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An analysis of the B® — K*%(— K*z~)u*pu~ decay is presented using proton-proton collision data

collected by the LHCb experiment, corresponding to an integrated luminosity of 8.4 tb~!. The full set of
CP-averaged and CP-asymmetric angular observables is determined in bins of the invariant mass squared

of the dimuon system, as well as the branching fraction relative to the B® — J/y(— ptu~)K* 2~ decay.
For the first time, the full set of observables pertaining to the Kz~ S-wave contribution to the final state
are presented and consideration is given to effects arising from the mass of the muons. The extracted
CP-asymmetry observables show no significant deviations from zero. The measurements of the
CP-averaged observables and the branching fractions continue to exhibit the pattern of tensions with
the standard model predictions that have been seen in previous analyses that use part of the dataset

considered in this Letter.
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An intriguing set of discrepancies between experimental
measurements and the predictions of the standard model
(SM) has been observed in the B® — K*0u*u~ decay [1-6]
and in several other processes mediated by the same under-
lying b — sp™p~ quark transition [7-10]. In the SM, these
flavor-changing neutral currents occur only via virtual
quantum loops. The resulting suppression means that as
yet undiscovered particles, which could have masses that
make them inaccessible to direct searches, may contribute
to these decays at a level comparable to the SM processes.
For example, tensions with SM predictions may be
explained by new physics models that introduce an addi-
tional contribution to the effective four-fermion bsuu vector
coupling, Cy [11-19]. However, despite numerous theo-
retical developments [20-37], there is still debate about
whether the observations might instead be explained by SM
long-distance effects [11,16,18,20,24,34,38-43]. Recent
LHCb analyses that try to quantify these effects by fitting
BY — K*%u*u~ data together with ancillary data and theo-
retical predictions do not suggest substantially enhanced
long-distance effects [44,45].

This Letter presents the most precise measurements
to date of the CP-averaged angular observables of the
BY — K*%u"u~ decay, the associated CP asymmetries and
the differential branching fraction. The K** resonance,
where K*0 denotes the K*(892)° meson, is reconstructed
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through its decay to K*z~. This final state receives
contributions from decays with the K™ z~ in an S-wave
configuration, as well as the P-wave configuration from the
K*°. The reported observables correspond to averages over
different regions of the dimuon invariant mass squared, ¢.
The dataset used corresponds to an integrated luminosity
of 8.4 fb~! of proton-proton collisions collected by the
LHCb experiment during 2011, 2012, and 2016-2018.
Throughout this Letter charge-conjugate processes are
implied unless otherwise stated.

The analysis broadly follows the strategy of previous
g*-binned studies of this decay mode, using LHCb data
collected during 2011-2016 [1,2,5,46-49]. The present
Letter introduces several significant innovations over those
earlier analyses. These include an updated expression for
interference effects in the differential decay rate; the first
simultaneous treatment of all relevant kinematic variables
for describing the decay, incorporating for the first time the
invariant mass of the kaon-pion system, m(K " z~), which is
also studied in a wider range than previously considered;
the first treatment of the effect of lepton masses; the first
simultaneous measurement of the differential branching
fraction alongside the angular observables; and the first
measurement of the full set of CP asymmetries. The
inclusion of m(K*z~) directly when measuring the angular
distributions gives sensitivity to new observables related to
the interference between P- and S-wave contributions [50].
In this Letter effects associated with lepton masses are
found to have an important impact across a range of g>
values below the charmonium resonances. The approach
taken for the simultaneous measurement of the differential
branching fraction accounts for any variation of the angular
decay rate due to potential new physics contributions, while
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the first measurement of the full set of CP asymmetries is
provided alongside the full covariance matrix relating the
CP-averaged and CP-asymmetric observables. Narrower
g*> bins compared to those from previous analyses are
included to gain an improved understanding of the g>
dependence of the measured observables. The offline
selection has also been reoptimized compared to the
previous analysis [5]. Finally, the analysis described in
this Letter was performed twice, using two independently
developed frameworks, providing an important validation
of the results.

