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A full set of optimized observables is measured in an angular analysis of the decay B? — K*(892)°* 1~ using a
sample of proton-proton collisions at \/E = 13TeV, collected with the CMS detector at the LHC, corresponding
to an integrated luminosity of 140 fb™'. The analysis is performed in six bins of the squared invariant mass of
the dimuon system, g2, over the range 1.1 < ¢> < 16 GeV>. The results are among the most precise experimental
measurements of the angular observables for this decay and are compared to a variety of predictions based on
the standard model. Some of these predictions exhibit tension with the measurements.

1. Introduction

The b — s¢+¢~ flavor-changing neutral-current processes are stron-
gly suppressed according to the standard model (SM) of particle physics,
since they only proceed through electroweak loop-level diagrams. Since
virtual contributions of physics beyond the SM could occur with compa-
rable amplitudes and alter the decay properties, these transitions are an
excellent environment for indirect new physics searches. Among these
processes, the BO — K*(K*n™)u*p~ decay, where K*O indicates the
K*(892)° meson, has long been considered a promising channel, thanks
to its rich kinematical structure defined by the angular momenta of the
final state particles. Compared to other well known decay modes, as for
example Bg — wtu~, where only the branching ratio and mean life are
measured [1-4], it provides access to a larger set of observables with
high sensitivity to deviations from SM expectations. An extensive pro-
gram of measuring angular observables from this decay has been carried
out by the BaBar [5], Belle [6,7], and CDF [8] Collaborations. The data
collected during Run 1 of the CERN LHC (2011-2012) were used by
the LHCb [9-11], CMS [12-14], and ATLAS [15] Collaborations to in-
vestigate this decay mode. Since the outcomes of those measurements
were statistically limited, the additional data collected during Run 2
(2015-2018) can be used to significantly reduce the experimental un-
certainties. The most recent model-independent result from the LHCb
Collaboration [16], as well as two alternative analyses [17,18], confirm
their previous measurement and appear to exhibit tension with some
of the predictions based on the SM. These predictions, while all based
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on the SM, yield different values with varying uncertainties. The largest
differences in the calculations arise from the estimation of the non-local
hadronic matrix elements and the evaluation of the corresponding un-
certainty [19-21].

This Letter contains the first CMS measurement of a complete set
of optimized observables averaged over charge-conjugation and parity
(CP) of the B — K*0j.* |1~ decay. The results are obtained from the Run
2 data set collected in 2016-2018 at a center-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of 140 fb~!. The analysis is
performed in bins of the invariant mass squared of the dimuon system,
42, ranging from 1.1 to 16 GeV?. The previous CMS analyses of this decay
mode utilized smaller data sets from \/E =7-8TeV collisions and mea-
sured only a partial set of the angular observables. Tabulated results
are provided in the HEPData record for this analysis [22]. Throughout
this Letter, charge-conjugate states are implied unless explicitly stated
otherwise.

2. Decay rate and angular analysis observables

The decay B® - K*0p*\u~, where the K** meson decays to K*n~,
can be described by ¢? and three decay angles: 6,, O, and ¢. The def-
inition of the angles is consistent with the one used in experimental
publications and detailed in Ref. [9]. A sketch representing the defini-
tion of the angles is shown in Fig. 1. The angle 0, is defined as the angle
between the positive (negative) muon momentum and the direction op-

—0
posite to the B® (B ) momentum in the dimuon rest frame; the angle
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Fig. 1. Sketch representing the definition of the angles 6, (left), 6y (center), and ¢ (right).

Ok is defined as the angle between the kaon momentum and the direc-
tion opposite to the B° (§0) momentum in the K*¢ (E*O) rest frame;
the angle ¢ is the angle between the plane containing the w* and p~
and the plane containing the kaon and the pion from the K** decay in
the B rest frame.

