γk + Γk)/2, the
CP -averaged parameters extracted by the fit are:

• The P-wave polarisation fractions fk (k = 0, ∥,⊥). These represent the fraction of the
total CP -averaged P-wave decay rate (Γavg

P = Γavg
0 + Γavg

∥ + Γavg
⊥ ) associated with each

polarisation state,

fk = Γavg
k

Γavg
P

= Γavg
k

Γavg
0 + Γavg

∥ + Γavg
⊥

. (5.5)

By definition, these fractions satisfy the constraint f0 + f∥ + f⊥ = 1.
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Index k Amplitude product ak Angular function Gk(Ωhel)

1 (0) |A0|2 9
16π cos2 θK(1− cos2 θµ)

2 (∥) |A∥|2 9
32π (1− cos2 θK)(1− (1− cos2 θµ) cos2 ϕh)

3 (⊥) |A⊥|2 9
32π (1− cos2 θK)((1− cos2 θµ) cos2 ϕh + cos2 θµ)

4 Im(A∗
∥A⊥) 9

16π (1− cos2 θK)(1− cos2 θµ) sin(2ϕh)

5 Re(A∗
0A∥) 9

√
2

16π cos θK cos θµ

√
(1− cos2 θK)(1− cos2 θµ) cosϕh

6 Im(A∗
0A⊥) 9

√
2

16π cos θK cos θµ

√
(1− cos2 θK)(1− cos2 θµ) sinϕh

7 (S) |AS |2 3
16π (1− cos2 θµ)

8 Re(A∗
SA∥) 3

√
6

16π cos θµ

√
(1− cos2 θK)(1− cos2 θµ) cosϕh

9 Im(A∗
SA⊥) 3

√
6

16π cos θµ

√
(1− cos2 θK)(1− cos2 θµ) sinϕh

10 Re(A∗
SA0) 3

√
3

8π cos θK(1− cos2 θµ)

Table 1. Angular basis functions Gk(Ωhel) and the corresponding amplitude products ak appearing
in the differential decay rate eq. (5.3), as defined in ref. [52]. Also shown in parentheses in the first
column are the corresponding transversity basis labels for the squared-amplitude terms.

• The S-wave fraction FS . This represents the fraction of the total CP -averaged decay
rate (Γavg

tot = Γavg
P + Γavg

S ) originating from the S-wave component,

FS = Γavg
S

Γavg
tot

= Γavg
S

Γavg
0 + Γavg

∥ + Γavg
⊥ + Γavg

S

. (5.6)

• The phase differences δ∥ − δ0, δ⊥ − δ0, and δS − δ0, adopting the convention δ0 = 0.

The detailed parameterisation implemented in the likelihood function to extract these quan-
tities is discussed further in section 5.3.

Within the simultaneous fit, the P-wave parameters (f0, f∥, δ∥, δ⊥, ACP
0 , ACP

∥ , ACP
⊥ ) and

the S-wave CP asymmetry (ACP
S ) are constrained to be the same across all mKπ bins.

The remaining S-wave parameters, the fraction FS and the phase δS , are allowed to vary
independently in each bin. The mass dependence of the interference between the S-wave
and P-wave components is accounted for by scaling the interference terms (k = 8, 9, 10 in
eq. (5.3)) by the complex factor CSPe

−iΘSP , which depends on the Kπ mass spectrum. The
same numerical values for CSP are used as in ref. [17], and the interference phase ΘSP is
absorbed into the definition of the fitted S-wave phase δS .

