PHYSICAL REVIEW D 113, 092002 (2026)

Measurement of the branching fractions and longitudinal polarizations

of B?s) — K*'K*" decays
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A time- and flavor-integrated amplitude analysis of B® and BY decays to the (K*z~)(K~z™") final state in
the K*(892)°K*(892)° region is presented, using pp collision data recorded with the LHCb detector in
2011-2018, corresponding to an integrated luminosity of 9 fb~!. The branching fractions of the B® and BY
decays are measured relative to the B° — D~z" and BY — Dyt modes, respectively. The correspond-
ing longitudinal polarization fractions are found to be f¢ =0.600+0.02240.017 and
f1 =0.159 £0.010 £ 0.007, where the uncertainties are statistical and systematic, respectively. The
theory-motivated ratio of the squared B? to B° longitudinally polarized decay amplitudes is found to be
Lygogo =4.92+0.55+£0.48 £ 0.02 = 0.10, where the uncertainties are statistical, systematic, due to
uncertainty of external mass and lifetime measurements, and due to knowledge of the fragmentation
fraction ratio, respectively. This confirms the previously reported tension between experimental
determinations and theoretical predictions of longitudinal polarization in B — VV decays at the level

of 4.4 standard deviations.
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I. INTRODUCTION

In the Standard Model (SM) of particle physics, the B —
K*K*0 and B — K**K*0 decays proceed predominantly
via the b — ds5 and b — 5dd gluonic loop (penguin)
transitions, respectively, as illustrated in Fig. 1.' Because
of their loop-suppressed nature, these processes offer a
sensitive probe for new physics (NP), as contributions from
particles beyond the SM can lead to sizeable deviations from
the SM predictions for certain observables [1-8].

Quantities of particular interest are those for which
theoretical uncertainties from nonperturbative hadronic
interactions can be well controlled. The B® — K*°K* and
BY — K*9K*0 decays provide a set of such quantities and
are thus considered in the literature as golden channels for
NP searches [9,10]. Given the identical final state of both
decays, U-spin symmetry, which reflects the approximate
invariance of the amplitudes under the interchange of s and
d quarks, may be applied. One particular theoretically
motivated quantity is the amplitude-squared ratio of the
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longitudinal components contributing to BY and B°
decays [10-12], defined as

B(B? — K*°K*?) 3

Lgogo = —— =
KK gB(BO_)K*OK*O)fi

(1)

where B denotes the branching fraction of the indicated
decay and G = 1.014 + 0.004 is a factor accounting for the
differences in the measured mass and lifetime between the
B and BY mesons [10]. Respectively, the longitudinal
polarization fractions, f¢ and f3, are the proportions of
B® - K*°K*0 and BY — K*°K*? decays in which the spins
of the two produced vector mesons are aligned along their
directions of motion. Hadronic uncertainties largely cancel
in this ratio in theoretical calculations. From an experimental
perspective, the observable Loz« is also subject to rela-
tively small systematic uncertainties through cancellation
effects, as the two decays share identical final-state particles.
The time-dependent CP-violating parameters in the BY
channel constitute another set of observables with consid-
erable interest. An overall weak-phase difference is absent in
the dominant top-quark loop diagram within the SM and
thus a significant CP asymmetry observed in these decays
would provide strong evidence for NP. Potential pollution
from subleading charm- and up-quark loop diagrams can be
well controlled by relating to similar diagrams for the B°
decay under U-spin symmetry [9].

Previous measurements of these decays have been
performed by the LHCb Collaboration using pp collision
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FIG. 1.

data, corresponding to an integrated luminosity of
3 tb~! [13,14]. The key finding was a significant difference
between the measured longitudinal polarization fractions:
f¢ =0.724+£0.051 £0.016 and f5 =0.240+0.031 +
0.025 [13], where the uncertainties are statistical and
systematic, respectively. These can be used to determine

an experimental value of Lgwgo = 4.43 £0.92 [10]. The

latest theoretical prediction is Lgogo = 26.08:%:;3 , when

both light-cone sum rules and lattice QCD predictions for
the form factors are combined [12]. Naive factorization
suggests that in a B — V'V decay, where V represents a
vector state, the longitudinal component typically domi-
nates due to helicity suppression of the transversely
polarized amplitudes [15]. The observation of small values
of f; in BY - K*OK*0 decays, as well as other related
modes [16-29], has led to several possible explanations for
this so-called polarization puzzle. These include enhanced
contributions from weak-annihilation amplitudes [30-34],
charm-loop diagrams [35,36], higher-order corrections
[37,38], final-state interactions [39—43], and NP contribu-
tions [44—49].

This paper presents a time- and flavor-integrated ampli-
tude analysis of B® - K*'K*% and BY — K*°K*0 decays,
with K** — K* 7=, using pp collision data collected by the
LHCb experiment at center-of-mass energies of /s = 7, 8
and 13 TeV, during LHC Runs 1 and 2, which took data
between 2011 and 2018, corresponding to an integrated
luminosity of 9 fb~!. Both of the Kz pairs are reconstructed
in the invariant-mass region around the vector K** reso-
nance. Decays with the identical final-state particles, namely
B’ - D7 [-» K"K z7]z" and BY - D;[- K*K 7" |xt,
are used as normalization modes. Results for the amplitude
parameters are presented, with particular focus on the
branching fractions, longitudinal polarization fractions
and the Lgwogo observable. These measurements are the
most precise to date and supersede the previous LHCb
results [13,14]. Compared to previous measurements, this
analysis improves the spin description of the contributing
amplitudes, models the nonresonant (Krz) contribution
down to the production threshold, and uses a more robust
method for computing the efficiency.

Hadronic penguin diagrams contributing to (a) B® - K*°K*0 and (b) BY — K*°K** decays in the SM.