Following the notation of Ref. [23] and the approach further pro-
posed in Refs. [24,25], the CP-averaged angular decay rate of the B® —
K*0u*w~ decay can be written as:
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where F, is the fraction of longitudinal polarization of the K** me-
son, and P;,3 and Pz{,s,e,s are observables that have been optimized
to reduce their dependence on the values and uncertainties of the form
factors [24]. These observables are functions of the decay amplitudes,
which themselves depend on the Wilson coefficients contained in the
relevant effective Hamiltonian [23]. In the publications of the LHCb
Collaboration [11,16] the definition of some of the Pl.(') observables is

/CMS _ /LHCb /CMS _ _ p/LHCb /CMS _
PJCMS = o p/LHCb | pICMS — _ p PIOMS =

different, namely , and

_p p/LHCb
e .

In order to also describe B - K+~ utp~ events in which the K* -~
system can be in an .S-wave instead of P-wave configuration, the fol-
lowing extension of the angular decay rate (as in Eq. (7.8) of Ref. [25])
is used:
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dr'/dq? dg2dcos6,dcosby de S7P
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where the term proportional to Fy is the S-wave component, and the
terms proportional to the A g and A‘;’SJ’S coefficients describe the inter-

ference between the S- and P-wave terms.
3. The CMS detector and event samples

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T.
Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter, and a brass and scintil-
lator hadron calorimeter, each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity (#) coverage
provided by the barrel and endcap detectors. Muons are measured in the
range |5| < 2.4, with detection planes made using three technologies:
drift tubes, cathode strip chambers, and resistive-plate chambers. The
single-muon trigger efficiency exceeds 90% over the full # range, and
the efficiency to reconstruct and identify muons is greater than 96%.
Matching muons to tracks measured in the silicon tracker results in a
relative transverse momentum (py) resolution, for muons with py up
to 100 GeV, of 1% in the barrel and 3% in the endcaps [26]. The sili-
con tracker used in 2016 measured charged particles within the range
|n| < 2.5. For nonisolated particles of 1 < pp < 10GeV and |y| < 1.4,
the track resolutions were typically 1.5% in py and 25-90 (45-150) pm
in the transverse (longitudinal) impact parameter [27]. At the start of
2017, a new pixel detector was installed [28]; the upgraded tracker mea-
sured particles up to |5| = 3.0 with typical resolutions of 1.5% in pr and
20-75 um in the transverse impact parameter [29] for nonisolated parti-
clesof 1 < pr < 10GeV. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in Ref. [30].

Events of interest are selected using a two-tiered trigger system. The
first level, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of
around 100 kHz within a fixed latency of about 4 ps [31]. The second
level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized
for fast processing, and reduces the event rate to around 1 kHz before
data storage [32]. All events used in this analysis are selected by a set
of triggers demanding two identified muons of opposite charges and an
additional track to form a common vertex, displaced from the region
of the proton-proton interactions (beamspot). The trigger required each
muon to have pr > 4GeV, |n| < 2.5, and to pass within 2 cm of the beam
axis. The dimuon system was required to have pr > 6.9 GeV, a vertex fit
2 probability larger than 10%, a separation of the vertex relative to the
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beamspot in the transverse plane larger than 3 times the uncertainty of
the separation, and the cosine of the angle in the transverse plane be-
tween the dimuon momentum vector and the vector from the beamspot
to the dimuon vertex greater than 0.9. The additional track was required
to have py > 0.8(1.2) GeV and a minimum distance of closest approach
from the beamspot greater than 0 (2) times the uncertainty for data col-
lected in 2016 (2017-2018). As the trigger configuration was restricted
in the ¢? range, the analysis is limited to events with ¢% < 16 GeV?.

Monte Carlo (MC) simulations are used to determine the impact of
the detector geometry, trigger, reconstruction, and selection on the an-
gular distribution of the signal, and to validate the analysis procedure.
Simulated events are generated with PYTHIA 8.230 [33], decays of par-
ticles containing b or ¢ quarks are simulated with EVTGEN 1.6.0 [34],
and final-state radiation is included via PHOTOS 3.61 [35,36]. Events
are passed through the CMS detector simulation based on GEANT4 [37]
and simulated minimum bias events are added to mimic the number of
multiple vertices per event as seen in the data.