5.2 Angular acceptance

The detector geometry and selection criteria distort the observed angular distributions relative
to the true decay rate described by eq. (5.3). This acceptance effect, represented by the
function ε(Ωhel), must be accounted for in the fit. The acceptance function is determined
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Index k Amplitude product ak Normalised weight ξk/ξ1
1 |A0|2 1
2 |A∥|2 1.4249± 0.0073
3 |A⊥|2 1.4489± 0.0074
4 |A∥||A⊥| sin(δ∥ − δ⊥) −0.0013± 0.0043
5 |A0||A∥| cos(δ∥) −0.0189± 0.0029
6 |A0||A⊥| sin(δ⊥) 0.0027± 0.0028
7 |AS |2 1.2485± 0.0062
8 |AS ||A∥| cos(δS − δ∥) −0.0412± 0.0040
9 |AS ||A⊥| sin(δS − δ⊥) 0.0072± 0.0040
10 |AS ||A0| cos(δS) −0.6919± 0.0096

Table 2. Example normalisation weights ξk determined for Run 2 B0
s candidates in the third mKπ

bin with a K− meson, normalised such that ξ1 = 1. The index k corresponds to the terms in table 1.
Uncertainties are statistical only, arising from the limited size of the simulation sample.

using simulated samples. To ensure these samples accurately reflect Run 2 data conditions,
several corrections are applied to account for potential imperfections in simulating the detector
response and particle kinematics. These corrections involve both kinematic weighting and
an iterative procedure designed to ensure that the angular distributions in the corrected
simulation match those observed in data, following strategies similar to previous LHCb
analyses [17, 53]. The kinematic variables corrected via weighting include the total and
transverse momentum of the B0

s meson and the final-state kaon and pion tracks, and the Kπ
mass. In the baseline approach, corrections for the B0

s and final-state track kinematics are
primarily derived using the B0 control channel, while the mKπ correction, which weights the
simulated mKπ distribution to match that from background-subtracted B0

s data, is derived
using the B0

s signal sample.
The acceptance correction is incorporated into the likelihood fit using the method of

normalisation weights [54, 55]. This method involves calculating the integrals

ξk =
∫
ε(Ωhel)Gk(Ωhel)dΩhel (5.7)

for each angular function Gk (defined in table 1) using the corrected simulation samples. These
weights ξk are calculated separately for each of the eight analysis subsamples (4 mKπ bins ×
2 kaon charges) and are used directly in the construction of the likelihood function, obviating
the need for an explicit parameterisation of ε(Ωhel). An example set of the normalisation
weights is shown in table 2. Statistical uncertainties arising from the finite size of the
simulation samples used to calculate the ξk weights are evaluated using bootstrap replicas,
following standard resampling techniques [56], and propagated as systematic uncertainties
on the measured physics parameters.

5.3 CP asymmetries

The maximum-likelihood fit described in section 5.1 aims to determine the direct physics
CP asymmetries ACP

k (defined in eq. (5.4)), alongside the CP -averaged polarisation fractions
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(fk, FS) and phases (δk), which were introduced and defined in section 5.1. These are the
fundamental physics parameters extracted from the data.

To achieve this, the likelihood function models the decay rates for B0
s and B0

s candidates
separately, using a parameterisation based on these physics parameters. The CP -averaged
polarisation fractions fk (k = 0, ∥,⊥) and FS , as defined by their relation to the CP -
averaged partial decay rates in section 5.1, correspond to the average contributions of
each polarisation state. These correspond to squared average amplitudes, denoted |Ak|2avg.
Specifically, |Ak|2avg is equivalent to fk for P-waves, and for the S-wave, |AS |2avg is related
to FS via FS = |AS |2avg/(1 + |AS |2avg).

The overall normalisation yields for the physics decays B0
s (N(B0

s → f)) and
B0

s (N(B0
s → f)) are parameterised in terms of an effective average total yield

Navg (also determined by the fit) and an effective physics CP asymmetry
ACP

phys =
∑

k |Ak|2avgA
CP
k /(1 + |AS |2avg),

N(B0
s → f) = Navg(1− ACP

phys), N(B0
s → f) = Navg(1 + ACP

phys). (5.8)

The squared amplitude magnitudes for the individual B0
s and B0

s decays, |Ak|2 and |Ak|2

respectively, which determine the angular shape via the terms ak (table 1), are then constructed
within the model using the CP -violation parameter ACP

k , the average magnitudes |Ak|2avg,
and the effective asymmetry ACP

phys via the relations

|Ak|2 =
|Ak|2avg(1−ACP

k )
1− ACP

phys
, |Ak|2 =

|Ak|2avg(1 +ACP
k )