II. DETECTOR AND SIMULATION

The LHCb detector [50,51] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector used to collect the data analyzed in this paper
includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction
region, a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm,
and three stations of silicon-strip detectors and straw drift
tubes 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 primary pp collision
vertex (PV), the impact parameter, is measured with a
resolution of (15 + 29/py) pm, where p is the compo-
nent of the momentum transverse to the beam, in GeV/c.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov (RICH)
detectors. Photons, electrons and hadrons are identified
by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional
chambers. The online event selection is performed by a
trigger, 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.

At the hardware trigger stage, events are required to have
a muon with high pt or a hadron, photon or electron with
high transverse energy in the calorimeters. For hadrons, the
transverse energy threshold at the hardware trigger stage is
3.5 GeV. The software trigger requires a two-, three- or
four-track secondary vertex with a significant displacement
from any PV. At least one charged particle must have
transverse momentum py > 1.6 GeV/c and be inconsis-
tent with originating from a PV. A multivariate algorithm
[52,53] is used to identify secondary vertices consistent
with the decay of a » hadron. In the offline selection, trigger
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signals are associated with reconstructed particles.
Selection requirements can therefore be made on the trigger
selection itself and on whether the decision was due to the
signal candidate, other particles produced in the pp
collision, or to a combination of both. Triggered data
further undergo a centralized, offline processing step to
deliver physics-analysis-ready data across the entire LHCb
physics program [54].

Simulation is required to model the effects of the detector
acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [55]
with a specific LHCb configuration [56]. Decays of
unstable particles are described by EvtGen [57], in which
final-state radiation is generated using PHOTOS [58]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit
[59,60] as described in Ref. [61] and further calibrated
with various control samples for the differences between
data and simulation, as described in Sec. V B.

III. EVENT SELECTION

Offline requirements are used to select the signal and
normalization candidates. Four charged hadron tracks dis-
placed from any PV are selected, each required to have
momentum in the range p€|[3,100] GeV/c and
pt > 500 MeV/c. Two of the oppositely charged tracks
must be consistent with the kaon mass hypothesis and two
with the pion mass hypothesis, which are distinguished by
requirements on the difference in the log-likelihood of the
two different mass hypotheses, based on information from
the RICH detectors. For the signal modes, all four tracks must
be consistent with originating from the same vertex and
K* T pairs are required to lie within the elastic scattering
region from the Kz to K thresholds, corresponding to a
mass in the range [633,1042] MeV/c?, for reasons out-
lined in Sec. V A 2. The four tracks are combined to produce
a B candidate that must originate from the PV and have a
mass in the range [5000,5800] MeV/c?. Signal mode
candidates with a three-body mass mg+g-,+ in the region
[1946.4,1990.4] MeV/c? are removed to reject the back-
ground from BY — D z* decays.

The normalization candidates have identical track selec-
tion requirements to the signal modes, except for the
requirement that all tracks should originate from the PV.
Instead, both kaon tracks and one of the pion tracks
are required to be displaced from the remaining pion
track to form a D, candidate with a mass in the range
[1796.2,2068.5]MeV /c*. Candidates are required to have
mg+gx- < 1800MeV/c? to reject DY — KK~ back-
grounds. Stricter particle identification (PID) requirements
are placed on the kaon with the same charge as the pion in
the D(S) decay, providing the D(‘S) mass lies in the range

Mg+ k- € [1839,1899] MeV/c?, in order to reject mis-

identified backgrounds from B(()S) - D, [ Ktnn|x"

decays. A mass constraint is also applied to the D(‘S)

candidates through a kinematic fit procedure.

Data candidates are further refined using a boosted
decision tree (BDT) classifier implemented in the XGBoost
package [62], trained with a variety of kinematic, topologi-
cal and isolation variables. For BY  — K*°K*? candidates,
the BDT is trained with a signal proxy comprised of
simulated B? — K*°K*0 decays, using an amplitude model
based on previous LHCb studies [13], while for the
normalization modes a simulated sample of BY — Dz~
decays is used. The background proxy is formed from the
upper-mass sideband [5600, 5800] MeV/c? from each of
the signal and normalization data samples. Separate BDTs
are trained for the signal and normalization modes, as well as
in each data-taking period: Run 1 (2011-2012) and Run 2
(2015-2018). The k-fold cross-validation method is used
with k =5 [63].

The B-candidate kinematics in the simulation samples
are corrected using a gradient-boosted algorithm from the
HEP_ML package [64] to match the background-subtracted
distributions of p and py of the B candidate in data, as well
as the distribution of the track-fit y> of the final-state
particles. The background-subtracted distributions are
determined using the sPlot procedure [65,66] from a
preliminary fit to the signal and normalization data samples
selected with a loose cut on the BDT output to reject
combinatorial background.

To reduce contamination from misidentified backgrounds
from B® - p°K**, B® - ¢pK*" and A) - pK~n" 7~ decays in
the signal modes, stricter PID requirements are applied to the
final-state tracks. Where available, simulated samples are
generated according to known amplitude models [25,27],
otherwise uniformity in phase space is assumed. These
requirements are optimized alongside the combinatorial-
background BDT output score, using the basin-hopping
algorithm [67,68], for the significance figure of merit,
defined as S/+/S + B, where S (B) is the expected number
of signal (background) events in the region of the B® mass
peak, which is expected to have a lower yield. Initial signal
and background yields and the bounds of the B® signal region
are determined from the aforementioned preliminary fit to
data. The optimization is constrained to reject at least 90% of
the dominant misidentified B — p°K*? background. The
normalization modes optimize only the BDT requirement
with the same figure of merit, but subsequently the same PID
cuts used in the signal modes are applied.