4. Event reconstruction, selection, and efficiency modeling

The offline reconstruction requires two oppositely charged muons
and two oppositely charged tracks. Muons must satisfy general identifi-
cation (soft muon) criteria [26] and match the muons used in the trigger.
The py and  requirements applied by the trigger must be satisfied by the
offline muons as well. The two tracks are required to pass the standard
high-quality [27] identification criteria, have |5| < 2.4 and pp > 0.8 GeV
to ensure well-measured tracks and match the trigger requirements, and
have a distance of closest approach to the beamspot greater than 0.8
times the uncertainty to preferentially select tracks originating from a
displaced vertex. One of the two tracks must match the track used in the
trigger. In the 2017 and 2018 data sets, the trigger-matched track is re-
quired to have pr > 1.2 GeV and the distance of the closest approach to
the beamspot greater than twice the uncertainty. A veto is applied to re-
ject tracks that are also reconstructed and identified as muons. The two
tracks are fitted to a common vertex to form the K** candidate. The K*0
meson invariant mass is computed for both the K*n~ and K=+ mass
hypotheses, and at least one of the two combinations is required to lie
within 150 MeV of the nominal K** meson mass [38]. A $(1020) veto
is applied, demanding that the invariant mass of the two-track system,
when assigning the kaon mass to both, is larger than 1.035 GeV.

The BY candidates are formed by combining the two oppositely
charged muons with a K*O candidate. The four daughter tracks of the
B? candidate must originate from a common vertex, with vertex fit y2
probability greater than 1%. The momenta of the four tracks are then
refitted using the common vertex as a constraint to improve the resolu-
tion of the track parameters. The flavor of the BY and K** candidates,
and hence the mass assigned to the two hadronic tracks, is determined
by the mass assignment that gives a K* meson mass closest to its nomi-
nal value. Based on simulation studies, this criterion results in incorrect
flavor assignment for 12-14% of the candidates, depending on the data-
taking year and with an increasing trend as a function of ¢2.

A multivariate analysis is used to optimize the background rejection.
A boosted decision tree is trained on background data events from the
mass sidebands and simulated signal events, separately for each year of
data-taking. The input variables of the discriminator are: the y? proba-
bility of the B candidate decay vertex; the transverse distance between
the B® candidate decay vertex and the beamspot divided by its uncer-
tainty; the cosine of the angle between the B candidate momentum and
the distance vector from the beamspot to the B® candidate decay vertex,
in the transverse plane; the transverse B® candidate impact parameter
with respect to the beamspot divided by its uncertainty; the transverse
impact parameter of each hadronic track with respect to the beamspot
divided by its uncertainty; the K* candidate invariant mass; and the
sum of the final-state particles relative isolation, defined as the sum of
the pr of all the high-quality [27] tracks having pr > 0.8 GeV within a

cone of AR = V(An)? + (Ap)? < 0.4 centered on the particle, divided
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by the pr of the particle. Candidates with a decision tree score above
a threshold are retained for analysis, with the threshold set to optimize
the expected signal significance.

To reduce the contamination from B* — K*ptp~, including the
dimuon decays of J/{ and ¥(2S) mesons, a veto is imposed on the in-
variant mass of the two possible K*p*p~ triplets, where K™ is, in turn,
one of the two hadronic tracks from the K* n~ w1~ candidate, with the
charged kaon mass assigned. The event is discarded if the mass of either
K*utw™ combination is within a region corresponding to three times
the K™t~ mass resolution around the Bt meson mass. This selection
suppresses the contamination from these decays to a negligible level.

