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1 Introduction

Decays mediated by the b— s¢*¢~ quark transition are suppressed in the Standard Model (SM)
due to the absence of flavour changing neutral currents (FCNCs) at tree level. Contributions
from physics beyond the SM (BSM) can cause deviations of various observables from their
SM expectation values. Previous studies of b — su™pu~ transitions have revealed tensions
with SM predictions in branching fractions [1-4] and angular observables [5-10]. In particular,
a long-standing anomaly has been found in measurements of the differential branching



fraction [4] and angular observables of the B® — K*°u* ;= decay mode [8].] This set of
anomalies is typically interpreted, within an effective field theory approach, as a modification
of the effective coupling corresponding to the vector leptonic current operator, known as
the Wilson coefficient C'é” ) [11-14]. In addition, recent tests of lepton flavour universality
(LFU) in BH? — K+ *9/*/~ decays, where ¢ = e, i, indicate that LFU is respected by
the measured ratios of branching fractions [15, 16]. Taken together, these results could
be explained by a lepton-flavour-universal BSM contribution or by unexpectedly large SM
hadronic effects [17-22]. In particular, contributions from four-quark operators which produce
a pair of leptons via the coupling to the electromagnetic current can result in a shift of
the Cy Wilson coefficient. Significant effort has been made to quantify the impact of these
contributions on the measured observables [12, 13, 21-25]. Recently, B® — K*%u"u~ decays
have been reanalysed using a data-driven approach to explicitly model hadronic effects [26-28].
The results of these analyses indicate that the tension seen in the existing measurements
cannot be fully explained by nonlocal hadronic contributions. This motivates the angular
analysis of B — K*Yete™ decays, which would allow for a test of LFU using angular
observables. The results of this test could provide additional information to distinguish LFU
BSM contributions from SM hadronic effects [29-31].

This paper presents an angular analysis of the B — K*%eTe™ decay in the central region
of the dilepton invariant mass squared (¢?) of 1.1-6.0 GeV?/c?, using proton-proton (pp) data
collected by the LHCb experiment corresponding to an integrated luminosity of 9fb~!. The
symbol K*? refers to the vector meson K*(892)Y, which is reconstructed in the K*7~ final
state. The data were collected at centre-of-mass energies of 7 and 8 TeV in 2011 and 2012,
respectively (Runl), and at 13 TeV in the years from 2015 to 2018 (Run2), which are split, for
the purpose of this analysis, into the periods of 2015-2016 (Run2p1l) and 2017-2018 (Run2p2).

The BY — K*%¢Te~ decay rate can be described using ¢ and the angles 6y, 0 and ¢.
Here, 0, is defined as the angle between the e™ (e™) direction in the dielectron rest frame
and the direction of the dielectron in the BY (B°) rest frame, 0k is the angle between the
kaon direction in the K*0 (K*°) rest frame and the direction of the K*° (K*) meson in
the BY (B) rest frame, and ¢ is the angle between the decay planes of the K*0 (K*Y) and
the dielectron system in the BY (B°) rest frame [32]. Averaging over the differential decay
rates I' and T of B and B" mesons, the angular distribution of the final-state particles
for a given ¢? region can be expressed as
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!The inclusion of charge-conjugate processes is implied throughout the paper.



Here F7, is the fraction of longitudinally polarised K*° mesons, Apg is the forward-backward
asymmetry of the dielectron system, and S;, with ¢ = 3,4,5,7,8 and 9, are CP-averaged
S-basis observables as discussed in refs. [33, 34]. In addition to the resonant K** (P-wave),
the reconstructed K7~ system can also originate from a nonresonant decay, or from the
decays of scalar resonances. These S-wave contributions modify the angular distribution, and
can be described by introducing six additional terms to eq. (1.1) [35]. Nevertheless, given
the limited signal yield in the studied data sample, the S-wave contributions are neglected
and treated as a source of systematic uncertainty (section 7). The S-basis observables can
be used to construct a set of optimised P-basis observables [36], for which the B® — K*0
form-factor uncertainties cancel at leading order [37]. These are given by
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Finally, the differences of the angular observables between the muon and electron channels
Qi = Pi(“ ) Pi(e) can be determined to directly test LFU in the angular distributions of
the decays, as they are expected to be close to zero in the SM [29]. Information from the
muon channel is extracted from data samples analysed in ref. [8], which is comprised of data
recorded by the LHCb detector in Runl (3fb~!), and 2016 (1.7fb™1).

The angular observables of B — K*0ete™ decays have been measured by the LHCb
collaboration in the low-¢? region of 0.0008-0.257 GeVQ/ c*. They strongly constrain the
Wilson coefficient C% to SM expectations [38]. In addition, the observables P; and P}
have been measured by the Belle collaboration for the decays B+? — K*T*0¢+¢~ (where
¢ = e,p) in different bins of ¢? in the 0.1-19.0 GeV?/c* [39] range, including the central-¢?
bin of 1.0-6.0 GeV?/c*. The same analysis also determined @4 and @5, and obtained results
consistent with SM predictions.

Electron reconstruction at LHCbD is challenging due to substantial energy loss caused
by photon emission. While part of the lost energy can be recovered using a dedicated
algorithm [40], some degradation of the momentum resolution, and therefore of the invariant
masses of the dielectron and B candidates, cannot be avoided. This leads to large background
contamination, which complicates the signal extraction. Consequently, the angular observables
are only determined in a large ¢® region with sufficient signal yield. Moreover, there are
significant differences between the measured ¢? and the true ¢2, for which SM predictions are
calculated. To minimise these differences, the constrained ¢? is used to define the measurement
region. This quantity is determined from a fit of the decay chain in which the B° candidate
is constrained to originate from its associated primary vertex (PV) and its invariant mass is
constrained to the known mass of the B meson [41]. In addition, the signal simulation is used
to parametrise the relationship between the reconstructed angles and ¢? and their true values



(section 4). The use of the constrained ¢? also reduces contamination from the radiative tail
of the J/1 resonance. This allows the same analysis strategy to be applied directly to a
larger ¢° region of 1.1-7.0 GeV2/ c*. The results of the additional measurement in this larger
q? region are reported in appendix A. The decay of B — K*0.J/¢)(— ete™), selected within
the ¢®> window of 7.0-11.0 GeVQ/ ¢, is used as a control mode to reduce differences between
simulation and data at various stages of the analysis.

The structure of the paper is as follows. Section 2 describes the experimental apparatus
and the production of simulation samples. Section 3 details the reconstruction and selection of
B? — K*%¢Te™ decays. The method used to correct the measured angular and ¢? distributions
of the signal is explained in section 4. Section 5 introduces the main background components
present in the data sample and describes the methods used to parametrise them. Section 6
discusses the angular fit. Section 7 describes and quantifies the various sources of systematic
uncertainties. The results of this analysis are shown and discussed in section 8. The
conclusions are presented in section 9.

2 The LHCDb detector

The LHCD detector [42, 43] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks. The detector in-
cludes a high-precision tracking system consisting of a silicon strip vertex detector surrounding
the pp interaction region [44], a large-area silicon-strip detector located upstream of a dipole
magnet with a bending power of about 4 T'm, and three stations of silicon-strip detectors and
straw drift tubes [45, 46] placed downstream of the magnet. The tracking system provides a
measurement of the momentum, p, of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a track to a PV,
the impact parameter (IP), is measured with a resolution of (15+ 29/pr) pm, where pr 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) [47]. Photons, electrons and hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic calorimeter (ECAL) and a
hadronic calorimeter [48]. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [49]. The online event selection is performed by a
trigger [50], which consists of a hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which applies a full event reconstruction.

The hardware electron trigger requires the presence of an ECAL cluster corresponding
to a transverse energy deposition that exceeds a threshold of around 2-3 GeV, which varies
depending on the data-taking period. In addition, the presence of hit(s) in the preshower
detector and at least one hit in the scintillating-pad detector in front of the ECAL cluster
are required. Events are retained if at least one electron fulfils the electron hardware trigger
requirements. Alternatively, they are retained if one or more particles from the rest of the
event, identified as muons, electrons or hadrons, satisfy their respective trigger requirements.
These particles may originate from the decay of the other b-hadron from the bb pair produced
in the pp collision that leads to the signal decay. At the software trigger stage, events
are retained based on the presence of a two-, three- or four-track secondary vertex that is



significantly displaced from any PV, and at least one high-momentum track that has a large
IP with respect to all PVs in the event. Multivariate algorithms [51, 52] are used for the
identification of secondary vertices that are consistent with b-hadron decays.