The B — K*n~u*p~ decay is completely described
by five kinematic variables: ¢*, m(K*z~), and the three

-

decay angles, Q = (cos 8,, cos O, ¢) defined in Ref. [47].
The resulting differential decay rate is parametrized by
approximately 20 CP-averaged angular observables, with
a similar number describing the difference in angular
distributions between B® and B° decays (CP asymmetries).
These observables are determined for candidates with
0.7459 < m(K*z~) < 1.0959 GeV/c?, except for the
17 < ¢*> <19 GeV?/c* region, where a narrower
0.7459 < m(K*z~) < 0.9590 GeV/c? range is applied.
This differential rate is described in Ref. [50], with the
specific form used for this analysis provided in the End
Matter. Observables accessible in the B® — K*0u+*u~ decay
have previously been extensively studied [51-65]. The
analysis presented here measures the CP-averaged and
CP-asymmetry observables, S; and A;, for both P wave
and S wave, including the interference between the two;

the P-wave decay rate; and the P,(-/) observables that are
constructed to cancel the leading-order theoretical uncer-
tainties from the B® — K*0 form factors [64].

As detailed in the End Matter, the total basis of
observables may be reduced by making assumptions on
the effect of the lepton mass, or the presence of new physics
scalar or tensor amplitudes. Without these assumptions,
significant correlations between some observables can lead
to sizeable biases or increased uncertainties in the measured
quantities, meaning that a reduced model gives better
precision on the extracted observables. Given the precision
of this analysis, the effect of the muon mass is found to be
significant up to ¢*> ~6 GeV?/c*, with the most pro-
nounced effect at the lowest g> values. Therefore, for
the first time, this analysis accounts for the lepton mass
when determining the angular observables.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 5 < 5, described in
detail in Refs. [66,67]. The polarity of the LHCb dipole
magnet is periodically reversed to cancel the effects of
oppositely charged particles being deflected in opposite
directions. The online event selection is performed by a
trigger, which comprises a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage [68]. Data selected by the

trigger undergo a further, centralized, offline processing
step [69].

Signal candidates are formed from a pair of oppositely
charged tracks that are identified as muons, combined with
a K*Y candidate that is formed from tracks identified as a
kaon and a pion. The tracks of the final-state particles are
required to have significant impact parameter with respect
to all primary proton-proton interaction vertices (PVs) in
the event and to form a common vertex of good quality. The
B'-candidate decay vertex is required to be significantly
displaced from all the PVs. It is also required that the angle
between the reconstructed B momentum and the vector
connecting one of the PVs to the reconstructed B’ decay
verteX, Opra, 1s small.

Large samples of simulated events, produced with the
software described in Refs. [70-72], are used to assess the
reconstruction and selection efficiencies for signal candi-
dates and to estimate the contamination from residual
backgrounds. Inaccuracies in the simulation are corrected
using control samples from data. The simulated particle-
identification (PID) response is corrected using dedicated
data control samples [73,74], as is the track-reconstruction
efficiency [75]. Data-simulation differences arising from
mismodeled B® kinematics, event multiplicity, hardware
trigger efficiency, track and vertex quality are corrected
using two separate control modes; B? — J/wK*® and
Bt —» J/wK". The results from the two modes are
compared and found to be in good agreement, with the
differences in the corrections used to evaluate a systematic
uncertainty.

Residual backgrounds consist of a combinatorial com-
ponent, formed from fragments of multiple decays, with
distributions that vary smoothly in m(Ktz u*pu™),
m(K*z™), and ﬁ; and peaking backgrounds, where a
single decay is selected but with some of the final-state
particles misidentified or misreconstructed, which tend to
accumulate in specific m(K*z~u*u~) and Q regions. The
combinatorial background is reduced by a dedicated
boosted decision tree (BDT) classifier [76,77]. The clas-
sifier is trained using B° — J/wK** candidates in the
8.0 < g*> < 11.0 GeV?/c* region as a signal proxy, where
the background contribution has been statistically sub-
tracted using the sPlot procedure [78]. For the back-
ground training sample, candidates with invariant mass
55 <m(K*nputu™) <57 GeV/c* are used. Separate
BDTs are trained using a cross-validation technique [79]
for each of the three run periods (2011-2012, 2016,
2017-2018), which reflect significant changes in the data-
taking conditions. The variables used as inputs to the BDT
classifier include the reconstructed B® decay time and the
vertex-fit quality, as well as its momentum, transverse
momentum, and Oppra. Additionally, PID information
from the Ring Imaging Cherenkov detectors and the
muon system, and variables describing the isolation of the
final-state tracks [80], are used. A requirement is placed
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on the BDT output to maximize the significance of
BY — K*9u*u~ signal decays. This requirement rejects
more than 98% of the remaining combinatorial back-
ground, while retaining more than 89% of the signal.