1 + ACP
phys

. (5.9)

This parameterisation provides the model for the underlying physics decay rates and shapes
based on the parameters (ACP

k , fk, FS , δk, Navg) determined by the fit.
However, the experimentally observed yields N(B0

s ) and N(B0
s) are affected by nuisance

asymmetries arising from particle production and detection. The raw asymmetry observed
in the data is defined as

Araw = N(B0
s)−N(B0

s )
N(B0

s) +N(B0
s )
. (5.10)

This raw asymmetry differs from the effective physics asymmetry ACP
phys (derived from the

fit parameters ACP
k and |Ak|2avg). To account for this difference, the likelihood function

incorporates the known nuisance asymmetries as fixed inputs. To do this, when modelling
the observed asymmetry between the B0

s and B0
s samples, the likelihood function uses an

effective asymmetry constructed from the physics fit parameters ACP
k combined with the

relevant nuisance terms: κsAP+AD(Kπ)+APID(Kπ). Here, AP is the production asymmetry
between B0

s and B0
s , AD(Kπ) is the detection asymmetry between the K+π− and K−π+

pairs in the final state, and APID(Kπ) is the corresponding asymmetry induced by the hadron
PID selection requirements. The factor κs accounts for the dilution due to B-meson mixing,
following the definition given in ref. [17]. This procedure allows the fit to determine the
true physics asymmetries ACP

k .
The production asymmetries AP(B0

s ) and AP(B0) used in this analysis are taken from
measurements performed at

√
s = 8TeV [57]. For the B0

s analysis, while the AP(B0
s ) value
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might slightly differ from the true asymmetry at
√
s = 13TeV, its impact on the determination

of ACP
k is negligible owing to the very small B0

s mixing dilution factor, κs, determined to be
approximately 0.08% for this decay. The instrumental detection asymmetry AD(Kπ) and
PID asymmetry APID(Kπ) are evaluated for the Run 2 dataset using dedicated calibration
samples in data [32, 33, 58]. The calculated asymmetries for the B0

s sample (relevant for
the K−π+ final state) are

A
B0

s
D (Kπ) = (+0.802± 0.030 (stat) ± 0.011 (syst))%,

A
B0

s
PID(Kπ) = (+0.45 ± 0.22 (stat) ± 0.05 (syst))%.

These values are incorporated as fixed inputs into the likelihood fit to extract the physics
asymmetries ACP

k .
The B0 control channel is analysed analogously. For this channel, the AP(B0) value

from the 8TeV measurement, along with its respective detection and PID asymmetries
evaluated for Run 2, are used. The dilution factor for the B0 channel, κd, is significantly
larger (approximately 40%); however, the potential discrepancy in AP(B0) due to the different
centre-of-mass energy is considered small when compared to the statistical precision of the
control channel results and the uncertainty on the AP(B0) measurement itself, and is thus
deemed valid and used in this analysis. The results of the fit to the B0 decay are checked for
consistency with CP symmetry, validating the treatment of the instrumental effects.

6 Branching ratio measurement

The branching fraction of the B0
s → J/ψK∗0 decay is measured relative to the topologically

similar and CKM-favoured decay B0 → J/ψK∗0, which acts as a normalisation channel. This
relative measurement strategy, identical to that used in ref. [17], allows for the cancellation
of several systematic uncertainties.

6.1 Measurement strategy

The ratio of branching fractions is given by

B(B0
s → J/ψK∗0)

B(B0 → J/ψK∗0) =
NB0

s→K∗0

NB0→K∗0
× εB0

εB0
s

× fd

fs
, (6.1)

where NB0
s→K∗0 (NB0→K∗0) is the yield of signal (normalisation) decays originating purely

from the P-wave K∗0(K∗0) resonance, εB0
s

(εB0) is the corresponding total efficiency, and
fd/fs is the ratio of fragmentation fractions [42].