IV. FOUR-BODY MASS FITS

Extended unbinned maximum-likelihood fits are per-
formed on the four-body mass distributions of the selected
signal and normalization candidates. The parameters of
each fit component are determined from suitable simulation
samples and fixed in the fit to data, except for the positions
and widths of the peaks which are allowed to shift and
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FIG. 2. Distributions and fit results of the K*z~K~z" mass for the (top) signal modes, (bottom left) B’ normalization mode and
(bottom right) B? normalization mode. Equivalent plots on a logarithmic scale are shown in Fig. 7 in Appendix A.

scale, respectively. Selected signal candidates in the
reduced mass range [5050,5750] MeV/c? are used in
the fit to data which is further subdivided such that separate
models for Run 1 and Run 2 can be determined simulta-
neously. For the signal modes, a Hypatia distribution [69],
with parameters extracted from a simulated sample of BY —
K*°K*0 decays, is used to model the contribution for both
BY — K*9K*0 and B® — K*°K* decays, where the distri-
bution for the latter is shifted by the known mass difference
between the BY and B mesons [70]. The misidentified
backgrounds from B® — p°K*? and B® — ¢K*° decays are
modeled using Johnson-Sy; functions [71], while partially
reconstructed decays are modeled using a kernel density
estimate (KDE) from a sample of B - KTz K z*x°
decays generated with the fast simulation package
RapidSim [72]. The combinatorial background is modeled
using a uniform distribution in Run 1 data, while an
exponential distribution with a slope parameter determined
in the fit to the data is adopted for Run 2.

The normalization samples are split into B® — D~ z*
and B? — D;z" candidates by requiring the D(‘ ) candidate

N

mass to be in the range [1849,1893] MeV/c? for the
former, and [1941, 1993] MeV/c? for the latter. The two
samples are then modeled separately. The fit to the B® —
D~z mode uses the mass range [5200, 5500] MeV/c? and
consists of Hypatia distributions to model the B — D~z

component and contributions from misreconstructed B® —
D~K* decays. The fit to the BY - D;z" mode uses the
mass range [5290, 5600] MeV/c? and consists of Hypatia
distributions to describe the B — Dyz* component and
the background from B? — D;K*+, B - Dz~ and BY —
Di~[- Dyy]z" decays where the photon is not recon-
structed. Due to the large overlap and small expected yields
of the B — Dyz+ and BY — D"zt backgrounds, these
components are combined into a single “low-mass” shape
whose yield is determined in the fit to data. In both
normalization mode fits an exponential distribution with
a slope parameter determined from data is used to model
the combinatorial background.

The results of the fits to the selected signal and
normalization candidates are shown in Fig. 2. The extracted
yields of the signal modes are 9190 £ 114 and 1424 + 59
for the BY — K*°K*0 and B® - K*°K*? candidates, respec-
tively, while the extracted yields of the normalization
modes are 180 800 & 500 and 105 700 = 300 for the BY —
D;z" and B® — D~z candidates, respectively, where all
uncertainties are statistical only. Systematic uncertainties
are considered in Sec. VIL

V. AMPLITUDE ANALYSIS

Following the convention in Ref. [70], the differential

decay width of the B?S) meson can be expressed as
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ET( Dyt qy) _ AT

b —t)t 2 2

o) oo @R+ AP cosh (31
_ Al

@)~ JA(®,)P) cos

240, T4 (@)A(0)sin(am)|.

(Amt)

(2)

where @, is the set of four-momenta of the final-state
particles characterizing the phase-space position of the
four-body B?s) — K n~K~n" decay, f is the decay time,
and ¢qy,, denotes the initial-state flavor: +1 for B(()s)’ and —1
for B((JS> states. The amplitudes A(®,) and A(®,), detailed
in Sec. VA, are the static decay amplitudes of the B(()S) and
B?w meson, respectively. There are three decay-time-
relevant parameters: 7 denotes the average B(()S) lifetime,

while AI' and Am are the width and mass differences
between the high- and low-mass eigenstates associated with
the B(() ) meson, respectively. These parameters are fixed to

their known values [70]. In principle, A(®,) also absorbs
the contribution from the BY ) B? ) mixing amplitude ¢/ p.

This is assumed to be unity as |¢/p| ~ 1 in the B sector,
AT ~ 0 in B® decays, and the BY—B? mixing phase cancels
the weak phase of BY — K*°K*0 decays in the SM [4].

Although an untagged time-integrated study is per-
formed, the impact of certain parameters related to decay
time remains in an incoherent b h-production environment.
After time and B-flavor integration, the final signal prob-
ability density function (PDF) with detector acceptance
considered, is given by

d [(®y, 1, Grap)
Pa@)s 3 [Ta e (y)cly

o [(|A(®y) [ + |A(D4)[*)c,
— 2Re(A*(Dy)A(Ds))sJe(Dy), 3)

with
153
¢ E/ e(t)e™"/ cosh(AI't/2)dt
1

5, = /t2 e(z)e‘f/f sinh(AT't/2)dt. (4)

The decay-time integral range is chosen to be [0, 15] ps,
corresponding to approximately ten times the B(()S) lifetime,

e(®,) is the efficiency as a function of phase space, and

€(t) is the decay-time efficiency. Details about the effi-
ciency functions are given in Sec. V B.