Dedicated vetoes are applied to reduce peaking
backgrounds from processes such as B? — ¢(1020)x
(= KK ))utu~,  A) - pK—ptu=, B - J/wK*,
B - w(28)K*, and B - K*%u"u~, where at least one
final-state particle has been misidentified. The last decay
forms a background if both the kaon and pion are misidenti-
fied. The decays involving charmonia can mimic the signal
decay if a muon is misidentified as a hadron and vice versa.
The vetoes use the invariant mass of the candidates recom-
puted with appropriate changes in the particle mass hypoth-
eses, and the output of a neural network based on variables that
combine PID and track information about the particle [73].
The Bt — K" u'u~ decay can constitute a background if the
final-state particles are combined with a random pion pro-
duced by other processes in the event. This background is
vetoed by removing candidates with m(K*z~pu"p~) >
5.38 GeV/c? if they have a K" pu~ invariant mass within
+0.06 GeV/c? of the known BT mass [81].

The analogous background due to Bt — J/wK™" decays
remains significant for g> > 6 GeV?/c*, owing to the long
radiative tail of the J/y resonance and its large branching
fraction to the dimuon final state. As a result of this
radiative tail, these candidates have a m(Ktu"pu~) value
below the known BT mass and so escape the veto for the
BT — K*uTu~ background. A dedicated BDT classifier,
trained using simulation to represent both the signal and
this particular background, is used to suppress these
candidates to a negligible level. Similarly, a background
can occur from cascades of semileptonic decays with large
branching fractions, e.g. B — D(— K u~X)u*tX, when
incorrectly combined with a pion selected from elsewhere
in the event. Here, X can represent any additional unre-
constructed particles in the final state. Due to the inherent
asymmetry of the momenta of the two muons, these decays
lead to a characteristic asymmetry in cos6,. Another
dedicated BDT classifier is trained to reduce these cascade
backgrounds to negligible levels. For the training of this
BDT, data candidates with m(K*z~u*pu~) > 5.35 GeV/c?,
enriched in semileptonic contributions by requiring
m(K*tu™) < 1.9 GeV/c?* and ¢> < 8.0 GeV?/c*, serve
as a background proxy, while simulated candidates with
m(K*tu~) < 1.9 GeV/c? are used as a signal proxy. The
most discriminating variables include the difference in
three-momenta between the K** candidate and dimuon
pair and the transverse momentum of the pion. The
Cabibbo-suppressed background from BY — K*0utu~
decays is expected to be at the level of 1% of the signal.
The analysis is performed with and without this back-
ground component included in the fit, and the effect on the
measured decay rate is found to be negligible. Backgrounds
from b-hadron decays to fully hadronic final states, where

two hadrons are misidentified as muons, are negligible. The
residual contamination from peaking backgrounds is esti-
mated to be at the level of 2% of the signal. Such
backgrounds are not modelled in the analysis procedure
and are considered only as a source of systematic
uncertainty.

Candidates are required to have 5.17 < m(K 7z~ utu™) <
5.70GeV/c? and 0.7459 < m(K*z~) < 1.0959 GeV/c>.
The larger m(K*n~) window used here compared to
previous analyses increases the yield of S-wave signal
candidates, which allows for a more precise determination
of the S-wave fraction, F'g, and the observables pertaining
to the interference of P- and S-wave amplitudes.
Backgrounds from the decays B — J/y(— putu™)K*°,
B>y (2S)(—=putu)K*, and B®—¢(1020)(—utu)K*,
which result in the same final state as the signal, are
removed by rejecting candidates with g? in the ranges
8.0 <¢q> <11.0GeV?/c*, 125 < q* <15.0 GeV?/c*,
and 0.98 < ¢ < 1.10 GeV?/c*. The former two decays
involve tree-level b — cCs transitions and are used to
validate several aspects of the analysis procedure.