The yields NB0
s (B0) obtained from the mass fit (section 4) include contributions from

all partial waves. Similarly, the efficiencies ε′B0
s (B0) estimated from simulation are based on

the generator-level angular distributions. Corrections are therefore required, following the
method detailed in ref. [17]. A factor FP

decay corrects the fitted yield to obtain the P-wave
yield (NB→X = NB × FP

decay), and a factor cdecay corrects the simulation-based efficiency to
account for the differences between the true angular distribution of the data and that used in
the simulation. Thus, the overall efficiency is ε = ε′ × cdecay, where ε′ accounts for detector
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acceptance and reconstruction efficiencies, and cdecay accounts for angular mismodelling.
Combining these, the relative branching fraction becomes

B(B0
s → J/ψK∗0)

B(B0 → J/ψK∗0) =
NB0

s

NB0
×
ε′B0

ε′B0
s

× ζB0

ζB0
s

× fd

fs
, (6.2)

where the combined angular correction factor is ζ ≡ cdecay/F
P
decay. The explicit calculation

of FP
decay and cdecay using results from the angular analysis is detailed below. The absolute

branching fraction for B0
s → J/ψK∗0 is subsequently obtained using the result from the Belle

measurement [59] for B(B0 → J/ψK∗0), detailed in section 7.2.

6.2 Relative efficiencies from simulation

The ratio of total efficiencies, ε′B0/ε′B0
s
, accounting for geometrical acceptance as well as

trigger, reconstruction, and selection efficiencies, is determined using the corrected simulation
samples described in section 2. It is determined separately for each data-taking period and
then averaged, weighted by the measured signal yields per period. The average efficiency
ratio obtained is

ε′B0

ε′B0
s

= 0.943± 0.006,

where the uncertainty is statistical only.

6.3 Corrections from angular analysis

The angular correction factors depend on the measured transversity amplitudes and acceptance
weights ξk. Following the methodology described in ref. [17], the fraction of the fitted yield
corresponding to the P-wave component is given by

FP
decay =

∑6
k=1 ξkak∑10

k=1 ξkakCk

, (6.3)

and the efficiency correction factor, accounting for differences between the angular distribution
measured in data and that used in the simulation, is

cdecay =
∑6

k=1 ξkak(A⃗data)∑6
k=1 ξkak(A⃗sim)

. (6.4)

In these expressions, ak are the amplitude products (listed in table 1) evaluated using
the measured amplitudes, and Ck incorporates the interference factors, with Ck = 1 for
diagonal terms and Ck = CSP for S-P interference. For the efficiency correction factor
cdecay, the numerator is evaluated using the amplitudes measured from data (A⃗data), while
the denominator uses the amplitudes assumed in the simulation (A⃗sim). The acceptance
weights ξk are determined once from the simulation sample and are the same in both the
numerator and denominator.

These factors are calculated separately for the B0
s and B0 channels using their respective

angular fit results. The ratio of the combined factors required for eq. (6.2) is determined as

ζB0

ζB0
s

= 1.015± 0.034 (stat) ± 0.017 (syst).
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The first uncertainty is statistical, propagated from the angular fit uncertainties, and the
second is systematic, obtained by propagating the systematic variations of the angular
parameters evaluated in section 7.1. With all components for the calculation of the relative
branching fraction (eq. (6.2)) determined, the results are presented in section 7.2.

7 Results and uncertainties

This section presents the results of the angular analysis and the branching fraction measure-
ment based on the Run 2 dataset. The determination of statistical and systematic uncertainties
follows standard procedures, similar to those described in the Run 1 analysis [17], adapted
for the specific conditions and models used here.

7.1 Angular and CP -violation parameters

The central values for the P-wave and S-wave parameters are determined from the simultane-
ous angular fit described in section 5. The main results for the P-wave parameters from the
Run 2 dataset are presented below. Detailed results for the S-wave parameters, determined
per mKπ bin, and the full breakdown of systematic uncertainties for all parameters, are given
in tables 3 and 4. Figure 2 shows the projection of the fit onto the background-subtracted
data. The full correlation matrix for the fitted parameters is provided in appendix A.