A. Static decay amplitudes

The static B(()S) — (K*7n7)(K~7") decay amplitude is
constructed within the isobar approximation, where decay
processes are assumed to factorize out from multibody
unitarity into a topology of subsequent two-body decay
processes [73—75]. The total amplitude is taken as the
coherent sum over components, each described by a
function A; that parametrizes quasi-two-body intermediate
processes,

A(Dy) = Z a;A;(®@y), (5)

where a; are the complex free parameters of the model,
representing the relative contributions of each component i.
The function A; contains only strong dynamics, and is
generically parametrized, removing the component index i
for brevity, as

A(Dy) = F gty (k) (Pu) [F g - (@) T - (D)
X [F gt (@4)T g+ (P4)|Z( D), (6)

where F is a barrier factor associated with each subsequent
two-body decay, T is a mass propagator, and Z is the
overall angular amplitude. Their explicit formulas are
defined in Secs. VA 1-V A 3, respectively. The particles
in the subscript denote the final state of the two-body decay
involved. For a CP-conjugate final state, the total amplitude
corresponding to the CP-conjugate decay process is given
relative to the particle ordering that determines A,

A(®y) = A(Dy). (7)
In practice, @, indicates the phase-space position with
oppositely charged final-state particles of the same species
interchanged (C) and all three-momenta inverted (P), i.e.

K (py)x

— K*(=F3)

~(P2)K™(P3)7" (P4)
7 (=ps) K~ (=p)x" (=p2),  (8)

where p; is the three-momentum associated with each final-
state particle.

1. Barrier factors

To account for deviations from pointlike interactions,
finite sizes are attributed to decaying states via Blatt-
Weisskopf penetration factors [76], assuming a square-well
interaction potential with effective radius r = 4.0 ic GeV~!,
equivalent to a distance scale of 0.8 fm. The barrier factors
also depend on the orbital angular momentum between the
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decay products, L, and the (breakup) three-momentum of
either decay product ¢ defined in the rest frame of the decaying
state. The explicit expressions [77], up to L = 2, are

1 if L =0,
L if L=1,

F(q.L)={ 1+ (9)
1 if L =2.

9+3(qr)>+(gqr)*

In general, an additional momentum factor g is required
to ensure the correct threshold behavior of the amplitude
when the angular amplitudes are constructed using the
helicity formalism [70,78]. In the covariant tensor formal-
ism used in this analysis, described in Sec. V A 3, this factor
is already included in the angular amplitude, thus no further
implementation is necessary.

2. Mass propagators

Intermediate resonant contributions in the K* 777 system
are described as functions of its rest-frame energy squared,
s, by the relativistic Breit-Wigner (BW) propagator

o 1
I(s) T mE—s—iysO(s)’ (10)

where the imaginary part is given by

my <1>2L“ F(gq.L)?
Vs \qo F(qo,L)*

for decays into two stable particles [79]. The total energy-
dependent width, I'(s), is normalized to give the pole
width, Iy, when evaluated at the pole mass, m,, while ¢ is
the value of the breakup momentum at the pole.

For the intermediate S-wave contribution in the K*zF
system, precise amplitude parametrizations are available
for isospin 7 = 1/2 based on dispersively constrained
studies of zK — 7K and znm — KK scattering data that
satisfy the principles of unitarity, analyticity and crossing
symmetry. In general, the scattering amplitude is given by

VAT (s) = moly 0 (1)

SﬂK—ﬂK<s> =1 + iTﬂK—JrK(S>7 (12)

where T, x_,x(s) denotes the dynamic interaction part. As
this amplitude analysis is conducted in the fully elastic
region of Kz, unitarity essentially reduces the scattering

amplitude to an energy-dependent phase, sy 2, through

1

Tokoni(s) = ——>——
K K() t51/2() ;

(13)

The parametrization of this elastic phase is taken from
the constrained fit to data (CFD) model determined
in Ref. [80].

Watson’s theorem [81], a unitarity argument in the elastic
region that would ordinarily equate this scattering phase to
that of Kz production in multibody particle decay, does not
necessarily apply to B‘()S) — (KTz7)(K~#t) transitions,
as the additional vertex contained within the associated
penguin topologies may induce further phase motion.
Therefore, the scattering amplitude is modulated by a
production amplitude as

T(S) = PﬂK—ﬂK<S)SﬂK—ﬂK(S>' (14)
The form of the production amplitude P,gx_,x(s) is
determined directly from the data. For this purpose, a
complex-valued polynomial of the form

exp <i;cj‘gxi(s)>, (15)

abs

ﬂK IL'K(S E'l + anbsxl

is chosen. Details of the real coefficients ¢ and ¢i'* and
the orders of the polynomial functions are described in
Sec. V C. For reasons of stability, X(s) transforms the

value of s onto the region spanned by X(s) = [-1,+1],
defined as
X(s) =2 Y3 VSmn (16)

\/ Smax V Smm

where /sy, and /s, denote the lower and upper
boundaries of the K*zT mass range, respectively. These
are chosen to coincide with the K*z¥ threshold, where
/Smin = Mg+ + m,- = 633 MeV/c?, and the K% thresh-
old, where /Sy = mgo 4+ m, = 1042 MeV/c?.

3. Angular amplitudes

Previous measurements from the LHCb Collaboration
utilized the helicity formalism to construct the angular
amplitudes [13,14], where decays of a pseudoscalar B
meson to two vector states can be described by three
independent helicity amplitudes, A;, A,, A_. The explicit
angular amplitudes were expressed within the transversity
basis in which the states become CP-eigenstates via the
transformations A = (A, +A_)/v2,A; =(A, -A_)/V2,
while A; remains unchanged. A problem with describing
the amplitude in the transversity basis is the ambiguity of
the barrier factor at the production vertex of the vector-
vector state. While the CP-odd A, amplitude can be
definitively identified as the L =1 configuration, the
CP-even A; and A amplitudes are linear superpositions
of L =0 and L = 2. Typically, L =0 is chosen as the
baseline model, while L = 2 is considered as an alter-
native for evaluating systematic uncertainties. As an other-
wise irreducible source of uncertainty, such an
approach is ultimately unsustainable, as already seen in
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TABLE L.