Simulation is required to model the effects of the detector acceptance, selection require-
ments and resolution, as well as the signal and background distributions. In the simulation,
pp collisions are generated using Pythia [53] with a specific LHCb configuration [54]. Decays
of unstable particles are described by EvtGen [55], in which final-state radiation is generated
using PHOTOS [56]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [57] as described in ref. [58]. Data-driven
corrections are applied to the simulation to improve the modelling of particle identification
(PID) variables, trigger efficiency, track multiplicity per event and the kinematic properties of
the B? meson. The PID variables are corrected using calibration samples consisting of decay
modes that can be selected without the use of PID information [59, 60]. Corrections to trigger
efficiencies are subsequently applied using per-event weights obtained via a tag-and-probe
approach [61]. Finally, a multivariate boosted decision tree reweighter [62] is trained using
simulated control-mode decays and background-subtracted B® — K*.J/¢)(— eTe™) data
to reduce simulation-data differences for quantities related to the track multiplicity of the
event, the kinematics of the B® meson and the PV and B® decay-vertex (DV) fits. An
alternative simulation produced without running PHOTOS and the subsequent simulation
of the detector (generator-level simulation), which only contains the effect of the physics
model, is also used in the parametrisation of the functions that correct for distortions of
the signal distributions (section 4).

3 Reconstruction and selection

Signal candidates are reconstructed by combining pairs of oppositely charged tracks identified
as electrons, with K*° candidates. The electron tracks are required to form a good-quality
vertex and to have pr > 500 MeV/c and p > 3000 MeV/c. The K** candidates are recon-
structed from oppositely charged tracks, identified as pions and kaons, with pp > 250 MeV/ec.
Their invariant mass must lie within £100 MeV/c? of the known K*Y mass [41]. All tracks
are required to be of good quality, and inconsistent with originating from any PV. For events
with multiple PVs, the one with the smallest x%, defined as the difference in y? between
the PV fit with and without the B? candidate, is associated with the B? candidate. The
four tracks must form a good-quality vertex that is significantly displaced from any PV. The
cosine of the direction angle, which is defined as the angle between the momentum vector of
the B? candidate and the displacement vector from its PV to its DV, is required to be close to
one. The kaon, pion and electron candidates are required to be within the acceptance of the
RICH detectors. The electron candidates are also required to be within the acceptance of the
ECAL, and therefore have associated energy clusters. To reduce instances of partly or fully
duplicated tracks, minimum values are imposed on the angles between pairs of final-state
particle tracks associated with the BY decay. To exclude phase-space regions where the
acceptance is not well modelled due to the nonuniform generator-level distribution or very low
selection efficiency, candidates with |cos 6| < 0.9 and cosfx < 0.9 are removed (section 4).



Two types of PID variables are used for background suppression, as was done in refs. [15,
16]. The first type of variables is the difference in log-likelihoods between particle hypotheses
x and the pion hypothesis (DLL,,), which uses information from the RICH, calorimeter and
muon systems to quantify the likelihood of a track being associated with particle x, such as a
proton, kaon or electron, relative to its likelihood of being associated with a pion. The second
is the output of artificial neural networks trained using information from all subdetectors,
which can be interpreted as the probability of a track to be associated with particle x
(ProbNNz). The misidentification of pions as kaons is suppressed by a minimum requirement
on DLLg . Additionally, combinations of ProbNNK, ProbNNp and ProbNN7 are used to
suppress proton-to-kaon misidentification and the misidentification of kaons and protons as
pions. Electron misidentification is suppressed via requirements on DLL., and ProbNNe.

Specific sources of backgrounds are suppressed using dedicated selection requirements (ve-
toes). Vetoes detailed in refs. [15, 16] are used to suppress BY — ¢(— KT K~ )ete™ decays with
kaon-to-pion misidentification, semileptonic decays such as BY — D°(— K+7~ )7 et v, and
B D~ (= K*(— K*n~ )77 )etv, with pion-to-electron misidentification, B* — KTete™
decays reconstructed with the addition of a random pion track, and B® — K*9.J/y(— ete™)
and BY — K*9(25)(— eTe™) decays with the misidentification of a hadron as an electron
and vice versa. In addition, semileptonic B? decays featuring D; mesons with kaon-to-
electron misidentification are vetoed in analogy to the other semileptonic decays listed above,
and double misidentification of the kaon and pion tracks of a signal decay is reduced by
requiring the DLL g of the kaon to be larger than the DLL g of the pion. The contamination
from Ag — pK~ete™ decays is found to be negligible using simulation. For the control
mode, to suppress the partially reconstructed background which is distributed in a lower
mass range than the signal, an invariant mass is calculated by constraining the BY candidate
to originate from its associated PV and the dielectron invariant mass to the known J/i) mass,
and is required to be larger than 5150 MeV/c2.

After applying the aforementioned requirements, the dominant source of background is
comprised of candidates reconstructed from random tracks. This combinatorial background is
suppressed using Boosted Decision Tree (BDT) classifiers [63]. One BDT is trained for each
run period. Simulated signal decays are used as a proxy for the signal, where the simulation
is corrected to better describe the data, and data candidates with an invariant mass above
5600 MeV/c? are used as the background proxy. To increase the background sample size
available for training, the baseline PID requirements are loosened and the K*° mass window
is enlarged to +200 MeV/c?. The k-folding technique [64] is used with ten folds to make
use of the full simulation and data samples available. Fourteen variables are selected as
inputs to the classifier through an optimisation procedure that systematically examines the
performance of the BDT classifiers trained with different sets of variables. This final set
includes variables related to the B® candidate, namely its pr and X%P, the x2 of the distance
between its PV and DV (x%p), the fit quality of its DV (x3y), the cosine of its direction
angle, and the quality of the constrained kinematic fit of the decay chain (x%rp). The X%y
of the K*¥ candidate and that of the dielectron are also used. The other variables are the
minimum p7 and X12P of the final-state hadrons, and the minimum and maximum pr and
X%P of the two electrons. The threshold on the classifier output is set in order to minimise
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Figure 1. Distribution of ¢?> and B invariant mass of signal candidates in data. Signal de-
cays lie in a vertical band close to the known B® mass (vertical dashed line) [41]. The decays
B? —» K*9J/y(— eTe™) and BY — K*%(25)(— etTe™) have an invariant mass close to that of
the B® meson, and ¢? values close to the square of the known .J/1 and v(2S) masses, respectively
(horizontal dashed lines). They are visible as horizontal bands. The two diagonal bands contain
combinatorial background comprised of genuine J/¢ or 1(2S) mesons combined with random kaon
and pion tracks.

the statistical uncertainty of P.. One threshold is used for all run periods and the same
classifier is used for both the signal and control modes.

The invariant mass of the B? candidate is calculated from a fit to the decay chain where
the BY meson is constrained to originate from its associated PV, and used to separate signal
from backgrounds. The distribution of the invariant mass versus ¢ for the BY candidates is
shown in figure 1 (the analogous distribution for the unconstrained ¢ is shown in figure 17
of appendix B). The number of control-mode candidates that leak into the signal ¢? region is
further reduced by requiring the invariant mass of the B® candidates to lie within the restricted
range of 4900-5700 MeV/c2. A mass window of 45006200 MeV/c? is used for the control mode.

After applying all the aforementioned requirements, less than one percent of the signal
and control-mode events in simulation and data have multiple candidates. In these cases,
one randomly selected candidate is retained.

4 Effective acceptance

The measured distributions of the decay angles and ¢? are distorted by final state radiation,
bremsstrahlung and detector resolution, as well as triggering, reconstruction, and selection
processes. These effects are included in the signal simulation, which is used to obtain an
effective acceptance function that corrects for all distortions simultaneously. First, a function
that describes the generator-level sample is obtained, and is used to assign weights to each
selected candidate in the simulation. The weighted distribution is then parametrised by a
function which represents the effective acceptance. The inverse of the value of this function,
evaluated for each signal candidate, is used as a weight (effective acceptance weight) to correct



the signal distribution. The effective acceptance function obtained in this way depends
on the physics model used in the simulation, which is a source of systematic uncertainty
that is discussed in section 7.

The effective acceptance is parametrised using a sum of Legendre polynomials and
trigonometric functions in terms of the measured angles and ¢, with the latter variable
scaled to the range of —1 to 1:

e(cos Oy, cos O, ¢, ¢%) = Z Chimn L (cos ) Ly (cos 0 ) Fy (0) L (¢%) (4.1)

klmn

where L,(x) is the Legendre polynomial of order a for the variable z, and the F,(¢) term
is given by

o (6) cos m7<;5 if m even, (42)
sin (m—|2-1)¢> if m odd, .

where m is zero or a positive integer. The use of sine and cosine terms for ¢ is motivated by
the Fourier expansion in this angle. The ¢y, coeflicients are calculated through a principal
moments analysis of simulated signal decays, exploiting the orthogonality property of the
Legendre polynomials and trigonometric functions.