7.1.1 Run 2 P-wave polarisation fractions and CP asymmetries

The P-wave polarisation fractions obtained from the Run 2 data, averaged over the mKπ

range, are

f0 = 0.534 ± 0.012 (stat) ± 0.009 (syst),
f∥ = 0.211 ± 0.014 (stat) ± 0.005 (syst).

The corresponding direct CP asymmetries for the P-wave components, also averaged over
the mKπ range, are measured to be

ACP
0 = 0.014 ± 0.029 (stat) ± 0.007 (syst),

ACP
∥ = −0.055 ± 0.065 (stat) ± 0.007 (syst),

ACP
⊥ = 0.060 ± 0.057 (stat) ± 0.016 (syst).

These CP asymmetries are consistent with zero. The phases δ∥ and δ⊥ are also determined
and presented in table 3.

Statistical uncertainties are determined using a bootstrap method [56], where the entire
analysis chain is repeated on multiple datasets resampled from the original data. Systematic
uncertainties are obtained by considering variations in the analysis procedure, modelling
assumptions, and external inputs. Individual systematic uncertainties are assumed to be
uncorrelated, and the total systematic uncertainty is calculated as the quadratic sum of these
contributions. The main sources considered are summarised below, grouped according to
their origin. Detailed contributions for each parameter are listed in tables 3 and 4.
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Figure 2. Projections of the angular fit result onto the helicity angles (top left) cos θK , (top right)
cos θµ, and (bottom) ϕh for the background-subtracted B0

s → J/ψK∗(892)0 data sample (black points
with error bars), summed over all subsamples. The overall fit model (red solid line) is shown, along
with its P-wave (blue dashed) and S-wave (orange dotted) components. Interference terms between
S- and P-wave, which are part of the total fit model, are not explicitly shown but contribute to the
overall shape; their effect can lead to regions where individual wave components appear to exceed the
total fit projection.

7.1.2 Systematic uncertainties related to the mass fit

These uncertainties affect the calculation of the sPlot weights and consequently propagate
to the angular analysis, influencing the measurement of angular parameters.

Mass fit model. Assessed by repeating the analysis using alternative PDF shapes (Hypatia
function for signal peaks [60], Chebyshev polynomial for background) for the mass fit
(section 4).

Peaking backgrounds. Determined by varying the yields of the statistically subtracted
peaking backgrounds (section 3.2) within their uncertainties (±3σ).

Exotic contributions. The potential impact of exotic state contributions, such as
Tcc1(4200)± and Tcc1(4430)± produced in B → Tcc1K (Tcc1 → J/ψπ) decays [61],
which yield the same final-state particles as the signal, is estimated using the B0 control
channel. An additional selection cos θK > −0.6 is applied to the B0 sample, designed
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empirically to suppress such contributions. The systematic uncertainty assigned to the
corresponding B0

s analysis results is taken as the maximum deviation observed in the
B0 parameters due to this selection.

Mass-angle correlations. Potential biases from residual correlations between
m(J/ψK−π+) and helicity angles are primarily evaluated by performing the
mass fit in five bins of cos θµ . Correlations with the other helicity angles, cos θK and
ϕh, are found to be negligible, and their potential effects are neglected.

7.1.3 Systematic uncertainties related to the angular analysis

These uncertainties arise from the angular fitting procedure, the inputs to the fit, and
the modelling of the angular distributions. They directly impact the determination of the
polarisation fractions, phase differences, and CP asymmetries.

Simulation sample size Estimated by bootstrapping the simulation samples used to cal-
culate the acceptance normalisation weights (ξk).

CSP factor. Assessed by varying the CSP values based on different lineshape models for the
interfering S- and P-waves, following the procedure in ref. [17].

D-wave contribution. Estimated using pseudoexperiments generated with a small D-wave
component (found to be ∼ 0.4% on average from a fit to data) and fitted with the
baseline model.

CP violation in δk phases. Evaluated by allowing for potential differences between the δk

phases for B0
s and B0

s decays (∆δk ≡ δk(B0
s )− δk(B0

s) ̸= 0) for the P-wave components
in a variant fit.