An extended unbinned maximum-likelihood fit of the
differential decay rate as a function of m(K*z~), the three
decay angles, and m(K"z~pu"p~) is used to determine
the angular observables and differential branching fraction
relative to the normalization mode B — K*z~J/y in each
bin of ¢?. This five-dimensional approach introduces new
interference observables [50] compared to previous iter-
ations of this analysis and provides the optimal per-event
sensitivity to the angular observables. The selected candi-
dates are split into B® and B® samples, as well as by the
three run periods described above, resulting in six distinct
samples that are fit simultaneously, allowing for the full
set of CP-averaged and CP-asymmetry observables to be
extracted in a single fit, with all correlations determined.
A model-independent measurement of both the relative
branching fractions and the full set of CP-asymmetry
observables is made by adding an extended term to the
likelihood, which uses the fitted yields of B® and B events
to constrain their respective signal decay rates. This model
independence is achieved by calculating the efficiencies
of the signal and normalization modes through integrating
the angular distributions of the fit probability density
functions (PDFs).

The distortion of the (Q, m(K*z~), ¢?) distribution due
to the detector acceptance and the selection is modeled with
an acceptance function. This five-dimensional function is
parametrized with Legendre polynomials L and coeffi-
cients ¢ as

5(52 ¢’ m(K*n7)) = Z CijmnoLi(c0s 0)L j(cos O )

ijmno

X Ly (¢)La(q*)L,(m(K* 7)), (1)
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and is computed using simulation. Owing to the rapid
variation of the acceptance at low ¢, which would require
high-order polynomials, the acceptance function is split
into two regions of g2, separated by the ¢ resonance at
g* ~ 1 GeV?/c*. In order to account for detection asym-
metries, the acceptance function is obtained separately for
BY and B decays, and is further split by the three run
periods. A goodness-of-fit method using BDTs [82] is
employed to ascertain the minimal polynomial orders
needed to properly describe the simulated events for each
run period. The resulting acceptance functions are incor-
porated in the fit, either by directly including them in the
PDF from Eq. (Al) (see End Matter), or by taking the
inverse of the acceptance function as per-event weights.
The latter method is employed when the function varies
strongly across the g* bin width.

Each of the six subsamples has an extended term in the
likelihood, allowing the number of signal events to be
determined. The yields are normalized to the inclusive
B’ - K7~ J/w(— utp~) decay mode, with the branch-
ing fraction taken from Ref. [83] and scaled by a correction
factor derived from the measured amplitudes in Ref. [83] to
account for the fraction of decays that fall within the
m(K*z~) window of this analysis. When accounting for
the J/yw — utu~ decay, this results in the normalization
branching fraction (3) being

B(B" - Kz J/w(— HE ) 07459 <m(K+2-)<1.0959 Gev/e?)

= (4.88 +0.22) x 1075,

The uncertainty on this branching fraction partially arises
from the uncertainties on the measured amplitudes, which,
due to the covariance matrix not being provided in
Ref. [83], are treated as uncorrelated.

The extended term of each sample of the fit calculates the
expected signal yield relative to the corresponding sample
of the normalization mode, and so effects from B°-B°
production and final-state detection asymmetries cancel.
The total CP asymmetry of the B — K*z~J/y decay
is well measured and consistent with zero [84]. The
B - K*z~J/y yields and efficiencies are determined
in dedicated fits for each sample, using the same acceptance
and fit functions.

The background distribution is modeled with Chebyshev
polynomials of either first, second, or fourth order in cos 6,
cos Ok, ¢ and m(K*z~). The coefficients are allowed to
vary in the fit, and the resulting distribution is assumed to
factorize between these variables and m(K Tz utyu™).
Furthermore, the shape of the background is assumed to
be the same for the B® and B® samples. These assumptions
are verified using data with m(K* 7~ u*p~) >5.35GeV/ .