These functions are first used to parametrise the generator-level simulation, in terms of
the true angles and ¢2. In this case, orders of five, four, four, and nine are used for cosf,
cos by, ¢ and ¢, respectively. A ¢® range of 0.5-8.0 GeV?/c* is used to avoid pathologies that
can occur near the edges of the range used in the measurement. For the effective acceptance
function, parametrised in terms of the measured angles and ¢2, orders of five, four, four and
three are used to describe the weighted cos @, cosfy, ¢ and ¢? distributions, respectively.
One function is parametrised for each of the three run periods using the corresponding
simulation samples. The one-dimensional projections of the functions used to describe the
generator-level distributions and the effective acceptance are shown in appendix C.

The quality of the parametrisation is checked by comparing the values of the angular
observables obtained by a maximum-likelihood fit of the generator-level simulation using
eq. (1.1), and those from a fit performed to the selected candidates of the signal simulation,
where effective acceptance weights are included. This check is performed separately for
the three run periods, using a k-folding strategy. The results show good retrieval of the
generator-level observable values (appendix C), with residual differences originating mainly
from the imperfect description of some selection requirements, such as the requirements used
to suppress semileptonic B® decays and Bt — Kete™ decays (section 3). The systematic
uncertainty due to imperfect parametrisation is quantified in section 7.

5 Invariant-mass and angular models

The angular observables are determined by fitting the distributions of the invariant mass of
the BY candidate, cos @, cosf; and ¢ weighted with effective acceptance weights. In addition
to the signal component, the fit model includes four sources of background: combinatorial
background; double-semileptonic decays of b-hadrons with two electrons in the final state;



partially reconstructed decays mediated by b— s¢*¢~ transitions with more than two hadrons
in the final state, dominated by BT — K+tnTn~eTe™ decays; and a mixture of b-hadrons
decays with the misidentification of one or more hadrons as electrons, with or without
missing energy.

The signal invariant-mass model is parametrised using simulation, and its peak position
and width are subsequently corrected to match those in data. These corrections are determined
by fitting the invariant-mass distribution of the control mode. Four components are included
in that case: BY — K*VJ/(— ete™) decays, BY — K*VJ/(— eTe™) decays, combinatorial
background, and A) — pK~J/ip(— ete™) decays with proton-to-pion misidentification.

Effective acceptance weights are included in the parametrisation of the invariant-mass
distribution of the signal component, as well as the invariant-mass and angular distributions of
the backgrounds. Different signal invariant-mass models, and background invariant-mass and
angular models are used for each run period with the exception of the misidentified hadronic
background, for which the same model is used for the periods of Run2pl and Run2p2 due to
the limited size of the data samples. The models used to describe the background components
of the signal and control modes are discussed below and illustrated in appendix D.

5.1 Signal and control modes

The signal angular distribution is described by eq. (1.1), and its invariant-mass distribution is
described by the sum of two Crystal Ball functions [65] (DCB) that share common parameters
describing the mean and width of the peak, but have independent power-law tails on opposite
sides of the peak. The impact of photon energy recovery on the signal mass distribution
is significant, therefore separate models are used depending on the numbers of electrons
that receive corrections (zero, one or two). The full mass model is given by the sum of
the three separate contributions.

For the control mode, due to a larger B mass window, additional Gaussian components
are used in the modelling of the contributions where one or both electrons receive corrections
to improve the description of the tails of the distributions. Due to residual differences between
simulation and data, the mean and width parameters determined from simulation are modified
via a shift and a scaling parameter, respectively, which are determined using the control
mode and are subsequently fixed in the signal-mode fits.

5.2 Combinatorial and double-semileptonic backgrounds

Candidates reconstructed using unrelated electron or hadron tracks, hereafter referred to
as the combinatorial background, have smooth, factorisable invariant-mass and angular
distributions, which can be described by the product of an exponential function and three one-
dimensional polynomials. Factorisation holds due to the random nature of this background,
and is only broken in a small phase-space region by the requirements to veto B* — K Tete™
decays, for which a dedicated systematic uncertainty is assigned (section 7).
Double-semileptonic (DSL) decays refer to semileptonic decays of a beauty hadron to a
charm hadron that subsequently decays semileptonically, most often, into a strange hadron.
When the two semileptonic decays produce two electrons, a kaon and a pion in the final state,
the corresponding signal candidate can satisfy all selection requirements. The most important



contribution is expected to originate from the B® — D~ (— K*0(— K*77)e . )eTv. mode,
which has a relatively large branching fraction of O(1073) [41]. Due to the missing neutrinos,
the corresponding invariant-mass distribution can be described by an exponential function.
This makes the separation of combinatorial and DSL backgrounds using mass information
alone challenging. However, the DSL background is characterised by an asymmetric cos 6, dis-
tribution peaking close to one. Contributions from decays such as BY — D (= K*%e~ . )et v,
on the other hand, are negligbly small. The DSL decays cannot be well described by a fully
factorised approach due to non-negligible correlation between cos g and ¢. Therefore this
component is described by eq. (1.1), integrated over cos 6.

Additional background contributions include DSL decays with the misidentification of
one or more final-state particles, or reconstructed with one or more random tracks. Given
the complexity of these backgrounds, a two-step data-driven approach is used, where effective
DSL and combinatorial models are obtained using background B candidates reconstructed
from the KTm~ et~ final state. In the first step, the DSL angular model is obtained
using a sample enriched in DSL decays selected with a stringent BDT requirement and
falling within a lower mass window of 4500-5200 MeV/c?. The cos 6, distribution is modelled
using kernel density estimation (KDE) [66] while cos 0k and ¢ are described by integrating
eq. (1.1) over cos . In the second step, candidates passing the baseline BDT requirement
and lying in the signal mass window are fitted to determine the angular parameters of
the combinatorial background, and the slopes of the exponential mass distributions of the
DSL and combinatorial components. In this fit, the DSL angular parameters are fixed and
polynomials up to second order are used for the three angles. Candidates used in the first
step are excluded from the second. In this way, contributions that show characteristics
intermediate between the combinatorial and DSL backgrounds are split between the effective
DSL and combinatorial background models. The assumption that the ratio and the shapes
of these two contributions are the same for the K™n~"eTe™ and K™n~e™ ™ final states is a
source of systematic uncertainty, which is quantified in section 7.

5.3 Misidentified hadronic decays

Several hadronic decays with the misidentification of kaons or pions as electrons are known
to satisfy the selection criteria [15, 16]. Decays of the type B® — K*7~ (7% +)X, where X
represents any possible final-state particles, can contribute. These predominantly populate the
lower mass region, although some contributions, such as the fully reconstructed, misidentified
decays of B - K**K+K~ and BY — K*%nt7~, peak close to the known mass of the B’
meson. As a result, they cannot be described by the combinatorial model.

The data-driven approach developed in refs. [15, 16] is used to estimate the yields and
determine the model for this type of background. Data samples enriched in misidentified
hadrons are obtained by inverting the baseline electron PID criteria. The region in the
electron PID space defined by these inverted criteria is hereafter referred to as the control
region. These samples contain a mixture of fully reconstructed misidentified decays, partially
reconstructed decays with or without misidentification, combinatorial background, and
residual signal and control-mode decays. Yield ratios are calculated in regions of transverse
momentum and pseudorapidity using the number of kaon and pion candidates from PID
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calibration samples that are within the control and baseline regions. The resulting maps,
or transfer functions, are used to extrapolate the yields and distributions of this type of
background in the baseline region.

Residual signal and control-mode decays are present in the control-region sample. The
contribution from signal decays is subtracted using weights based on the yield obtained
from an initial data fit where the misidentified hadronic background component is ignored.
Similarly, control-mode candidates are subtracted based on the yield of the control-mode fit.

Adaptive KDEs from refs. [15, 16] are used to model the invariant-mass distributions
of the control-region candidates. Due to similarities between the angular distributions of
these candidates and that of the effective DSL background, the same functions are also
used in this case: a KDE is used for cosf, and eq. (1.1), integrated over cos 6y, is used
for cosfx and the ¢ angle.