The J/¥ and {(2S) meson control samples are defined by the ranges
of the dedicated ¢? bins, 8.68-10.09 GeV? and 12.86-14.18 GeV?, and
the requirement |gq — my,, | <30, and |g — my5)| < 30,, respectively.
Here o, is the per-event uncertainty in the dimuon invariant mass g,
and m represents the nominal mass of the charmonium state. Events
satisfying these requirements are excluded from the signal ¢* bins. How-
ever, a fraction of events from the resonant channels still appears in the
adjoining ¢® bins, mainly due to an unreconstructed photon from the
charmonium decay. This contamination is reduced by applying com-
bined requirements on ¢ and the B® candidate invariant mass, which
are tuned independently for the dimuon mass regions below the J/{r
meson mass, between the J/{ and the {/(2S) meson masses, and above
the (2S) meson mass. These requirements are set so that less than
10% of the background events originate from the resonant channels,
by using simulated events to measure the remaining resonant contam-
ination. For ¢ < my,, (g > my,,,), candidates must satisfy the condition
|(m — mgo) — (g — my /q,)l > 190(90) MeV, where m is the invariant mass
of the B candidate. For g < my sy (4 > My, s)), candidates must satisfy
the condition |(m — mgo) — (¢ — mq,@S))l > 70(80) MeV. These require-
ments are tightened to 200, 100, 80, and 110 MeV in the 2016 data
sample, as a consequence of the different detector configuration, trig-
ger conditions, and offline selection criteria. In addition, B? candidates
formed by the final-state particles from the B® — J/K*° decay, where
the identification of a muon and a hadron track is inverted, are rejected
with dedicated requirements obtained from simulation. Two alternative
B? candidates, denoted as “alt”, are formed by reversing the identifica-
tion of the same-sign muon and hadron track pairs, and the one giving a
K*Y mass closest to its nominal value is selected (Bglt). Requirements on

m(K:ﬁ), Qale> m(Bglt), AR(p, track), and Apr(j, track) are placed so that
90% of the reversed candidates are rejected, with less than 1% impact
on the signal efficiency. Peaking backgrounds from Bg - nT"$(1020),
B(S’ - utpn K*0 and B(S) — wrW~K*tK™ decays are studied in simula-
tion, using their equivalent decays with intermediate J/¢ and {(2S)
resonances. After the full reconstruction and selection chain, their con-
tribution is negligible compared to the J/{s resonant channel decay.

The contamination from Ag — pK~p*tp~ decays is investigated di-
rectly with data by assigning the proton and kaon masses to the hadronic
tracks of the K¥n~pntp~ candidates, and searching for a peak at the
nominal Ag mass in the candidate invariant mass distribution. No evi-
dence of such contamination is found.

Finally, partially reconstructed decays Bt — Kt {(25)(— J/¢yntn7)
contribute to the low-mass sideband of the J/4s control sample and
present a narrow peak in the coség distribution in the region 0.6 <
cosfg < 0.8. To reject this background, a selection is applied on
m(upK), m(pum), m(upuK, ng), and m(K, ng) invariant masses in the
events with pr(K) > pp(n), where K, and nyg are given the kaon and
pion flavor assignment, respectively, based on which combination is
closest to the K* mass, but are assigned the charged pion and kaon
mass, respectively, in the invariant mass calculations.

The acceptance, as well as the efficiency to trigger, reconstruct, and
select the signal and control channel events, are modeled with a function
of the three angular variables, using simulated event samples, individu-
ally for each year of data-taking and ¢ bin. These functions are obtained
by applying the nonparametric kernel density estimator method [39,40]
to the unbinned distributions of simulated events before and after im-
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posing the acceptance and selection criteria previously described, and
computing their ratio. Studies of this method using simulated events
find that it reproduces important features of the efficiency and remains
robust in regions of the phase space that are poorly populated by simu-
lated events. Efficiencies are determined for both correctly identified
(the kaon and pion have the correct charge) and misidentified (the
kaon and pion charges are reversed) candidates, with both contribut-
ing as signal in the fit described below. Corrections derived from the
data are applied to the simulated events to improve the modeling of
the additional proton-proton interactions within the same or nearby
bunch crossings and of those variables correlated with the decay an-
gles. The latter are evaluated by training a classifier on the difference
between simulation and data from the B® — J/{K* control sample. The
background-subtracted data distributions have been obtained via the
sPlot technique [41], where the reconstructed BO candidate invariant
mass is used as the discriminating variable. The inputs to the classifier
are the transverse momenta of the final-state particles, the B” candidate
n, and the topological variables that are correlated to the angular ones.
The output score of the classifier is used to reweight the simulation. The
effectiveness of the method has been validated assessing the compatibil-
ity of the distributions of the input features in data and in the corrected
simulation, on an independent sample of B? — J/yK*( events, as well
as on a sample of BY — (2S)K*0 events.