The m(K*z~) distribution of the signal is modeled with
the amplitudes BWp[m(K*z~)] and Lg[m(K"z~)] for the
P- and S-wave components, respectively. The P-wave

amplitude includes only the K*(892)° resonance and is
modeled using a relativistic Breit-Wigner function with
mass and width taken from Ref. [81] and the standard Blatt-
Weisskopf angular momentum factors [85]. Contributions
from higher-mass spin-1 resonances are found to be
negligible in the analyzed m (K" z~) region. The amplitude
Lg[m(K*n™)] is taken to be a LASS function [86,87] with
parameters determined from a fit to the B® — K*z2~J/y
decay mode, except for the range parameter of the LASS
function, r, which is fixed to 1.7 (GeV/c)™! [88]. The
value of the scattering parameter, which is extracted from
the fit to the B — K*z~J/y decay mode, is fixed to
3.25 (GeV/c)7! in the fit to the signal candidates. The
barrier radius factor of the decaying K** meson is fixed to
2.12 (GeV/c)™!, a value again extracted from the fit to the
B’ — K*7~J/y decay mode. The analogous radius of the
B® meson is fixed to 1.6 (GeV/c)~! [89]. The signal shape
in m(K"z~p*p~) is modelled from simulation using the
sum of two crystal ball functions [90] with tails to opposite
sides, a common peak position, and width scaling factors
accounting for differences between data and simulation
derived from the B® — K*z~J/y fits. The combinatorial
background is described by an exponential distribution
in m(Ktz=ptyu™).

Several fits of the data are performed with different
angular observables floated, corresponding to different
assumptions about the underlying physics. Making such
assumptions reduces the number of observables, resulting
in improved statistical behavior and better precision.
Allowing for massive leptons, as well as new physics
scalar and tensor amplitudes, results in 25 CP-averaged
angular observables. This is referred to as the “fully
massive” model. Due to the large number of correlated
parameters, this model generally exhibits reduced statistical
precision for the measurement of individual observables.
Unless stated otherwise, the region ¢> < 1.0 GeV?/c* is
always fitted using the fully massive model. If leptons are
assumed to be massless, two relations between the angular
observables can be imposed: S5 = —S§¢ and §] = 353.
This is referred to as the “massless” model. The relation
S5 = —S¢ can introduce a bias for lower values of ¢, as S
has a dependence on the time-like amplitude that is sup-
pressed by a factor of (4m2/q*) [60]. Imposing only the
relation §} = 353 avoids this bias and is referred to as the
“partially massive” model. This is discussed in more detail
in the End Matter. A fit configuration is defined according
to the model, g*> binning scheme and whether S; or PE')
angular observables are extracted. These observables differ
in their normalization, which is more complex for the

PE') case, see the End Matter and Ref. [64] for details. In
total, six configurations are implemented: (i) a partially
massive model, S; basis, with CP asymmetries fixed to
zero; (ii) a partially massive model, Pgl) basis, with CP
asymmetries fixed to zero; (iii) a fully massive model,
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S; basis, with CP asymmetries fixed to zero; (iv) a
massless model, S; basis, with both CP-averaged and
CP-asymmetry observables floated; (v) a massless model,
applied also in the ¢g* < 1.0 GeV?/c* region, P; basis, with
CP asymmetries fixed to zero; (vi) a partially massive
model, §; basis, with CP asymmetries fixed to zero and
g*> bins with widths half the size of those in the other
configurations.

Configuration (v) is included solely to enable compari-
son with Ref. [5].