5.4 Partially reconstructed background

The main sources of the partially reconstructed background include decays to heavier kaon
resonances, such as BT — K;(1270)Tete™ or BT — K;(1430)Tete™, where the K;(1270)"
and K3(1430)% mesons decay to a kaon, a pion and one or more additional pions. Due
to the missing particle(s), the reconstructed BY invariant-mass distribution shows a broad
peak centred in the lower mass region.

The relatively large number of contributing kaon resonances motivates the use of a
data-driven approach, where the simulation of BT — KTnTn~ete™ phase-space decays
is corrected using weights obtained from efficiency-corrected and background-subtracted
Bt — Ktrta=J/y(— ptp™) data [15, 16, 67]. These weights are assigned to the simulated
(background) candidates based on their K™nt7n~, K*tn~ and 777~ invariant masses. The
weighted angular and invariant-mass distributions are then used to model the corresponding
background. A KDE is used to model the invariant-mass distribution, and factorised second-
order polynomials are used for the three angles.

5.5 Control-mode backgrounds

Backgrounds of the control mode can be divided into those with an invariant-mass distribution
that can be described by an exponential function, which includes combinatorial, DSL and
partially reconstructed decays, and those that peak close to the known BY mass, dominated by
BY — K*0J/p(— eTe™) and misidentified A) — pK~J/p(— ete™) decays. The BY decays
are suppressed with respect to the BY decays by the ratio of hadronisation fractions, f/fq [41],
and branching fractions. They form a peak centred at the known B? mass. The same model
used for BY — K*0J/i)(— ete™) decays is used to describe this component, with a shift in the
mean value of 87 MeV/c? [41], which corresponds to the mass difference between the BY and
BY mesons. Background from misidentified A(b) decays, which is also subdominant, is modelled
using simulated Ag — pK~J/h)(— eTe™) phase-space decays with data-driven corrections
obtained from background-subtracted A) — pK ~J/y(— ptp~) data [15, 16, 68, 69]. These
weights are assigned to simulated candidates based on their K~ p and J/¢p invariant masses.
Their weighted invariant-mass distribution is modelled using a KDE.
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Figure 2. Invariant-mass and angular distributions of selected candidates after the application
of effective acceptance weights. The signal distribution is shown with a solid blue line, and the
background components are shown with dashed, dotted and dash-dotted lines. The solid black line
corresponds to the full fit function.

6 Invariant-mass and angular fit

A weighted maximum-likelihood fit is performed simultaneously to Runl, Run2pl and Run2p2
data to determine the angular observables. The parameters that describe the signal invariant-
mass distribution and the angular distributions of background components are obtained as
discussed in section 5. Different shift and scaling parameter values are obtained for each
run period from control-mode fits, in which the fractions of B? — K*0J/i)(— ete™) and
misidentified A) — pK~J/ip(— eTe”) decays are fixed to expected values, and the slope
of the combinatorial background is allowed to vary. The result of these fits are shown in
figure 23 of appendix D.

The fractions of signal and DSL decays are allowed to vary freely for each run period,
while those of the misidentified hadronic decays are allowed to vary, but are constrained
based on their expected yields. To improve fit stability, the fraction of partially reconstructed
decays is expressed by the signal fraction multiplied by a factor that is shared among all
run periods and allowed to vary. The sum of all the fractions, including the combinatorial
background, is constrained to be one. The slopes of the combinatorial mass distributions are
allowed to vary separately for each run period. As the fit is performed using weighted events,
the asymptotically correct approach described in ref. [70] is used to calculate uncertainties
on the fitted parameters. The fit projections are shown in figure 2.

The fit strategy is validated by means of pseudoexperiments generated with the baseline
model, using the observables and other parameter values determined from the data fit. The
results show no sizable biases in the angular observables, or significant overestimation or
underestimation of uncertainties. Nevertheless, all biases found are taken into account as
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Source Fy, S3 Sy S5 Arp S7 Sg So
Comb. and DSL backgrounds 0.69 0.37 0.30 0.32 0.45 0.18 0.67 0.29

Part. reco. background 0.21 0.05 0.07v 0.11 0.09 0.04 0.04 0.05
Misid. had. background 0.38 0.25 0.11 0.18 0.15 0.34 0.13 0.14
Effective acceptance 0.39 0.27 0.44 0.43 0.34 053 043 0.23
Signal mass modelling 0.26 0.06 0.07v 0.11 0.12 0.05 0.05 0.06
J /1 backgrounds 0.17 0.04 0.04 0.06 0.14 0.03 0.03 0.05
S-wave component 0.35 0.05 0.13 0.08 0.10 0.16 0.01 0.10
BT veto 0.50 0.13 0.15 0.18 0.24 0.16 0.15 0.12
Fit bias 0.01 0.01 0.03 0.03 0.05 0.01 0.01 0.03
Total 1.13 0.55 0.59 0.62 0.68 0.70 0.82 0.44

Table 1. Summary of the systematic uncertainties on the S-basis angular observables. All values are
given as fractions of the statistical uncertainties.

systematic uncertainties, and the widths of the pull distributions are used to correct the
uncertainties of the data fit.

7 Systematic uncertainties

Sources of systematic uncertainties include the choices made in the modelling of backgrounds,
the determination of the effective acceptance, the description of the signal invariant-mass
distribution, the impact of neglecting backgrounds that contain .J/v mesons and the S-wave
contribution, the impact of the requirements to suppress BT — KTeTe™ decays, and the fit
biases. The effect of all sources is quantified using pseudoexperiments. In most cases, an
alternative model is defined, and pseudoexperiments are generated with this model. Then,
they are fitted with both this alternative and the baseline model, which results in two sets of
observable values. The differences between these values are calculated for each observable and
pseudoexperiment. The systematic uncertainty for a given observable is then obtained from
the sum in quadrature of the mean and Gaussian width of the distribution of the resulting
differences. When fitting with an alternative model proves infeasible, pseudoexperiments
generated with the alternative configuration are fitted using the baseline model only, and
the resulting biases are taken as systematic uncertainties.

Sources of systematic uncertainties for the S- and P-basis observables are summarised
in tables 1 and 2, respectively, where the values correspond to the systematic uncertainties
divided by the statistical uncertainties. They are discussed in detail below.

All sources of systematic uncertainties discussed below are expected to be uncorrelated,
and the total uncertainty is the sum in quadrature of all sources. Correlations may arise
between different observables. The correlation matrix of total systematic uncertainties on
the observables is given in appendix E.

Combinatorial and DSL background modelling. Systematic uncertainties can arise
from different sources, namely the limited size of the K7~ e*u~ data sample, the choice
of the models, and the assumption of factorisation. The impact of the limited sample size
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Source FL P1 Pli P5/ P2 P6/ Pé Pg
Comb and DSL backgrounds 0.69 0.87 0.49 0.61 0.95 0.24 0.81 0.71

Part. reco. background 0.21 0.17 0.14 0.22 0.20 0.06 0.07 0.16
Misid. had. background 0.38 0.57 0.18 0.26 0.34 041 0.17 0.36
Effective acceptance 0.39 0.49 0.52 0.51 0.55 0.62 0.50 0.40
Signal mass modelling 0.26 0.16 0.14 0.18 0.31 0.06 0.06 0.15
J /1 backgrounds 0.18 0.13 0.06 0.11 0.29 0.04 0.04 0.12
S-wave component 0.35 0.10 0.18 0.11 0.29 0.21 0.01 0.20
B™ veto 0.50 041 0.28 0.37 0.52 0.22 0.21 0.37
Fit bias 0.01 0.00 0.04 0.03 0.08 0.02 0.02 0.02
Total 1.14 125 0.84 097 138 0.84 0.99 1.02

Table 2. Summary of the systematic uncertainties on the P-basis angular observables. All values are
given as fractions of the statistical uncertainties.

is studied using bootstrapping techniques [71]. Systematic uncertainties related to model
choice are quantified using alternative models. To examine the impact of the parametrisation
strategy, alternative functions are used to describe both components. For the combinatorial
background, cos @i and cos 6, are described by polynomials up to third order, ¢ is described
using trigonometric terms up to fourth order, and a Gaussian function is used to describe
its invariant-mass distribution. For the DSL background, cos g and ¢ are described by an
unfactorised model consisting of polynomials and trigonometric terms up to second and third
order, respectively, cosfy is described by a parametric model composed of four Gaussian
functions, and a Gaussian function is used to describe its invariant-mass distribution. To
quantify systematic uncertainties related to the use of the K7 e™ ™ sample to model
backgrounds in the K Tr~ete™ final state, for the DSL background, an alternative model
is obtained using simulated B — D~ (— K*%e~i,.)etv, decays. For the combinatorial
background, a different model is obtained via an alternative data fit for cosf, and ¢, and
from the same-sign K Tn~ete® data for cos@x. The impact of the factorisation assumption
is studied using a fully unfactorised model for both backgrounds determined from the
Ktn~etu~ data sample.