Simulation corrections. Assessed by comparing results using the baseline simulation cor-
rections (section 5.2, kinematic reweighting primarily from B0 mesons) versus corrections
derived directly using only B0

s samples.

Fit model bias. Checked using pseudoexperiments generated according to the baseline fit
result and fitted with the same procedure.

External CP asymmetries. Uncertainties from the measured production and instrumental
asymmetries (AP, AD, APID) are propagated to the physics CP asymmetries ACP

k .

7.2 Branching fraction

Substituting the ratio of fitted yields NB0
s
/NB0 (section 4), the efficiency ratio ε′B0/ε′B0

s

(section 6.2), the angular correction ratio ζB0/ζB0
s

(section 6.3), and the hadronisation
fraction ratio fd/fs = 3.939± 0.123 [42] into eq. (6.2), the relative branching fraction for
the Run 2 dataset is found to be

B(B0
s → J/ψK∗0)

B(B0 → J/ψK∗0) = (3.08± 0.11 (stat) ± 0.06 (syst) ± 0.10 (fd

fs
))%.
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Parameter ACP
0 ACP

∥ ACP
⊥ f0 f∥ δ∥ δ⊥

Measured value 0.014 −0.055 0.060 0.534 0.211 2.879 0.057
Statistical uncertainty 0.029 0.065 0.057 0.012 0.014 0.085 0.065
Mass fit model 0.001 — — 0.001 — — 0.001
Peaking bkg. — 0.001 — — — 0.002 0.001
Exotics pollution 0.003 0.001 0.003 0.004 0.002 0.012 0.012
Mass–cos θµ correlation 0.002 — 0.004 0.002 0.001 0.005 0.002
Ang. Acc. (Sim. size) 0.001 0.004 0.004 0.001 0.001 0.005 0.004
CSP factor — 0.002 0.001 — 0.001 0.003 0.005
D-wave contribution 0.005 0.002 0.014 0.001 — 0.001 0.003
∆δk ̸= 0 — — — — — 0.004 0.003
Simulation corrections — 0.004 — 0.008 0.004 0.009 0.010
Bias in model 0.001 0.001 — 0.001 0.001 0.001 0.001
External CP asym. 0.002 0.002 0.002 — — — —
Quadratic sum of syst. 0.007 0.007 0.016 0.009 0.005 0.018 0.018
Total uncertainty 0.030 0.066 0.059 0.015 0.015 0.087 0.068

Table 3. Summary of results and uncertainties for P-wave parameters obtained in B0
s → J/ψK∗0

decays, from the Run 2 data analysis. Central values and statistical uncertainties are from the baseline
fit. Systematic uncertainties from different sources are listed, along with their quadratic sum. The
total uncertainty is the quadratic sum of statistical and total systematic uncertainties. The phases are
shown in radians. Values below 5× 10−4 are indicated by “—”.

The statistical uncertainty combines contributions from the yields and the ratio of the
angular correction factors. The systematic uncertainty includes contributions from the fit
model variations and the angular-correction ratio. The uncertainty labelled fd

fs
is due to the

hadronisation fraction ratio. The dominant systematic uncertainties on the relative branching
fraction originate from the choice of mass fit models (section 7.1.2) and the propagation of
uncertainties from the angular analysis parameters (evaluated in section 7.1) via the correction
factor ratio ζB0/ζB0

s
(defined in section 6.3). Other potential systematic uncertainties are

found to largely cancel in the ratio.
The absolute branching fraction B(B0

s → J/ψK∗0) from the Run 2 dataset is obtained
by multiplying the relative branching fraction measured above by an external value for
the branching fraction of the normalisation channel, B(B0 → J/ψK∗0). For consistency
with the amplitude analysis approach used here and in the previous LHCb measure-
ment [17], which explicitly separates partial waves but without explicit consideration of exotic
states such as Tcc1 resonances, the result from the Belle collaboration [59] is used instead
of the PDG average [36], B(B0 → J/ψK∗0)Belle = (1.29± 0.05 (stat) ± 0.13 (syst))× 10−3.
As this measurement was performed at the Υ (4S) resonance assuming equal production
fractions f00 = f+− = 0.5, a correction is needed because the measured production
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Parameter ACP
S