Angular amplitudes expressed with the covariant tensor formalism. Square brackets associated with a

topology indicate the relative orbital angular momentum between the intermediate states.

B?S) decay topology

Angular amplitude Z(®,)

B—VV[S, V- K{n;, V- Kinf
B—VVIP,V - K{n;, V> Kin]
B—VVID], V- K{n;, V- Kinf
B—VS, VKl S— Kinf
B—SV,S—>Kln;,V—>Kin;
B—SS,S—Kjn;,S— K3nj

La(pv,qv)L(py.qv)
€abchfI;LC(PB, CIB)Lb(PVﬁ qv)L(py. qv)
Lay(Ps-98)L"(Pv. qv)L*(Py. 47)
L.(ps.q8)L(pv:qv)

L,(pg.98)L(Pv.qv)
1

the time-dependent amplitude analysis of B?S>

(KT7n7)(K~ =) decays conducted with the LHCb Run 1
data, where this issue constitutes a leading systematic
uncertainty [14].

To mitigate this effect, the covariant Zemach (Rarita-
Schwinger) tensor formalism [82,83] is employed in the
amplitude model of this analysis, in which the spin
amplitude Z(®,) is defined to be associated with a specific
orbital angular momentum. An initial- or final-state par-
ticle, with spin J, four-momentum p and polarization
index 4, is represented by a rank-J polarization tensor
€,,..4,(P.4), with Lorentzian indices y;...u;. The Rarita-
Schwinger conditions assert this tensor to be symmetric,
traceless, and orthogonal to p. This reduces the 4’ elements
of the polarization tensor to 2J + 1 independent elements
in accordance with the number of degrees of freedom
available to a spin-J state. The projection operator,

-

Pusosirineowy(P) =D €y (DAL (P D). (17)
A

is the fundamental object with which all spin amplitudes
are built.

Contracted with an arbitrary tensor, the projection
operator retains the tensor component that satisfies the
Rarita-Schwinger conditions. Therefore, in a two-body
process with relative orbital angular momentum L and
relative momentum g = p, — p; between decay products,
the rank-L tensor that describes orbital angular momentum
is identified as

Ly w(Pe@) =Py o 0, (P)g"...q"t.  (18)

For a given vertex in the decay chain, a Lorentz scalar
describing the spin amplitude is produced by contracting all
polarization tensors at that vertex with any orbital tensor
required for conservation of total angular momentum. In
cases where the transition is P-odd, it is necessary to
include the Levi-Civita totally antisymmetric tensor via
€.peqP” to ensure the correct behavior of the spin amplitude
under parity transformation. This procedure avoids the
need for manual insertion of a CP eigenvalue that accom-

panies B(()S) amplitudes expressed in the transversity

basis [13,14]. The overall angular amplitude is then the
product of all two-body spin amplitudes in the decay chain,
summing over all unobservable polarization indices.
Considering only vector (V) and scalar (S) intermediate
states in the baseline model, six decay topologies are
possible, listed in Table I. The final-state particle with
the lowest index necessary to calculate g for any two-body
decay sequence constitutes p,. The corresponding angular
amplitudes for A are obtained by applying the trans-
formation described in Eq. (8). These spin amplitudes
are calculated with the QFT++ software package [84]. In a
flavor-tagged analysis, it would be possible to disentangle
scalar amplitudes produced in the spectator interaction,
thereby deepening knowledge of the underlying processes
governing S-wave production. However, since this analysis
is flavor integrated, the V'S and SV topologies are replaced
by CP eigenstates to allow comparison with previous
results. This is achieved through the linear combinations,

1
A% =—=(Ays T Agp), (19)

V2

where Aj’¢ is CP odd and Ay CP even. These definitions
are consistent with those in previous analyses [13,14].

B. Efficiency model

While the amplitude directly takes the four-momenta of
the final-state particles as arguments, the efficiency across
the phase space, €(®,), is modeled with five variables,
cos O+ -, COSOkg-+, @, Mg+, and mg-,+, which con-
stitutes the minimum set of variables to define a point in the
phase space. The definitions of these variables are the mass
of the K*z¥ system, mg-,+, the cosine of the angle
between the K* momentum and the opposite of the
momentum of the KT z* pair, both defined in the K*
7T pair rest frame, cos @+ ,+ and the angle between the
plane defined by the K* and #~ momenta and that defined
by the K~ and #* momenta, both in the B(()s) rest frame, ¢,
as shown in Fig. 3.

The efficiency model is determined separately for B® and
BY decays, using simulated samples generated uniformly
within the phase space of the considered mg= + region.
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FIG. 3. variables

three
(cos O+ -, c0s Og-,+, @) in the transversity basis.

Definitions of the angular

These simulated samples are further subdivided by data-
taking year and hardware-trigger category. Nonuniformities
in these distributions arise from the detector geometry,
trigger and tracking algorithms, PID selections, and other
background-rejection requirements such as those imposed
on the BDT classifier to discriminate against combinatorial
background. The efficiency map is subsequently calibrated
with control samples to account for differences between
data and simulation arising in the aforementioned effects.

The hardware-trigger efficiency correction is calculated
using pions from D° — K~z* decays, arising from
promptly produced D** — D°[— K~z*|z* decays, and
affects two disjoint subsets of the selected candidates: those
where the trigger requirements were satisfied by hadronic
calorimeter deposits as a result of the signal decay and
those where the requirements were satisfied only by
deposits from the rest of the event. In the first case, the
probability to satisfy the trigger requirements is calculated
using calibration data as a function of the transverse energy
of each final-state particle of a given species, the dipole-
magnet polarity, and the hadronic calorimeter region. In the
second subset, a smaller correction is applied following the
same procedure, to account for the requirement that these
tracks did not activate the hardware trigger. The effect of
overlapping energy clusters deposited in the hadronic
calorimeter causing an erroneous trigger decision is also
corrected using the procedure developed for Refs. [85,86].