Partially reconstructed background modelling. Systematic uncertainties associated
with the partially reconstructed background are relatively small as its contribution is limited
by the narrow signal mass window. Furthermore, given the large sample size available for
parametrisation, the only relevant sources of uncertainties are the parametrisation strategy, the
choice of the physics model, and the assumption of factorisation. The impact of the parametri-
sation strategy is quantified using an alternative model, where the maximum polynomial orders
are increased to three for cos 0k and cos 8y, trigonometric functions up to fourth order are
used for ¢, and a parametric model composed of two Gaussian functions and one exponential
function is used to describe the invariant-mass distribution. The systematic uncertainty asso-
ciated with the choice of the physics model is quantified using an alternative model obtained
from simulated BT — K7(1270)"e™e™ and BT — K}(1430)"eTe™ decays. The impact of the
factorisation assumption is assessed by bootstrapping the BT — K nTn"eTe™ simulation.
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Misidentified hadronic background modelling. Sources of systematic uncertainties
related to the modelling of misidentified hadronic decays include the parametrisation method,
the definition of the control region, the impact of potential dependencies on the event
occupancy, and the size of the control-region sample. The systematic uncertainties of the
parametrisation method is quantified using an alternative parametric model composed of two
Gaussian functions and an exponential function, a model which was used in refs. [15, 16].
Polynomials of up to sixth order are used to describe the cos 6, distribution. For cosfx and
¢, an alternative unfactorised model consisting of a product of polynomials of up to second
order is used. To quantify systematic uncertainties associated with the choice of the baseline
control region, a different electron PID requirement is used. Alternative transfer functions
that depend on the transverse momentum and the number of hits in the scintillating-pad
detector are made to quantify systematic uncertainties associated with potential dependencies
on the event occupancy. The systematic uncertainty related to the size of the control-region
sample is assessed by bootstrapping.

Effective acceptance functions. Sources of systematic uncertainties associated with
the effective acceptance functions include the choice of the polynomial order used in their
parametrisation, the size of the simulation samples used to calculate the coefficients, the
model dependence of the resolution correction, and the strategy used to correct for differences
between simulation and data. These are evaluated using signal-only pseudoexperiments. The
systematic uncertainties associated with the choice of the polynomial order are quantified by
increasing all polynomial orders by three. The impact of the limited size of the simulation
samples is assessed by bootstrapping to produce alternative effective acceptance functions.
To quantify the systematic uncertainties due to the resolution correction, alternative effective
acceptance functions are parametrised after modifying the simulated distributions using
weights that remove the effects of the baseline physics model, and introduce those of the
alternative physics model. Three plausible BSM scenarios are considered: (a) 6Cy = —1,
(b) 6Cy = —6C1p = —0.7 and (c) 60Cy = —1.4. Systematic uncertainties are quantified for
each case separately. The largest uncertainty found in scenarios (a) to (c) for each observable
is taken as the systematic uncertainty. The simulation correction strategy affects the analysis
primarily through the impact of the resulting per-event weights on the shape of the effective
acceptance functions. The approach in refs. [15, 16] is used to quantify systematic uncertainties
associated with the baseline simulation correction strategy. The full set of per-event weights
from this alternative correction strategy is used in the parametrisation of alternative effective
acceptance functions. The limited size of the PID calibration sample for the electron mode
introduces another source of systematic uncertainty. This is quantified using alternative
acceptance functions parametrised with the baseline approach, with the exception that all
PID requirements are made on alternative PID variables obtained by bootstrapping.

Signal invariant-mass model. The invariant-mass distribution of signal candidates is
modelled using DCB functions with shift and scaling parameters determined from the control-
mode fit. This choice, as well as aspects of the control-mode fit and the assumption of
factorisation between invariant mass and angles, are sources of systematic uncertainties. An
alternative model obtained by applying KDE to all signal candidates of each run period is
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used to quantify the systematic uncertainties associated with the parametrisation strategy.
Two alternative sets of shift and scaling parameters are used to quantify the systematic
uncertainties of the baseline choice. The first is obtained by making a control-mode fit
where the requirement used to suppress partially reconstructed background is removed and
additional backgrounds are included. The second is obtained by making a fit in the same
mass range as the signal. The systematic uncertainty due to the imperfect modelling of
invariant-mass distributions in data due to residual simulation-data differences is assessed
using alternative mass models, where these differences are removed using weights. The
assumption of factorisation is broken by electron energy loss, which introduces correlations
between the B? invariant mass and cos . The signal simulation is bootstrapped to quantify
the impact of this assumption.

J/v¢ backgrounds. Two types of backgrounds with distinct invariant-mass and angular
distributions that are neglected in the fit are BY — K*.J/1)(— eTe™) decays that leak into
the signal ¢? region due to significant energy loss, and J/¢ mesons combined with random
kaon and pion tracks. In each case, the impact of neglecting the component is assessed by
generating pseudoexperiments with its inclusion, and fitting them with the baseline strategy.

S-wave component. The angular function used in the fit describes decays where the K7~
system originates from the K*(892)° vector meson, and does not include S-wave related terms.
The impact of neglecting these contributions is assessed using signal-only pseudoexperiments
generated with six additional angular terms, and fitted with and without their inclusion. Fits
are performed to the B® — K*Ou* = candidates from the data samples analysed in ref. [8],
to obtain realistic values for the additional angular observables.

B7 veto. The requirements to veto Bt — Ktete™ decays distort the background dis-
tribution above the known B° mass, and introduce correlations between invariant mass
and cos . Furthermore, due to the removal of events in a region of the phase space, the
distortions caused by this veto cannot be corrected properly using the effective acceptance
functions. To quantify the associated systematic uncertainties, an alternative data fit is made
without this veto, using effective acceptance functions and signal and background models
obtained likewise without it. The result of this fit is used to generate pseudoexperiments,
which are fitted once using the no-veto models and weights. Then, candidates are removed
using binned efficiency values from a histogram model that describes the effect of this veto
in three dimensions (¢?, cosfx and B invariant mass) [26]. The pseudoexperiments are
fitted again using the baseline setup.

Fit bias. The biases found in the validation of the fit strategy using pseudoexperiments
generated with data-fit observable values are all limited in size, with the largest found for P;
at around 8% of the statistical uncertainty. These values are taken as systematic uncertainties.

Summary of systematic uncertainties. The systematic uncertainties, summarised in
tables 1 and 2, are not negligible compared to the statistical uncertainties. For all S-basis
observables, they amount to more than 40% of their statistical uncertainties. The most
affected observable is F1,, which is easily biased by differences in cosfx when changing
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Figure 3. The (left) S- and (right) P-basis angular observables. The overlapping error bars show
statistical and total uncertainties. The orange and hatched purple boxes correspond to SM predictions
based on ref. [14] and refs. [12, 72], respectively.

between the baseline and alternative background models, neglecting correlation between
cos B and BY invariant mass, and differences between the baseline and alternative effective
acceptance corrections for cosfx. The observable App is sensitive to effects that are not
symmetric in cos 8y; in particular, it is biased by the difference between the width of the cos 8,
peak of the baseline and alternative DSL model. Other observables, such as Sy and S5, have
more complex dependencies on the decay angles, and so the impact of one-dimensional effects
is reduced. However, multidimensional effects due to the correlated effective acceptance
functions as well as angular correlations and correlations between angles and BY invariant
mass present for some backgrounds can lead to non-negligible systematic uncertainties. The
P-basis observables, which incorporate Fi, in their definitions, have much larger systematic
uncertainties of over 80% of their respective statistical uncertainties in all cases.

8 Results

The angular observables of B? — K*9¢te™ decays, measured in the ¢ region of 1.1-6.0 GeV?/c?,
are shown in figure 3 together with the SM predictions based on refs. [12, 14, 72]. This is
the most precise measurement of the B — K*ete™ angular observables in the central-g?
region to date, improving the precision on Pj and Pf, previously measured by Belle [39], by
more than a factor of two. The measured observables are broadly in agreement with the
SM predictions, with the largest differences of around 20 found for Fi, and Apg, followed
by differences of around 1.50 for Sg and P§. The numerical results of the fit are given in
table 3, with statistical and systematic uncertainties shown separately, and fit correlation
matrices are reported in tables 13 and 14 of appendix E. Statistical correlations between the
observables are generally small. The largest correlation of around 14% is found between S7
and Sy for the S-basis observables, and 20% between F}, and P, for the P-basis observables.
Correlations between systematic uncertainties are discussed in appendix E.