5. Fit procedure

The angular observables are measured in each ¢? bin by performing
an unbinned maximume-likelihood fit to the four-dimensional distribu-
tion of the invariant mass of the B candidate, m, and the three angu-
lar variables: cosfy, cosd;, and ¢. The bin definition is the same as
in Ref. [14], except that the first bin starts from 1.1 GeV? rather than
1.0GeV? to exclude the contamination from the ¢(1020) resonance. The
exact bin definition is reported in Table 2. All B® candidates with the
invariant mass in the range 5 < m < 5.6 GeV are included and a simulta-
neous fit is performed to data sets collected in 2016, 2017, and 2018.

The probability density function (PDF) used to fit each of these three
data sets is:

P(m,cosb,cosb;,¢) =
Ys | SC(m) S2(cos O, cos 8, p) € (cos O, cos 6;, )
+ RSM(m) 3)
X S%(—cos O, — cos 0, —p)eM(cos Oy , cos 0, ¢)

+ Yg B™(m) B*(cos Ok, cos ;, ),

where the first and second terms represent the contributions of the signal
events for which the flavor has been correctly and wrongly identified,
respectively, while the third term describes the background contribu-
tion. The Y5 and Yy parameters represent the yield of signal and back-
ground events, respectively. The functions .SC and SM describe the mass
distribution of correctly identified and misidentified signal candidates,
respectively, and they are parametrized, depending on the g2 bin, by a
Crystal Ball function [42] plus a Gaussian or a double Crystal Ball func-
tion [43] (with a single or double Gaussian kernel and two power-law
tails in opposite directions). The function S? is the angular decay rate
as written in Eq. (2). The functions ¢C and €M represent the efficiency
for correctly and misidentified events, respectively, as a function of the
angular variables. The parameter R represents the ratio of the relative
amount of misidentified events in data and the same value as computed
on MC samples; the information of the latter value is contained in the
relative value of €M with respect to €€, while R is introduced to account
for differences between data and simulation. The function B" represents
the mass distribution of the combinatorial background events and con-
sists of an exponential function; in the ranges 6 < ¢2 < 8.68 GeV> and
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10.09 < ¢% < 12.86 GeV?, the exponential is multiplied by a function de-
scribing the reduction of background events from the requirements used
to reduce the J/{ and {/(2S) meson contamination. The function B? rep-
resents the angular distribution of the background, which is modeled
by a three-dimensional Bernstein polynomial determined from the data
sidebands. The sidebands are regions of the K*n~ "L~ mass spectrum
that do not contain the signal peak. Their range is defined to minimize
the contamination from signal events, while providing a sufficiently
large sample to ensure a good fit of the angular distribution. This ap-
proach results in signal contamination below 6% for the events within
the sideband regions. The Bernstein polynomial degree is chosen as the
lowest value that produces a p-value larger than 5%: the degree varies
between 2 and 6 for cos 0, between 1 and 5 for cos6;, and between 2
and 5 for ¢, depending on the data-taking year and ¢ bin. The functions
€€, eM, and B? are constrained to have the same value at ¢ = +7.

In the simultaneous fit, the parameters of the PDF corresponding to
the angular observables are shared among the three data sets, while
other parameters are independent to account for the effects of differ-
ent data-taking conditions on the efficiency and resolution. The coeffi-
cients of the S-wave and its interference with the P-wave are treated as
nuisance parameters and are shared among the three data sets. All pa-
rameters are free, except those of the background angular shape, which
are fixed to the values obtained from the data sidebands as described
above. The parameters of the signal mass shapes are constrained to the
results of the fit to the K*n~pwtp~ mass distribution of simulated sig-
nal events through Gaussian likelihood factors. An additional Gaussian
constraint is applied to the parameter R, with a mean equal to one and
a width corresponding to the expected statistical fluctuation of R in the
data, which varies from 5 to 20% depending on the data-taking year
and the ¢? bin. The fit strategy comprises a procedure relying on the
penalization of the likelihood function to ensure that the resulting an-
gular observables lie in the physical region of the parameter space, i.e.
provide a non-negative decay rate.