Pseudoexperiments are carried out to assess whether
the extracted central values from the fit are unbiased, and
whether the corresponding confidence intervals exhibit
correct coverage. Observables with a relative bias or
over/underestimation of the statistical uncertainty of more
than 10% are corrected using a classical Neyman con-
struction to find the best estimates of the true central values
and 68% intervals [91]. Due to background contributions
and the large number of fit parameters, the signal PDF can
become negative in some regions of fit-variable phase
space. To mitigate this unphysical effect, pseudodata for the
Neyman construction are generated from a set of angular
observables chosen to be as close as possible to those
obtained from the data fit, while ensuring a positive PDF.
The values used for the angular observables in the pseudo-
experiment generation are updated for every point in the
confidence belt for a given observable of interest. The
central value is defined as the point in the confidence belt
where the median most closely matches the fit result from
data for the observable of interest. The positive PDFs are
obtained with two methods: one varies the angular observ-
ables independently and tests whether the PDF is positive
by sampling from the resulting angular model; the other
varies the underlying decay amplitudes and subsequently
infers the values of the angular observables from the result.
Both methods use a random walk to minimize the
Euclidean distance between the resulting positive PDF
and the PDF obtained from the fit to data. The difference in
the resulting intervals and biases from the two methods is
assigned as a systematic uncertainty. The results with and
without these coverage and bias corrections are reported in
the HEPData page [92].

The data are analyzed using two independent imple-
mentations of the PDF and data-simulation corrections
from different control modes. Both frameworks give
compatible results when fitting pseudoexperiments and
data, with residual discrepancies attributed to variations
in the acceptance function, accounted for by systematic
uncertainties, or to differences in the Bt — K™ utu~ veto.
Given the good level of agreement between the two
approaches, the baseline framework was chosen randomly.

The fit results are found to have no significant depend-
ence on run period, PID response, magnet polarity or the
requirements made on the BDTs trained to reject the
combinatorial and semileptonic backgrounds. The signal

decay rate that results from the measured observables is
also found to respect the symmetry relations given in
Ref. [50]. The same BDT goodness-of-fit method from the
fit of the acceptance simulation is used, as well as a point-
to-point dissimilarity method [93], to check that the fit to
the data is of good quality.

Systematic uncertainties on the observables are esti-
mated using pseudoexperiments. A wide range of variations
of the model used to generate these pseudoexperiments is
considered, including the variation of relevant nuisance
parameters, acceptance parameterisations, alternative fit
model parameterisations, and injection of background
events. The systematic uncertainties for all configurations
are documented in the HEPData page [92]. The dominant
systematic uncertainty depends on the observable and g?
bin in question. For the P- and S-wave observables the
systematic uncertainties are generally less than 25% rela-
tive to the corresponding statistical uncertainties. At low g?
the leading systematic uncertainties typically arise from the
hardware trigger correction, from residual peaking back-
ground contamination and from the choice of polynomial
orders in the angular background model. For the S-wave
and interference observables, the modelling of the S-wave
line shape in m(K*z~) gives rise to the dominant system-
atic uncertainty and is often similar to or larger than the
statistical uncertainty. Effects arising from a K*z~ system
in D-wave and higher partial-wave states are confirmed to
be negligible in the analyzed m(K"z~) region. For the
relative P-wave branching fraction, the dominant uncer-
tainty is due to the residual backgrounds for the normali-
zation mode.

The systematic uncertainties are evaluated coherently
across all the ¢* bins. Therefore, the full covariance matrix
of all observables across all bins is presented for use in
subsequent phenomenological analyses. This is particularly
pertinent for the large systematic uncertainty arising from
the uncertainty on the branching fraction of the normali-
zation mode and, for the interference observables, the large
systematic uncertainties arising from the choice of S-wave
line shape.

The CP-asymmetry observables all agree with SM
expectations, with no significant CP asymmetry in the
rate or angular observables. The CP-averaged observables
SS, Apg, P and dB/dq* that are obtained from the fit
configurations (i) and (ii) are shown together with their
respective SM predictions in Fig. 1. The optimized observ-
able P is defined as P5 = (S5/2./—S55S%), whilst in the
approximation of massless leptons, the longitudinal polar-
isation fraction F is equivalent to —S5. The results for all
observables from all fit configurations are given in the
HEPData page [92]. Different SM predictions are also
shown, obtained using: the Flavio package [94], where local
form factors and long-distance effects are parametrized
according to Refs. [27] (BSZ) and [13], respectively; the
EOS package [95], where form factors are taken from
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FIG. 1. Results for the CP-averaged angular observables —S5, Agg, and dB/dg® from fit configuration (i), and P} from fit
configuration (ii), in bins of g>. In the approximation of massless leptons, -85 is equivalent to the longitudinal polarisation fraction Fy .
The data are compared to the SM predictions described in the text. The error bars show the total uncertainties.