To determine the LFU observables @);, which are given by the differences between the
P-basis angular observables of the muon and the electron modes [29], the analysis strategy
used in this measurement is applied to the B — K*°u*;~ sample analysed in ref. [8]:
information from the K ~7 system is not used, S-wave and interference terms are neglected,
the acceptance functions are parametrised using trigonometric terms for ¢, and a weighted
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Angular observables
I, 0.58 £0.04 +0.05 Fy, 0.58 +£0.04 + 0.05
Ss —0.004+0.04+0.02 P, —0.00£0.20£0.25
Sy —0.124+0.07+£0.04 P; —0.24+0.15+0.13
Ss —0.08 £0.05+0.03 P, —0.16+0.11+0.11
Apg —0.15+£0.05+0.04 P, —0.23+£0.08+0.12

St —0.08 £0.06 £0.04 P, —0.16+0.11+0.10
Sg 0.13+£0.07+0.06 P 0.26 £0.14 £0.14
So 0.07£0.056£0.02 P; —-0.164+0.11£0.11

Table 3. Values for the (left) S- and (right) P-basis angular observables. The first uncertainty is
statistical and the second is systematic.

| LHCb ABCDMN
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9fb~! [4.7fb7"] § Data
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Or, Q1 Q4 Qs O Qs Qs O3

Figure 4. LFU observables ); calculated using the P-basis angular observables of the muon and
electron modes. The overlapping error bars show statistical and total uncertainties. The SM predictions
(orange boxes) are based on ref. [14].

maximum-likelihood fit is performed to the BY invariant mass and the three decay angles.
The result of this fit is shown in appendix F. After this alignment in the fit strategy, only
the systematic uncertainties of the electron mode need to be considered, as those of the
muon mode are negligibly small in comparison. The (); observables are summarised in
figure 4, and the numerical values are given in table 4. The statistical uncertainties of the @;
observables are obtained by summing the fit uncertainties of the electron and muon modes in
quadrature. Most observables show good agreement with the LFU hypothesis. The largest
difference of around 20 is found for @F, . The individual angular and LFU observables are
shown in figures 5, 6 and 7.

In order to quantify the agreement with the SM and evaluate the constraints imposed
by this measurement on the LFU hypothesis, a global fit to the angular observables is
performed, varying the Cy coefficient, as motivated by refs. [12, 14, 73-75]. The signal decay
amplitudes are parametrised based on ref. [76] with the local form-factor parameters taken
from ref. [77]. Nonlocal hadronic contributions are treated as in refs. [26, 27]; they are
modelled based on their analytic structure [23] by means of a z-expansion truncated at second
order, constrained to their theoretical predictions at ¢?> < 0 [12] and fitted to the binned
angular observables in the physical ¢* range. All local and nonlocal hadronic contributions
are known to be lepton-flavour universal and are therefore shared between the muon and
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LFU observables
Qr,  0.12+0.05+0.05
Q1 —0.10+0.264+0.25
Qs —0.07+0.17+0.13
Qs 0.05 +0.134+0.11
Q2 0.07 +£0.10 £ 0.12
Qs —0.05+0.14+0.10
Qs —0.28+0.17+0.14
Qs 0.224+0.14 +0.11

Table 4. Values for the @; LFU observables given by the differences between the muon and electron
P-basis angular observables. The first uncertainty is statistical and the second is systematic.

electron modes. Finally, the Cy coefficient is varied independently for the BY — K*0ete™
and B® — K*9up~ decay channels. The fit inputs consist of the angular observables in
BY — K*9%¢te~ decays and those measured in the five narrower bins up to 8GeV2/ c* for
B — K*Ou* ;= decays [8]. Figure 8 (left) shows the result of the negative log-likelihood
scan for Cée) and C}g” ), when both coefficients are varied independently. A negative shift in
the values of Cée) of the order of —1 with respect to the SM prediction [78, 79] is required
to describe the measured B® — K*%ete™ angular observables, with a significance above 20,
which is similar to what is found for the muon channel. The correlation between nge) and
Cé” ) is found to be around 40%, indicating a residual correlation between the two results due
to the common choice of the amplitude model. Finally, in order to quantify the compatibility
of the results with the LFU hypothesis, a negative log-likelihood scan of ACy = Cg(,“ ) C’ée)
is made, and shown in figure 8 (right). In this case, since the focus is purely on the detection
of possible LFU-breaking effects, the theoretical inputs of ref. [12] are removed, and only
the differences between the angular observables of the muon and electron channels measured
in the region of 1.1-6.0 GeV?/c* (table 4) are used as inputs. The resulting ACy value is
found to be compatible with zero within one standard deviation, which is fully consistent
with the LFU hypothesis in b— s¢T¢~ transitions.

9 Conclusions

This paper presents an angular analysis of BY — K*%eTe~ decays performed in the central-¢>
region of 1.1-6.0 GeVQ/ ¢ using LHCD pp data collected between 2011 and 2018, corresponding
to an integrated luminosity of 9fb~!. Angular observables are extracted using a weighted
maximum-likelihood fit to the invariant-mass and angular distributions of B® — K*0ete™
decays, where the weights correct for distortions of the signal distribution caused by acceptance
and resolution effects. The results presented here are the most precise to date. Overall, the
set of angular observables show good agreement with the SM predictions. Discrepancies at the
level of 20 are observed for F1, and Appg, which are consistent with the hypothesis of a negative
shift in the value of the Wilson coefficient Cy reported by global analyses of other b— sf™ ¢~
transitions [12, 14, 73-75]. Finally, no strong sign of LFU violation is observed when the
angular observables of the BY — K*%¢Te™ and B® — K**u* 1~ decays are analysed together.
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Figure 5. Measured S-basis angular observables. The orange and hatched purple boxes correspond
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A Large ¢? region analysis

The use of the constrained ¢? variable to define the measurement region suppresses back-
ground from the radiative tail of the B® — K*0J/)(— ete™) mode (figure 18), and allows the
analysis strategy discussed in sections 4 to 6 to be applied directly to the larger ¢ region of
1.1-7.0 GeV?/c?, resulting in a gain in the signal yield of around 20%. The results of the mea-
surement in this extended region are presented and discussed in this self-contained appendix.

Compared to the baseline measurement in the region of 1.1-6.0 GeV?%/c?, the only differ-
ences are the signal and background models, which are obtained from data or simulation
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samples within the extended region. The same effective acceptance functions discussed in
section 4, which are parametrised in the ¢? region of 0.5-8.0 GeV2/ ¢*, are used. The results of
the parameterisation validation are shown in figure 9. The data fit projections are shown in
figure 10. All systematic uncertainties are quantified using the methods discussed in section 7,
and summarised in tables 5 and 6. The measured observable values are displayed in figure 12,
and their corresponding numerical values are given in table 7. The correlations among the
observables are given in tables 9 and 10, for the statistical uncertainties, and tables 11 and 12,
for the systematic uncertainties, respectively.

To calculate the @); observables, a muon-mode fit is performed using the strategy detailed
in section 8, but in the extended ¢? region. The result of this fit is shown in figure 11.
The LFU observables are displayed in figure 13 and given in table 8. Figures showing all
observables individually, including results from both ¢? regions, are given in appendix A.7.

A.1 Validation of the effective acceptance functions

The results of the validation of the effective acceptance parametrisation for the large ¢*
region are shown in figure 9.

§ 0.050 + ‘LHCb‘simula‘tion § 0.050 - LHCb simulation
=4 4 € 1.1-7.0GeV?/c* =} ¢ € 1.1-7.0GeV?/c*
& ! ! ! ! o=
A 0.025 - + i i i i A 0.025 !
0.000 -t iy vy * - 0.000 -+ } * ‘ ‘ ‘
~0.025 F ~0.025 -
Generator levx;.l ‘ i{un2p 1 Generator level Run2pl
—-0.050 + ¢ Runl 4 Run2p2 —0.050 + t  Runl ¢ Run2p2
F. S3 S4 S5 Agg S7 Sg Sy FL P, PA P’5 P, Pg Pé P;

Figure 9. Differences between the observable values found from fits to the signal simulation samples
with acceptance correction weights, and the fit to the generator-level sample (centred at zero) in the
large ¢* region.
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A.2 Fit results in the large g? region

The result of the weighted maximum-likelihood fit performed to the B invariant-mass and
angular distributions of signal candidates selected in the large ¢> region of 1.1-7.0 GeV?/¢!
is shown in figure 10.