5

4
% g
> 3.8
L8] Q
€} b=
N [5)
3 2 £
<
£ 3
-

1

0

0.7 0.8 0.9 1.0
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Prompt J/y — utu~ decays provide a calibration of the
tracking efficiency [87], by comparing the performance of
the track-finding algorithm including all subdetectors to
that obtained when excluding information from at least one
subdetector. This calibration is determined as a function of
the track p and 5, as well as the multiplicity of the event,
and is assumed to factorize with respect to the tracks of the
final-state particles so that the efficiency for each track is
multiplied to form the overall efficiency. The PID effi-
ciency is calculated from calibration data corresponding to
the D** — D°[— K~z"]x" decay, where pions and kaons
can be identified without the use of PID information [88].
The PID efficiencies for the background-subtracted pions
and kaons are parametrized in bins of their p and pr,
as well as the number of tracks in the event. Corrections to
the signal efficiency of the BDT that suppresses combi-
natorial background are determined with the sPlot tech-
nique [65,66]. Input variables to the classifier from
simulation are calibrated to match those of background-

subtracted data, whose weights derive from fits to the B?S)—

candidate mass.

A continuous model for the efficiency is obtained via a
KDE technique [89] to reduce the impact of statistical
fluctuations in regions of low efficiency arising from
limited simulation sample size. While the efficiency of ¢
is found to be uniform, the remaining transversity variables
are visibly impacted by detector effects, examples of which
are shown in Fig. 4. Inefficiencies in the Kz mass arise at
the kinematic threshold where the kaon and pion are
produced at rest in the Kz rest frame, while the helicity
angles are most impacted by the pr trigger threshold when
the kaon and pion are more aligned with the B(()S) flight

direction.

A notable improvement over the previous time-
integrated amplitude analysis [13] is the inclusion of
experimental effects in the calculation of ¢, and s, from
the time-integrated PDF defined in Eq. (4), whereas the

LHCb Simulation 7

Relative efficiency

0.0 0.5
COSOk+ -

FIG. 4. Examples of two-dimensional efficiency-model projections before KDE smoothing for B? decays combined over data-taking

year and hardware-trigger category.
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previous analysis did not include the efficiency term in the
integral. Due to the finite range of 7 imposed in the selection
criteria and heavy suppression of the detection efficiency at
low t values, CP-even amplitudes are disproportionally
affected due to their shorter effective lifetimes in the
presence of nonzero AI'. As the fit model is only sensitive
to the ratio of integrated quantities, r, = s,/c,, the time
model is largely insensitive to both the detector resolution
in decay time and any differences between data and
simulation. Therefore, ¢, and s, for BY decays are deter-
mined from the generated ¢ distribution of simulated events
passing the full selection procedure, again separated by
data-taking year and hardware-trigger category, with the
known values of 7, and AT’y [70,90]. Experimental effects
increase r, by about 32%-45% relative to the value without
detection effects. For B? decays, r, is set to unity on
account of the negligible value of AI'; [90].

C. Fit strategy

The raw baseline, or covariant, amplitude fit is performed
utilizing the sFir method [91]. The K™ z~ K~ 7 mass regions
in which the B® and BY amplitude analyses are performed,
are chosen to be mg+,-x-,+ €[5237,5307] MeV/c? and
My k-2 € [5307,5419] MeV/c?, respectively. Signal pro-
jection weights (sWeights) from the sPlot technique [65] are
calculated with the SWEIGHTS package [66] in each of these
mass regions in order to remove the low background levels
remaining near the B and BY signal peaks, as seen in Fig. 2.
In these disjoint samples, a mass constraint is applied so
that the sum of the four-vectors of the final-state particles

produces the known mass [70] of the appropriate B?S) initial

state. The log-likelihood function is constructed as

N N

s =1 Wi ig

—2log L(6) = — ﬁZwilog%g(%\@)’ (20)
i=1"i j=1

where w; are the sWeights, N is the number of events entering

the fit, and 6 are the parameters of the signal PDF [defined in
Eq. (3)] determined from the fit.

This analysis improves upon previous measurements by
refining the method used to evaluate the normalization
integral [13,14]. Previous studies used simulated samples
of B((’S) — K*K*Y decays for integration. However, lim-
ited coverage in phase-space regions dominated by the Kz
S-wave led to the restricted simulation sample size becom-
ing the dominant source of systematic uncertainty. In this
analysis, this limitation is mitigated by using a large
simulation sample generated uniformly in the phase space
without experimental effects.

The minimization is based on the Mint2 interface [92] to the
MINUIT2 minimization algorithm [93,94]. The presence of the
sWeights in the log-likelihood function is known to produce
incorrect estimates of the statistical uncertainties computed
by MINuIT2 [66,95]. Consequently, the uncertainties for the

parameters from the covariant amplitude fit are instead
estimated by a bootstrapping procedure with data [96].

The K** resonance is the only intermediate vector
contribution which needs to be included and its BW
parameters are determined separately from the fit to the
B and B? samples. For the production amplitude of the Kr
S-wave model, an abductive-heuristic approach is adopted
to set the order of the polynomials representing the
magnitude and phase energy dependence. Through
repeated fits to the data, the polynomial order is iteratively
increased, terminating before reaching the point at which
the change in —2log L no longer corresponds to an
improvement of at least three standard deviations (o). In
the B® sample, two polynomial orders are necessary for
both the magnitude and phase, while for the BY sample, two
orders are still sufficient for the phase, while four orders are
needed in the magnitude. Based on previous studies, the
next-leading charmless contribution to the final state is
expected to arise from the K3(1430)° resonance [13,14].
However, since its residual contribution in the elastic region
is estimated to be negligible, the inclusion of this state is
considered as a systematic uncertainty.