Refs. [25,31,96] (GRvDV); or directly from Ref. [19]
(ABCDMN). Taking into account the overlap between
the data samples, the results of the fit configuration (v) are
in excellent agreement with those reported in Ref. [5].

Considering the observables individually, the results are
largely in agreement with the SM predictions. However,
tensions with SM predictions in localized regions of phase
space have broadly increased relative to the levels reported
in Ref. [5]. The P, observable in the 4.0 < g’ <
6.0 GeV?/c* and 6.0 < ¢*> < 8.0 GeV?/c* bins is discrep-
ant with the GRvDV (ABCDMN) predictions at 2.6 and 2.7
standard deviations (o) (2.1 and 2.40), respectively.
Additionally, P% is in tension with the same predictions
in the 1.1 < ¢> < 2.5 GeV?/c* bin at the level of 2.7¢
(1.60). The forward-backward asymmetry, Agg, shows
discrepancies with the BSZ (GRvDV) SM predictions in
the 2.5 < ¢*> < 4.0 GeV?/c*and 4.0 < ¢> < 6.0 GeV?/c*
bins, with tension at the level of 2.5 and 1.9¢ (2.2 and
1.70). The differential branching fraction is also 2.1 (1.50)
below the BSZ (GRvDV) SM predictions when considered
in the ¢ bin 1.1 < ¢* < 6.0 GeV?/c*.

The Flavio [94] and EOS [95] software packages are used
to fit the configuration (i) results, varying the parameter
Re(Cy). For the Flavio package, the default values of the
SM nuisances are used, including QCD effects as in
Refs. [13,27], while for the EOS package, values are taken
from Ref. [96]. The 3.3¢ discrepancy with respect to the

SM value of Re(Cy) obtained with Flavio in Ref. [5]
becomes 3.66 (3.86) with Flavio (EOS). Including the differ-
ential branching fraction, the discrepancy increases to 4.1¢
(4.00). Neglecting the 6.0 < g*> < 8.0 GeV?/c* bin that is
closest to the charmonium resonances reduces the observed
significance of Re(Cy) by about 0.2¢. The best fit to the
angular distribution is obtained with a shift in the SM value
of Re(Cy) by —0.94752] (—=0.92 4 0.23) with Flavio (EOS).
When combining the information from the angular observ-
ables with the branching fraction, a shift in Re(Cy) of
—-0.9310/8 (-0.94 £0.22) is obtained with Flavio (EOS).
Differences between these numbers and those reported in
Refs. [44,45], which fit for the Wilson coefficients directly,
are due to the model inputs used, including the use of
LHCb data to constrain the size of nonlocal contributions.
In summary, using proton-proton collision data collected
by the LHCb experiment corresponding to an integrated
luminosity of 8.4 fb~!, the rare flavor-changing neutral-
current decay B® — K*u*u~ has been analyzed. For the
first time, this analysis reports the complete set of inter-
ference observables between the K™z~ P- and S-wave
contributions, accounts for lepton mass effects and makes
measurements in narrow ¢> bins and determines the
branching fraction without depending on a model of the
angular distribution. The complete set of CP asymmetries
is determined and found to be consistent with zero. The
results show a significant deviation from SM predictions
[13,27,94,95] for the CP-averaged observables.
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End Matter

The B — K* 7ty differential decay rate—The decay may proceed via P- or S-wave amplitudes (higher partial
waves are negligible in the m(K*z~) region analyzed). The angular basis is described in Ref. [47]. The differential
decay rate, described in Ref. [50], for B (B?) is

=)
dr
P +s dg*dmy,d cos 6,d cos Oxdep

1
d(C +T)/dg?

=(1- FS) [CS sin?0x + {§cos?0x + £5sinOx cos 20, + £5cos’O cos 20,

+ C3sin29Ksm29,g cos2¢p + ¢, sin 20 sin 26, cos ¢ + {5 sin 20 sin O, cos ¢
+ &3sin0x cos 0, + (Ecos? Ok cos O, + ¢4 sin 20 sin O sin ¢
+ g sin 20 sin 20, sin ¢ + £osin®Oxsin®6, sin 24)} X |BWp(mg,)|?