mbin0
Kπ mbin1

Kπ mbin2
Kπ mbin3

Kπ

FS δS FS δS FS δS FS δS

Measured value 0.081 0.420 −0.557 0.076 0.556 0.083 1.376 0.243 1.861
Statistical uncertainty 0.085 0.096 0.110 0.019 0.161 0.023 0.075 0.057 0.083
Mass fit model 0.002 0.001 0.005 — 0.003 0.001 0.004 0.001 0.002
Peaking bkg. 0.001 0.002 0.003 — — — 0.003 0.001 0.005
Exotics pollution 0.001 0.002 0.006 — 0.008 0.001 0.005 0.007 0.019
Mass–cos θµ correlation 0.015 0.042 0.037 0.001 0.003 0.006 0.003 0.008 0.004
Ang. Acc. (Sim. size) 0.007 0.008 0.008 0.001 0.012 0.002 0.005 0.004 0.006
CSP factor 0.001 0.012 0.052 0.004 0.001 0.003 0.001 0.003 0.006
D-wave contribution 0.018 0.001 0.016 0.002 0.002 0.002 0.001 0.002 0.001
∆δk ̸= 0 0.001 0.002 0.001 — 0.002 — — 0.003 0.002
Simulation corrections — 0.051 0.011 0.002 0.003 0.002 0.009 0.018 0.060
Bias in model 0.002 0.003 0.017 0.003 0.006 0.001 0.003 0.001 0.003
External CP asym. 0.002 — — — — — — — —
Quadratic sum of syst. 0.024 0.068 0.070 0.006 0.017 0.007 0.013 0.022 0.064
Total uncertainty 0.088 0.118 0.131 0.020 0.162 0.024 0.076 0.061 0.104

Table 4. Summary of results and uncertainties for S-wave parameters obtained in B0
s → J/ψK−π+

decays, from the Run 2 data analysis. Central values and statistical uncertainties are from the baseline
fit. Systematic uncertainties from different sources are listed, along with their quadratic sum. The
total uncertainty is the quadratic sum of statistical and total systematic uncertainties. The phases are
shown in radians. Values below 5× 10−4 are indicated by “—”.

ratio R+/0 ≡ f+−/f00 = Γ(Υ (4S) → B+B−)/Γ(Υ (4S) → B0B0) = 1.052± 0.031 [8] devi-
ates from unity. The correction factor is calculated as C = (1 +R+/0)/2 = 1.026± 0.016.

Using this correction factor, the absolute branching fraction for the signal decay from
the Run 2 dataset is determined as

B(B0
s → J/ψK∗0) = B(B0

s → J/ψK∗0)
B(B0 → J/ψK∗0) × C × B(B0 → J/ψK∗0)Belle

= (4.07± 0.15 (stat) ± 0.07 (syst) ± 0.13 (fd

fs
)± 0.45 (BB0))× 10−5.

The uncertainties are ordered as: statistical, systematic, from fd/fs, and from other external
inputs. This result is consistent with the previous LHCb measurement [17] and the current
world average [36].

8 Combination with LHCb Run 1 results

The results obtained in this analysis (section 7) are consistent with the previous LHCb
measurements using the Run 1 dataset [17]. A combination of the Run 1 and Run 2 results
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is performed using the Best Linear Unbiased Estimator (BLUE) method [62], taking into
account correlations between uncertainties.