T —T T T T T T T T

n L = o
[ LHCb 9! B ey S f LHCh 9!
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—-= Double semileptonic
75 — — Combinatorial B
[ Partially reconstructed
e Misidentification
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1 L= L
5000 5200 5400 5600

Weighted entries / (20.0 MeV /c?)

m(K*r~ete™) [MeV/c? cos O

ol A |

[ LHCbH 9fb!

ies / (0.16rad)

Weighted entries / (0.05)

1o
T
1

cos 0 ¢ [rad]

Figure 10. Invariant-mass and angular distributions of selected candidates in the large ¢? region
after the application of effective acceptance weights. The signal distribution is shown with a solid
blue line, and the background components are shown with dashed, dotted and dash-dotted lines. The
solid black line corresponds to the full fit function.
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A.3 Systematic uncertainties

Systematic uncertainties associated with the observables of the large ¢? region are summarised
in tables 5 and 6.

Source F, S3 Sy Ss  App Sy Sy Sy

Comb and DSL backgrounds 0.67 0.41 0.32 0.42 049 0.16 045 0.31
Part. reco. background 0.20 0.05 0.09 0.12 0.08 0.04 0.04 0.05
Misid. had. background 0.39 0.26 0.11 0.19 0.16 0.36 0.13 0.14
Effective acceptance 043 0.26 048 0.45 0.38 0.55 0.44 0.23
Signal mass modelling 0.26 0.06 0.09 0.12 0.14 0.05 0.056 0.06
J /v backgrounds 0.39 0.06 0.07 0.09 0.32 0.05 0.05 0.09
S-wave component 0.38 0.05 0.16 0.17 0.07 0.17 0.02 0.07
BT veto 0.51 0.12 0.15 0.18 0.27 0.16 0.15 0.11
Fit bias 0.01 0.01 0.03 0.06 0.03 0.02 0.00 0.01
Total 1.20 0.57 0.65 0.72 0.78 0.73 0.67 0.44

Table 5. Summary of the systematic uncertainties on the S-basis angular observables of the large ¢
region. All values are given as fractions of the statistical uncertainties.

Source FL P1 Pi P5/ Pg P6/ P8, P3
Comb. and DSL backgrounds 0.67 0.72 048 0.62 0.71 0.20 0.52 0.57
Part. reco. background 0.20 0.12 0.14 0.21 0.11 0.06 0.05 0.12
Misid. had. background 0.39 048 0.17 0.25 0.29 0.42 0.16 0.28
Effective acceptance 0.43 0.43 0.54 0.51 0.52 0.62 0.49 0.35
Signal mass modelling 0.27 0.13 0.16 0.19 0.24 0.06 0.06 0.12
J /1 backgrounds 0.39 0.15 0.09 0.15 0.64 0.06 0.05 0.18
S-wave component 0.38 0.10 0.23 0.22 0.20 0.22 0.02 0.14
BT veto 0.52 0.30 024 0.33 036 0.19 0.19 0.27
Fit bias 0.01 0.00 0.03 0.07 0.07 0.03 0.01 0.01
Total 1.21 1.04 085 098 1.23 0.84 0.77 0.82

Table 6. Summary of the systematic uncertainties on the P-basis angular observables of the large ¢2
region. All values are given as fractions of the statistical uncertainties.
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A.4 Fit to the B -+ K*%u* = decay

The results of the weighted maximum-likelihood fit performed to the B® — K*utu~
candidates in the unconstrained ¢? region of 1.1-7.0 GeV2/ c* are shown in figure 11.
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Figure 11. Weighted invariant-mass and angular distributions of B® — K*%u% ;= candidates in the

(top two rows) Runl and (bottom two rows) 2016 data samples within the large ¢® region. The signal
distribution is shown with a solid blue line, and the combinatorial background is shown with a dashed

green line. The solid black line corresponds to the full fit function.

A.5 Results for the large g2 region

The angular observables measured in the extended ¢ region of 1.1-7.0 GeV?/c* are summarised

in figure 12, and their numerical values are given in table 7. In general, these values are
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in good agreement with both sets of SM predictions, with differences of around 2¢ or less.

Observables that differ with respect to one (or both) predictions at a level of 1.50 or more
include FL, S5, Pé, AFB: P2 and Sg.
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Figure 12. The (left) S- and (right) P-basis angular observables of the large ¢ region. The
overlapping error bars show statistical and total uncertainties. The orange and hatched purple boxes

correspond to SM predictions based on ref. [14] and refs. [12, 72], respectively.

Angular observables

Iy, 0.58 £0.04 £ 0.05
Ss —0.01 £0.04 £ 0.02
Sy —0.12£0.06 £ 0.04
Ss —0.10 £0.05 £ 0.04
Arg  —0.14£0.05+£0.04
St —0.06 = 0.05 £ 0.04
Sg 0.06 £ 0.06 £ 0.04
So 0.07 £0.04 £0.02

Fr,
Py
Py
P
Py
P
Py
Py

0.58 £0.04 £ 0.05
—0.05 £0.19£0.20
—-0.24+0.13£0.11
—0.19£0.10 £ 0.10
—0.22 £0.07 £ 0.09
—0.13 £0.11 £ 0.09

0.12+0.13£0.10
—0.17 £ 0.10 £0.09

Table 7. Values for the (left) S- and (right) P-basis angular observables of the large ¢* region. The
first uncertainty is statistical and the second is systematic.

The @Q; observables are summarised in figure 13, and table 8. In this case, with the

exception of Q) , which shows a tension of around 20, all other values are compatible with
the SM prediction at less than 1.50.

% 04k LHcy ABCDMN
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Figure 13. LFU observables Q; calculated using the P-basis angular observables of the muon

and electron modes in the large ¢? region. The overlapping error bars show statistical and total

uncertainties. The SM predictions (orange boxes) are based on ref. [14].

— 28 —



LFU observables
Qr,  0.13+£0.05+0.05
Q1 —0.03+0.25+0.20
Qs —0.13+0.154+0.11
Qs —0.01+0.12+0.10
Q2 0.11 £ 0.09 + 0.09
Qs —0.08+0.12+0.09
Qs —0.15+0.15+0.10
Qs 0.21 +0.13 + 0.09

Table 8. Values for the @; LFU observables given by the differences between the muon and electron
P-basis angular observables in the large ¢2 region. The first uncertainty is statistical and the second
is systematic.

A.6 Correlation among angular observables

Correlations among observables of the large ¢ region are given in tables 9 and 10. Correlations
of the systematic uncertainties among observables are given in tables 11 and 12.

F, 53 Sy S5 Arp S7 Sy So
Fi, 1.00 0.02 -0.06 -0.01 0.09 —-0.00 —-0.03 -—-0.05

Ss 1.00 —-0.05 —-0.03 0.04 0.06 —0.05 0.02
Sy 1.00 -0.10 -0.14 -0.05 0.06 0.04
Ss 1.00 —-0.07 0.06 —-0.02 -0.04
Arp 1.00 0.03 -0.04 -0.01
S7 1.00 —-0.06 —0.13
S 1.00 —-0.04
So 1.00

Table 9. Correlation matrix for the S-basis angular observables of the large ¢? region.

L P P j2 P, P j2% j2%
F, 1.00 000 —018 —0.11 —0.07 —0.04 —0.06 —0.02

P 1.00 004 —0.02 —0.05 —0.03 005 —0.05
Py 1.00 003 —0.13 —0.06 0.5 —0.03
Py 1.00 —0.03 004 014  0.04
P 1.00 —0.10 —0.05  0.06
P .00 0.06 —0.02
P} 1.00  —0.06
P} 1.00

Table 10. Correlation matrix for the P-basis angular observables of the large ¢? region.
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F, 53 Sy S5 Arp S7 Sy Sy
Fi, 1.00 0.01 -0.10 -0.15 -0.18 -0.02 0.02 —-0.04

Sy 1.00  0.00 —0.05 —0.00 0.0 0.02 0.0l
Sy 1.00 034 000 —0.04 000 0.00
Ss 1.00  0.06 0.00 —0.04 —0.00
App 1.00 —0.02 —0.01  0.01
Sy 1.00 0.1 —0.05
Ss 1.00 —0.01
So 1.00

Table 11. Correlation matrix of the systematic uncertainties for the S-basis angular observables of
the large ¢2 region.