The best fit value of the parameters and approximate 68% CL confi-
dence intervals are extracted using scans of the profile likelihood ratio,
following the procedure described in Section 3.2 of Ref. [44]. The va-
lidity of this method and its robustness to the presence of nonphysical
regions of the parameter space have been proven by an extensive study
of its statistical coverage. The fit procedure and results are validated
through fits to pseudo-experiments, MC simulation samples, and con-
trol samples.

6. Systematic uncertainties

Several sources of systematic uncertainties are evaluated to account
for possible biases introduced by the analysis procedure, differences be-
tween the signal features in data and simulation, and any unaccounted
minor background sources.

The possible bias introduced by mismodeling the efficiency shape is
evaluated using simulated events as the difference between the results
from fitting the generated angular variable distribution of generated
events and fitting the reconstructed angular variable distributions of
reconstructed events incorporating the efficiency. Additionally, a sys-
tematic uncertainty is estimated to account for possible biases in the fit
results when the fit procedure is performed in realistic conditions (pres-
ence of background, limited number of available events). A set of 100
independent samples is created with the signal obtained from MC simu-
lation and the background generated from the corresponding PDF, with
signal and background yields matched to the respective values estimated
from the data. Each of the samples is fit with the standard procedure and
the average value over all 100 samples is calculated for each parameter.
The systematic uncertainty is obtained by subtracting the average value
from the value measured in the fit to the full signal-only MC simulation
sample.

To evaluate the uncertainty due to the misidentification fraction be-
ing measured using simulated samples, the Gaussian constraint on the
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The uncertainties considered in the analysis on the various angular observables. For
each source of uncertainty, the range covers the absolute variation observed across

the ¢ bins.
Source F (x1073)
Efficiency modeling 1-9
Fit bias 1-2
Misidentification fraction 0-2
Signal mass resolution 1-10
Signal mass shape 0-9
Background mass shape 0-5
Efficiency (statistical) 1-10
Background (statistical) 2-6
Data/simulation differences 8
Partially reco background 1
Resonant background 0-1
Source P; (x107%)
Efficiency modeling 3-87
Fit bias 9-54
Misidentification fraction 1-5
Signal mass resolution 4-23
Signal mass shape 2-16
Background mass shape 6-30
Efficiency (statistical) 5-47
Background (statistical) 6-37
Data/simulation differences 0-11

Partially reco background 25
Resonant background 0-30

P (x107) P, (x107%) P, (x1073)
7-44 3-11 0-46
0-6 2-62 1-12
1-4 1-3 0-14
1-12 2-11 1-21
1-22 0-10 3-70
1-16 1-13 0-8
5-31 1-64 4-45
4-20 1-21 2-16
0-23 0-16 0-13
1 0 1

0-6 0-5 0-2
Pl (x10%) P/ (x107) P (x107)
2-13 5-16 6-28
0-8 0-3 0-24
1-10 0-4 0-12
0-12 0-5 0-16
1-15 0-7 0-91
1-13 0-7 1-10
4-22 413 10-59
4-24 3-9 5-23
0-13 0-3 0-30
0 0 2
0-11 0-5 0-12

parameter R is removed in the fit to the B® — J/{K*? control sample,
yielding an unconstrained measurement of R. Then, a set of alternative
fits is performed, using the measured R values (1.07, 1.02, and 1.02
for 2016, 2017, and 2018, respectively) as the means for the Gaussian
constraints in the signal fits.

The systematic uncertainty associated with possible differences in
the mass resolution between data and simulation is evaluated by first
measuring a resolution scale factor with the B® — J/yK*? control sam-
ple and then applying the same scale factor in the fit to the signal bins.
The difference with respect to the nominal result is taken as a systematic
uncertainty.