The B(()S) — K*K*0 contribution in a relative S-wave
configuration serves as the reference amplitude, with its
complex coupling fixed to unity along the real axis. Without
flavor tagging, it is not possible in this final state to measure
the phase difference between the overall CP-even and
CP-o0dd amplitudes, thus the phase of the B?S> — K*0K*0
contribution in a relative P-wave configuration is also set to
zero. Since amplitude analyses involve multidimensional
parameter spaces, the initial parameter values may result in
local, rather than global, minima of the —2log £ function.
To find the global minimum, a large number of fits are
performed where the initial values of the complex couplings
are randomized. The fit result with the smallest —21log £
value out of the ensemble is then taken as the baseline result.
No secondary solutions are found within 25 (13) units of
—21log L of this baseline for the BY (B®) amplitude fit.

D. Measurement quantities

As the measured complex coefficients of the amplitude
model a; defined in Eq. (5) are convention dependent, they
have limited physical meaning. Instead, it is useful to
compare CP-averaged fit fractions for each intermediate
component 7, defined from the static decay amplitudes as

fm[|aiAi(d>4)|2 + |aiAi(?4)|2]d(D4
LA (@) + [ aiA (D) Pdd,”

where the notation [ indicates the integral is restricted to
the analysis region, mg. = € [633,1042] MeV/c?. These
fit fractions alone will not sum to unity if there is net
constructive or destructive interference. Such effects are
described by the interference fit fractions, given by

F,= (21)
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 Ju2Re(a;aiAi(@4)A%(Dy)) + 2Re(a;a;A;(Dy)A5(Dy))]|dD,

z

i<j =

where the sum over all fit and interference fractions is unity
by definition. Fit fractions of compound intermediate states
such as that of the total CP-even V'V contribution, F f/f—,D ,
are obtained by summing over the fit fractions associated
with their individual S- and D-wave relative orbital-
angular-momentum configurations and the interference
fraction between them. The strong-phase differences,
§; = arg(a;), are also determined.

To facilitate comparisons with other measurements and
theoretical predictions, the results from the fit based on the
covariant tensor formalism for the BY | — K*K** system
are translated into parameters of the transversity basis. An
ensemble of pseudoexperiments containing only the VV
static amplitudes is generated from the covariant fit result.
The input yield is varied according to its fit fraction as
measured in the baseline result to propagate the overall
statistical uncertainty, while the model parameters are
distributed according to their systematic covariance matrix
(see Sec. VII). A three-dimensional fit in the transversity
angular variables is performed in each pseudosample, using
the amplitude

Ay (Ogsp O+, @) x Ap COS Ot - COS O+

A
+ 7% Sin O+ ,- Sin Q-+ COS @
Al

Y

sin Qg+ .- sin Og- .+ sin . (23)

Fit fractions of each amplitude in this basis are extracted as

|ALjLI?

fL, 1= 5
AP AP+ |ALP

(24)

while the only observable phase is §; = arg(A)).

This procedure is cross-checked using the fact that the
perpendicular amplitude in the transversity basis is the
P-wave amplitude from the covariant tensor formalism, and
their fit fractions with respect to the total V'V contribution
should be consistent. The two results are in good agree-
ment. Furthermore, the uncertainty on the sum of the
longitudinal and parallel fit fractions in the transversity
basis is in close agreement with the equivalent sum of the
S- and D-wave configurations in the covariant tensor
formalism. This gives high confidence in the robustness
of the statistical procedure for determining the values of the
quantities in the transversity basis.

Sull22iaiAi (@) > + [ a,A;(®4) P]dDy '

(22)

VI. DETERMINATION OF BRANCHING
FRACTIONS

The branching fractions of BY,) — K*°K*” decays are

measured relative to B‘()S) - D(‘S))ﬁ decays via a ratio of

efficiency-corrected yields, according to

B(BY, — KOK*)
0 - — —
B(B(, — Di,n")B(D;,) > K*K™n7)
NB(()”—»K*OK*O eB?y)aD(;)rﬁ 1
- NB(()>_)D(_)”+ .eB?)—)K*OI_(*O . B(K*O - K+”_)2 ’

(25)

where N and e are signal yields and total efficiencies,
respectively, while B(K** — K*z7) is set to 2/3 based on
isospin symmetry and the assumption that K*° mesons
decay only in the Kz channel. The total efficiencies are
obtained from the corresponding simulation samples,
which are calibrated in order to correct for known data-
simulation differences from sources already described in
Sec. V B. As these signal simulation samples are produced
with the amplitude model from Run 1 [13], they are also
reweighted by the amplitude results of this analysis.
Simulation for the normalization samples is based on
known D(‘S) — K~K*z~ amplitude models [97,98].

Uncertainties on the efficiencies are included as part of
the statistical uncertainties and other effects on the assump-
tions made are addressed as additional sources of system-
atic uncertainty, detailed in Sec. VII. As a cross-check, the
ratio of the efficiency-corrected yields of the two normali-
zation decays, Npo_,p-,+ /Ngo_p-,+, is computed for each
data-taking period and found to be in excellent agreement
with previous LHCb measurements [99,100].