Fy, P P P3 Py Py % Py
F, 1.00 -0.04 -—-0.05 0.02 —-0.20 -—-0.29 -0.02 0.01
P 1.00 0.00 —-0.02 0.02 —-0.01 0.00 0.02
Py 1.00 0.01 —-0.01 0.03 —0.01 0.00
Ps 1.00 —-0.00 0.01 0.05 0.01
P 1.00 0.38 —0.03 0.00
Pg 1.00 0.01 —-0.03
P 100 0.11
P 1.00

Table 12. Correlation matrix of the systematic uncertainties for the P-basis angular observables of
the large ¢2 region.

A.7 Additional figures of the two g? regions

The results of the S- and P-basis angular observables measured in the baseline ¢ region
of 1.1-6.0 GeV?/¢* and the extended region of 1.1-7.0 GeV?/c* are summarised in figures 14
and 15, respectively, where the SM predictions from refs. [12, 14, 72] are also shown. The Q;
LFU observables are shown in figure 16. In this case, only the SM predictions from ref. [14]
are shown, as refs. [12, 72] do not distinguish between the two lepton flavours and their
predictions are therefore lepton-flavour universal by definition.
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Figure 15. Measured P-basis angular observables of the baseline and extended ¢? regions. The
orange and hatched purple boxes correspond to SM predictions based on ref. [14] and refs. [12, 72],
respectively. The values of P; and P, measured by Belle [39] for the decays of Bt:0 — K*+*0¢ete~
are shown in light blue.
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B Comparison between constrained and unconstrained g? distributions

The distribution of the B? invariant mass versus the ¢® variable calculated without constraints
for signal candidates that satisfy all selection requirements is shown in figure 17. This figure
can be compared to figure 1, which shows that the constraints applied in the calculation of ¢2,
namely that the BY candidate is required to originate from its associated PV and to have an
invariant mass consistent with the known mass of the BY meson, shift the radiative tails of the
charmonium decays away from the signal region. Therefore using the constrained ¢? variable
reduces the leakage of control-mode candidates into the signal region. This is illustrated in
figure 18 (left) using simulated control-mode candidates. However, the constraints introduce
a source of background above the known BY mass [41], which is composed of J/1) mesons
combined with random hadron tracks. The distribution of this background is illustrated
in figure 18 (right).
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Figure 17. Distribution of the unconstrained ¢? and B° invariant mass of signal candidates in data.
Signal decays lie in a vertical band close to the known B® mass (vertical dashed line) [41]. The
decays B® — K*0J/i)(— ete™) and B® — K*%(25)(— ete™) have an invariant mass close to that
of the BY meson, and ¢? values close to the square of the known J/v and 1(25) masses, respectively
(horizontal dashed lines). They are visible as diagonal bands. The two horizontal bands contain
combinatorial background comprised of genuine J/v or ¥(25) mesons combined with random kaon
and pion tracks.
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Figure 18. Distributions of the B? invariant mass in the constrained and unconstrained ¢ regions
for (left) simulated control-mode candidates and (right) simulated control-mode candidates where
J/t) mesons are combined with random hadron tracks. The upper and lower mass limits of the signal
region are shown by the dashed and dotted vertical lines, respectively.

— 34 -



C Effective acceptance functions

The projections of the four-dimensional function that parametrises the generator-level sample
are shown in figure 19. The projections of the effective acceptance functions for the three
run periods are shown in figure 20. The results of the effective acceptance parametrisation
validation are shown in figure 21.
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Figure 19. Distribution of the generator-level sample and the projections of the four-dimensional
function used to describe it. This function is used to produce inverse weights for the parametrisation
of the effective acceptance functions.
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obtained by bootstrapping the samples used for parametrisation. The normalisation of the distributions
is arbitrary and is related to the size of the simulation samples.
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Figure 21. Differences between the observable values found from fits to the simulated signal decays
with effective acceptance weights, and the fit to the generator-level sample (centred at zero).

D Model components

Models used to describe background components and the result of the control-mode fits are
illustrated in the following. In all cases, the samples of the three run periods are combined,
their corresponding models are added accordingly, and only the resulting function is shown.
Effective acceptance weights are always included, and additional correction weights are used
in specific cases. The model used to describe the mass distribution of the misidentified
A) — pK~J/¢(— ete™) decays is shown in figure 22. The result of the mass fits to the
control mode used to determine the shift and scaling parameters of the signal mass model is
shown in figure 23. The DSL angular model is shown in figure 24 and the full combinatorial
and DSL models are shown in figure 25. The models used for the misidentified hadronic and
partially reconstructed backgrounds are shown in figures 26 and 27, respectively.
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Figure 22. Distribution of simulated phase-space A — pK~.J/v(— ete™) decays reconstructed
as B — K*0J/1(— e*e™) and the model used to describe this component in the control-mode fit.
Data-driven correction weights are included to reproduce the resonant structures in the p/K~ spectrum.
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Figure 26. Distribution of data and simulation candidates and the model that describes the invariant-
mass and angular distributions of the misidentified hadronic backgrounds. Weights obtained from
transfer functions are included, and simulation is used to subtract contributions from residual signal
and control-mode decays.
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Figure 27. Distribution of simulated phase-space BT — KTnTn~ete™ decays reconstructed as
B% — K*%%e~ and the model used to describe the partially reconstructed background. Data-driven
correction weights are included to reproduce the resonant structures in the K7 +t7~ spectrum.

E Correlation among angular observables

Correlation matrices for the statistical uncertainties of the angular observables are given in
tables 13 and 14. Correlations of the systematic uncertainties among observables are shown in
tables 15 and 16. Statistical correlations are small in almost all cases, with the largest value
of 20% found for Fy, and P,. Systematic correlations are generally small, although they can
be substantial for some observables. Pairs of observables which have correlations exceeding
20% are F1, and App, S4 and S5, Iy, and Py, Fy, and P}, and P; and P.

Fr, 53 S4 Ss Arp S7 Ss Sy
Fi, 1.00 0.01 -0.07 -0.00 0.06 —-0.01 -0.04 -0.06

Ss3 1.00 -0.07 -0.02 0.05 0.10 -0.08 -0.01
Sy 1.00 -0.10 -0.10 -0.07 0.09 0.09
Ss 1.00 —0.05 0.06 —-0.04 -0.03
Arp 1.00 0.11 -0.07 —0.06
S7 1.00 -0.07 -0.14
Sg 1.00 -0.01
So 1.00

Table 13. Correlation matrix for the S-basis angular observables.
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. P P Py P Pl P} P
F, 1.00 002 —020 —0.08 —0.09 —0.02 —0.02 —0.01
P 1.00 004 001 —0.07 —0.02 010 —0.08
Py .00 0.06 —0.07 —0.05 0.11 —0.06
Py 1.00 —0.08 003 0.4  0.02
P 1.00 —0.10 —0.07  0.09
Pl 1.00  0.06 —0.03
P} 1.00 —0.07
P} 1.00

Table 14. Correlation matrix for the P-basis angular observables.

Fr, 53 S4 S5 Arp Sr Sy Sy
Fi, 1.00 0.01 -0.11 -0.16 -0.23 -0.01 0.02 —0.05
S3 1.00 —-0.02 -0.08 -0.01 0.01 0.01 0.02
Sy 1.00 0.35 0.01 —-0.03 0.01 -0.01
S5 1.00 0.08 —-0.00 -0.03 -0.01
Arp 1.00 —-0.02 -0.01 0.02
Sy 100 0.0 —0.05
Ss 1.00 -0.01
Sy 1.00

Table 15. Correlation matrix of the systematic uncertainties for the S-basis angular observables.

P j2 Py P P 2 P}
F, 100 —0.03 —015 0.03 —023 —033 —0.02 0.01
Py 1.00 000 —0.02 —0.02 —0.05 —0.01  0.01
Py 1.00 001 006 012 001 —0.00
Py 1.00 000 001 004 001
P} 1.00 042 —0.01  0.01
Pl 1.00 0.0l —0.02
P} 1.00  0.10
P} 1.00

Table 16. Correlation matrix of the systematic uncertainties for the P-basis angular observables.

F Fit to the B® — K*°utu~ decay

The result of the fit to the B® — K*Ou*pu~ candidates is shown in figure 28. The data
samples used are the same as those analysed in ref. [8]. The fit strategy is aligned to that of
the electron mode. In particular, information from the K7~ system is not used, the S-wave
and interference terms are neglected, and the effective acceptance functions are parametrised
using trignometric terms for ¢. The ¢? variable calculated without constraints is used to
define the measurement region.
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Figure 28. Weighted invariant-mass and angular distributions of B® = K*%u*u~ candidates in the
(top two rows) Runl and (bottom two rows) 2016 data samples. The signal distribution is shown with
a solid blue line, and the combinatorial background is shown with a dashed green line. The solid black
line corresponds to the full fit function.
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