For the angular parameters, statistical uncertainties are treated as uncorrelated between
the two datasets. Systematic uncertainties related to shared theoretical inputs or method-
ologies (e.g. CSP factor modelling, external asymmetry evaluations) are considered 100%
correlated, while dataset-specific uncertainties (e.g. simulation sample size, fit model choices
specific to Run 1 or Run 2, background modelling) are treated as uncorrelated. The combined
results for the P-wave polarisation fractions and CP asymmetries are

f0 = 0.528 ± 0.011 (stat) ± 0.009 (syst),
f∥ = 0.205 ± 0.012 (stat) ± 0.005 (syst),
ACP

0 = 0.021 ± 0.026 (stat) ± 0.007 (syst),
ACP

∥ = −0.073 ± 0.060 (stat) ± 0.007 (syst),
ACP

⊥ = 0.057 ± 0.049 (stat) ± 0.014 (syst).

For the branching fraction combination, the relative measurement
B(B0

s → J/ψK∗0)/B(B0 → J/ψK∗0) from Run 1 [17] is updated before being used.
It was originally reported as (2.99± 0.14 (stat) ± 0.12 (syst) ± 0.17 (fd

fs
))%, depended on

an older determination of the hadronisation fraction ratio [63]. Since the measurement
scales with fd/fs, this Run 1 result is recalculated using the latest value appropriate
for Run 1 conditions, fs/fd = 0.2387± 0.0075 [42]. This recalculation yields an updated
Run 1 branching fraction ratio of (3.24± 0.15 (stat) ± 0.13 (syst) ± 0.11 (fd

fs
))%, which is

used in the combination presented below.
The updated Run 1 value is combined with the Run 2 result from section 7.2 using

the BLUE method. Statistical uncertainties are treated as uncorrelated. The systematic
uncertainty arising from the external fd/fs ratio is treated as 100% correlated, while other
systematic uncertainties specific to each analysis are assumed uncorrelated. The combined
relative branching fraction is found to be

B(B0
s → J/ψK∗0)

B(B0 → J/ψK∗0) = (3.12± 0.09 (stat) ± 0.06 (syst) ± 0.10 (fd

fs
))%.

The combined absolute branching fraction is obtained by multiplying this ratio by the
corrected Belle branching fraction for the normalisation channel (defined in section 7.2),
and is determined as

B(B0
s → J/ψK∗0) = (4.13± 0.12 (stat) ± 0.07 (syst) ± 0.14 (fd

fs
)± 0.45 (BB0))× 10−5.

9 Conclusions

This paper presents an angular analysis of the B0
s → J/ψK∗(892)0 decay, performed using

pp collision data collected by the LHCb experiment at
√
s = 13TeV during 2015–2018,

corresponding to an integrated luminosity of 6 fb−1. The P-wave polarisation fractions and
direct CP asymmetries, presented in section 7.1.1, along with S-wave parameters and the
branching fraction (section 7.2), significantly improve upon previous measurements. The
measured CP asymmetries are consistent with zero within uncertainties.
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Combining these Run 2 results with those from Run 1 [17], as detailed in section 8, yields
the most precise determinations to date of the angular parameters and the relative branching
fraction B(B0

s → J/ψK∗(892)0)/B(B0 → J/ψK∗(892)0)). The combination also provides
an updated value for the absolute branching fraction, determined using external input for
the normalisation channel from the Belle collaboration [59]. These precise results provide
crucial inputs for constraining penguin contributions to the CP -violating phase ϕs measured
in b→ ccs decays. However, as established in the previous analysis of this channel [17], a
quantitative constraint based solely on B0

s → J/ψK∗0 decays remains limited by theoretical
uncertainties in the hadronic form factors. The full benefit of the improved experimental
precision will therefore only be realised in a future combined analysis that also incorporates
results from SU(3)-partner decays, such as B0 → J/ψρ0. Continued improvements in
experimental precision with larger datasets at LHCb are anticipated to further refine these
constraints and enhance the sensitivity to potential new physics in the B0

s meson system.
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Table 5. Statistical correlation matrix for the physics parameters in the angular fit on B0
s → J/ψK∗0

decays. The S-wave fraction and phase are allowed to vary freely in each of these mKπ bins. These
bin-dependent parameters are denoted using superscripts indicating the bin range, for example,
F 826−861

S and δ826−861
S represent the S-wave fraction and phase, respectively, in the first mKπ bin

covering the range 826 to 861MeV/c2.
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