Systematic uncertainties are assessed for the signal and background
mass shapes. To evaluate the uncertainty related to the choice of the
signal mass model, a fit is performed to the data using the correctly iden-
tified and misidentified mass spectra from MC simulation as templates
for the .SC and SM components of the PDF. To evaluate the uncertainty
related to the choice of the background mass model, a fit is performed
to the data using Bernstein polynomials. For the highest ¢2 bin only, the
exponential function corrected for the threshold effect at the low edge
of the mass range was also used as an alternative function.

The efficiency is evaluated on a finite sample of simulated events. A
set of efficiency functions reflecting the statistical variation of the sim-
ulated event sample is generated, and used to fit the data. The standard
deviation of the results obtained on each angular parameter is included
as a systematic uncertainty. As the angular parameters of the back-
ground function are fixed in the fit, the statistical uncertainty related
to the background parameters is evaluated separately. This is done by
varying the parameters using the covariance matrix of the fit to the side-
bands to generate 100 different background functions. The uncertainty
is obtained by taking the standard deviation of the results obtained by
fitting the data with each of the alternative background functions.

The effect of data-to-simulation differences on the angular efficiency
and resolution is assessed by performing a fit on the J/{ control sam-
ple and calculating the difference (AFi/ ) between the F; value ob-
tained from this fit and its current world average [38]. This difference
is then used to fit the signal sample, with the F; parameter fixed to
oM+ AF]i/ ¥, where F{°™ is the value of F;, obtained from the nomi-

nal fit to the signal sample. The value of AFi/ ¥ and the deviation of the

other fit parameters from their nominal values are assigned as system-
atic uncertainties.

The bias introduced by the contamination from partially recon-
structed background sources in the lower-mass sideband on the back-
ground angular shape is evaluated in the J/ control sample, excluding
from the mass sidebands events with the B® candidate mass lower than
5.1 GeV to define the background angular shape. The difference between
the new results and the nominal ones is considered as a systematic un-
certainty. Finally, the uncertainty due to the possible contamination of
events from the two resonant channels in the adjoining ¢? bins is evalu-
ated by adding a component with a simulation-based shape to the PDF
to describe the contribution of the resonant channels, and using the dif-
ference of the results as the systematic uncertainty.

The systematic uncertainties are determined for each ¢ bin, and
in cases where the systematic uncertainty is obtained as the difference
between a nominal and alternative configuration, the systematic uncer-
tainty is symmetrized. Their impact on the various angular parameters
is summarized in Table 1. The individual systematic uncertainties are
considered independent and added in quadrature.

7. Results

The projections of the fitted PDF on the mass and angular distribu-
tions are shown in Fig. 2 for all ¢* bins. The fit quality has been verified
in all 42 bins by assessing the agreement between the PDF projections
and the data.

Table 2 and Fig. 3 provide the measured values of the CP-averaged
observables in bins of ¢2 along with the corresponding uncertainties.
The size of the uncertainties varies between different P’.(') observables,
based on their dependence on F; and, more generally, on the formula
defining the observable. Fig. 3 also contains four predictions based on
the SM. The ¢ range of validity of the predictions varies depending on
the methods used to estimate the form factors. The ABCDMN predictions
are obtained using the theoretical framework discussed in Ref. [20],
which combines local form factors derived from lattice quantum chro-
modynamics [45,46] and light-cone sum rules [47], and non-local form
factors from Ref. [48]. The EOS predictions are obtained using the pro-
cedure described in Ref. [49] and the EOS [50] software package, using
the same sources as ABCDMN for the form-factor calculations, but with
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Fig. 2. Mass and angular distributions for the six > bins (one bin per row). The projections of the total fitted distribution (blue solid line) and its different components
are overlaid. The signal is shown by the red dotted line, and the background by the orange dashed line.
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Table 2

The measured CP-averaged angular observables, in the corresponding ¢> bins.

The first uncertainty is statistical and the second is systematic.

1.1 < ¢? <2GeV?

2 < g* <4.3GeV?

43 < ¢* < 6GeV?