1 - -
+ % |:< ia + Cga COs ng) X |‘C5(mK7r)|2

+ 5 c0s O (i Rel s (mie) BWy ()] ~ E5i Tm{ L) BWy () )

+ 5008 O 0520, (T Rel s (i) BWi ()] ~ BATmILs(mie) BWi (mi)] )

+ 3 sin O sin 20, cos ¢ (B RelLs(mes) BWy (mcr)] ~ ETm{Ls(mee) BWy (mic )
+ 3 sin O sin 0 cos (B RelL (e ) B3 (mcz)] — ZETmIL (e ) W3 ) )
+ %sin O sin 0, sin ¢ (ereﬂm [Ls(myn) BWi(mi)] + C5iRe[Ls (my) BWi (mi) )

1 ~ .
3 5in O sin 20, sin ¢ (S5 Tm| Ls (i) BWy ()] + i Re [ﬁs<mKﬂ>BW;<mKﬂ)])] , (A1)

where ;= S; FA; for B® (B%) decays. The functions BWp(mg,) and Lg(mg,) describe the m(K*z~) = my,
dependence of the P- and S-wave amplitudes, respectively. The observables {; are normalized by the P-wave rate,
while those labeled ¢; are normalized by the sum of P- and S-wave rates. The relative S-wave fraction is denoted as
Fs=[(Ts+Ts)/(Tp +Tp + s + I's)]= 255, —255,. The observable Fy is defined as S5, = —3 Fy, such that in the
massless lepton limit one finds F'g = Fg. The coefficient S¢ is related to the forward-backward asymmetry through
St = 4AFB Sg, as discussed in Ref. [54].

Due to the choice of measuring rate-normalized observables, one of the §; terms must be removed from the fit via

1
1=7028]+89) - 7 (285 +55). (A2)

3
4

The following additional relations between observables are used to simplify fitting models:

S¢=0.  A{=0; (A3)

ST =385, A} =3A3; (A4)

8, =8, A, =-Ag,  SHm=Fpem Ageim = _AGET (AS)
S{ = =55, Af = —AS. (A6)
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dl'p
dcosfycdo

Equation (A3) holds if there are no new physics scalar or
tensor amplitudes. Furthermore, if in addition the ratio
(4m?/q*) is zero, then (A4)-(A6) hold. The massless
model [configurations (iv) and (v)] assumes all the relations
(A3)—(A6), the partially massive model [configurations (i),
(i1), and (vi)] assumes relations (A3)—(AS5), and the fully
massive model [configuration (iii)] assumes none of these
relations. Pseudoexperiment studies show the relation (A6) S 09
causes larger biases on the angular observables than (A4).
This is likely due to the dependence of S{ on the timelike
amplitude. Dropping the assumption (A6), as is done for —n/2
the partially massive model, reduces this bias to negligible

4<q?<6GeV2ch; Pl=—048 -

=

0.165

0.147

0.129

0.111

0.093

0.075

0.057

levels for g* values above ~1 GeV?/c*, below which the 0.039
fully massive model is used. In other ¢* regions, using the . , S.081
fully massive model results in a loss of sensitivity signifi- -1 0 1

cantly larger than the small bias introduced when using the cosfx

partially massive model. FIG. 2. The angular distribution of the P term of the angular

An illustration of the PY observable—The observable  decay rate projected onto the ¢ and cos Ox angular variables. The
P, (or Ss) is the coefficient of the angular function ?lot is split into fot/lr.quadrants.. While found from a full angular
sin20y sin@,cos in the equation that describes the it, the valus: of Pg is proportional to the asymmetry of yields
differential decay rate. The projection of the fitted between regions A and 5.

P-wave differential decay rate on the ¢—cosf plane is
shown in Fig. 2. While the value of P§ is found from a  asymmetry in the signal yields between the regions
full angular fit, its value is proportional to the relative  labeled as A and B in the plot.
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