0.810%99%6 1 0.016

—0.030 —

—0.29 93 +£0.05

—0.244 %044 +£0.039

—0.19 *%20 40.09

-0.22

—043 915 +£0.08

—0.14 T8 +0.04

0.075
0.108+997% 10,018

0.73 1% +0.06

0.032
0.714 t().()}(l +0.012

-030 *13 +0.04

0.121 *00% +0.030

-0.03 +£0.14+£0.08

—0.72 12 £0.07

-0.44 +0.10+0.03

0.074
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—0.01 £0.22+0.04

10.09 < ¢* < 12.86 GeV?

14.18 < ¢ < 16 GeV?

0.011
0.474 9911 10,009

0.051
-0.439*0%°1 40,030

0.386+2%2! +0.018
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0.013*9%% +0.007

0.064
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-0.032 —
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0.394 +0.012 + 0.009
—0.465 £ 0.037 £0.025

0.440 *0998 4 0,008

—0.010

—0.034 *0037 £0.010

—1.159 *0%% +£0.041

—0.688 *0038 4 0,021

—0.036

0.121 *{0% +0.011
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F, 0.709 *307% +0.021
P 0.09 *0% +£0.04
P, -037 1] +0.10
Py —0.05 07 +0.04
P, —044 0¥ +0.11
P! 036 017 +0.03
P/ 0.000 *00%% +0.021
P 0.16 +037+0.11
6< ¢% < 8.68GeV?
F, 0.627+0.016 +0.011
P, —006 +0.10 +0.05
P, 0.188 *00%% +0.014
P, 0.099 *00r +0.014
P, —095 +0.10 +0.06
Pl —0.495:+0.067 +0.023
P! 0.010+0.052+0.016
P 0.06 +0.14 +0.04

8

0.09
0.09 jU_lO +0.03 T 0,086

0.011 +098 4 0,022

a different approach to combining them. Additional predictions are cal-
culated using the f1lavio [51] software package, which combines local
form factors from lattice quantum chromodynamics [45,46] and light-
cone sum rules [52], and quantum chromodynamics factorization for
nonlocal form factors [53,54]. The predictions calculated with the HEP-
fit [55] software package adopt a conservative estimation of non-local
hadronic matrix elements and their uncertainties, to account for a pos-
sible large impact from charm-loop penguin diagrams [19,56].

The HEPfit predictions, given the large uncertainties, are compatible
with the measurements. The EOS and ABCDMN predictions, while show-
ing compatibility with the analysis results for most of the observables,
present tensions with the measured values of P, and PS’ , in the region
of ¢* below the J /s resonance. The deviation for PS’ is at a level of 3.2
(2.2) and 4.9 (3.0) standard deviations for EOS (ABCDMN) predictions
in the regions 4.3 < g2 < 6GeV? and 6 < ¢2 < 8.68 GeV?, respectively,
while for P, the difference corresponds to 2.2 (1.5) and 6.4 (4.1) stan-
dard deviations for EOS (ABCDMN) predictions, in the same ¢2 ranges.
The flavio predictions show similar tensions for the P5’ parameter, at
the level of 2.6 standard deviations in the regions 4.3 < g% < 6 GeV?>.
The value of PS’ in the second bin of ¢2 disagrees with the predictions,
with a significance that ranges between 1.5 and 3.5 standard devia-
tions. The current measurements are compatible with those presented
in previous analyses from the CMS Collaboration [13,14] and other ex-
periments [7,11,15,16], as shown for P, and PS’ in Fig. 4. The statistical
uncertainty has significantly improved compared to previous CMS pub-
lications.

8. Summary

In summary, the study of the full angular distribution of the flavor-
changing neutral-current B — K*0u+~ decay has been performed
using 140 fb~! of proton-proton collision data recorded by the CMS de-
tector at the LHC at 4/s = 13TeV. A complete set of observables has
been measured via unbinned maximum likelihood fits to the BY candi-
date mass and angular variables, in bins of the squared invariant mass of
the dimuon system ranging from 1.1 to 16 GeV2. The measurements are

compared to a variety of predictions based on the standard model, with
tension in a few of the angular observables seen for some of the predic-
tions, as is also reported by other experiments. These results are among
the most precise experimental measurements of the angular observables
of this decay, and provide a valuable contribution to the understanding
of the b — s£7£~ processes.
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