The BY - (K™z7)(K~z") yield, N%’E)ii(Km,)(K,ﬂﬂ,
measured from the fits to the BY-candidate mass in
Sec. IV, includes contributions from B%—B? mixing accord-
ing to Eq. (3), and signal components other than K*K* as
discussed in Sec. V. Furthermore, the B — K*°K* sim-
ulation is also affected by B’—B? mixing, producing the

total efficiency 611\;/{}:1(*01‘(*0' As decay rates are described

purely with static amplitudes as defined in Sec. VA, both
N%’gi (K ) (K- 7) and eg{;: g0 first need to be corrected
with the results of the amplitude analysis, following a
similar procedure to that discussed in Ref. [101]. In
principle, this issue would also apply to the B — Dyz*
normalization channel. However, no correction is applied to
the associated branching fraction, since the other measure-
ments entering the world average [70] do not include this
effect. For consistency with those results, and given that the
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expected impact is at the subpercent level, the uncorrected

value is used.
The corrected B — K*°K*0 yield, still subject to effi-
ciency effects, is therefore obtained through reweighting
|

fz, (Ne™dt [, e(Dy)[|Ayy (D) > + |Ayp (P

Mix
N0~ k-

B? K *OK 0 component propagated through time with the
relation,

by the fractional contribution of the static

4)[PJd,

N go_gogo = N3

BY—(K*tz™) (K~ zt) fm (

Mix

The total efficiency from BY — K*°K*0 simulation ep,

(AP + |A(D4)]*)c; — 2Re(A(P

JAG s, 20

xog-o undergoes a similar reweighting procedure to obtain the

efficiency without mixing-induced effects, ego_, g-0g-0. For this purpose, the relative efficiency model e(®,)e(7), weighted

by the average of the physical BY —
effects of the underlying generated model for e

)P)e: = ZRe(AVV((I)4)*AVV(q)4))SI] (Py)dD,

KOK*0 time evolution from Eq. (2), serves as a reweighting proxy that removes the

K*OK 09
Jl(Avy (@4) > + |Ayy (D4
ng{JI:K*OK 0 n 2 -
JIAyy (1) + [Ayy (D4
where ¢™* and 5™

the reweighting proxy for €go_ g-0g-0 is given by

zZe(t)emde [ [(JAyy (D4)? + [Ayy (@4)|*)]e (‘1)4)‘1‘1)4

)™ = 2Re(Ayy (y) Ayy (@y))s) ™ ]dD,

(27)

* are the analog of Eq. (4) with the time efficiency €(¢) removed and integrated over all time. Similarly,

’78?—>K*01_(*° X

where the total B? — K*°K*0 efficiency without
mixing-induced effects is obtained through €go_, gwogo =
(g0~ gogo/ 'lglgi: KK )%ii KK

The branching-fraction ratio of the two signal modes is
determined with the single ratio

B(BO N K*OI_(*O)

_ Npo_ g0+ €I g0 g0 &
B(B? N K*OI_(*O) -

b
NB?»K*OI?*O €pR0_, g0 g0 le

(29)

where f,/f, is the ratio of BY to B fragmentation
fractions [100]. The B® — K*OK*0 signal yield, N go_ g-0g-,
can be computed with corrections analogous to Eq. (26), with
simplifications based on a vanishing AI" in the B® system. For
this reason, the sequential application of Egs. (27) and (28)
also have no effect on the B® — K*0K*0 efficiency as
expected. For comparative purposes, the branching-frac-
tion-like quantity based on,

BMiX(BO K0 R+0)
BB = Dra)
_N %I:K g0 €0prgt 1
i BK® > Ktn )2

(30)

Mix
N B)—D7z* €po_ gk

that includes the contribution mediated by B%—BY mixing is
also reported. In this case, Eq. (26) is amended to provide the
efficiency-corrected N g{}i xogo DY including the mixing

term in the V'V contribution. For measurements that include

|
fooo e_I/Tdt f[(|AVV(q)4)|2 + |AVV((D4)|2)] ’

(28)

the B'~BY mixing-induced contribution in incoherent b b
production, the a posteriori correction appearing in the
literature,

Mix _ 1-y?
L+y(1=2f1)

where y = AT’y /(2T ), has an equivalent effect of removing
the mixing term [4]. However, the uncertainty on the
cumulative effect of the integral ratios of Eqgs. (26)—(28) is
preferred, as it may be determined by propagation of the total
covariance matrix through the raw amplitude model alone.
Instead, with the use of #™M*, the systematic correlations
between y, the covariant integrals of Eq. (26) and f| from the
transversity basis, would also need to be accounted for.

(31)

VII. SYSTEMATIC UNCERTAINTIES

Three main classes of systematic uncertainties are
considered: those that affect the mass-fit yields, the
efficiency calculation and amplitude-model sources that
only affect the amplitude fits. For any systematic uncer-
tainty impacting the amplitude model, a covariance matrix
is constructed including the amplitude fit parameters in the
covariant basis. These matrices are then summed for each
systematic category in question to produce a total system-
atic covariance matrix.

In order to propagate the systematic uncertainties to the
transversity basis parameters, pseudoexperiments are gen-
erated from the total statistical and systematic covariance
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matrix with the same number of events as in the baseline fit,
to preserve the statistical uncertainty. The spread of values
across the ensemble is then distributed with variance
Oy = O + 02y The value of 63, is already determined
from bootstrapped samples and thus a subtraction in
quadrature allows for the systematic uncertainty to be
estimated.

A. Four-body mass fits

There are three sources of systematic uncertainty con-
sidered for the four-body mass fits described in Sec. IV:
imperfect modeling of the signal mass shapes, imperfect
modeling of the background mass shapes and the sWeights
used to project out the signal component for the amplitude
analysis. For the signal mass shape, the four parameters
describing the tails of the Hypatia distribution are varied
within their uncertainties from the values determined from
the fits to the simulation samples. The mass fits are repeated
and the spread of results determines the systematic uncer-
tainty value. In addition, an alternative parametrization of
the signal shape, a Johnson-S;; distribution is used instead,
and the difference with the baseline fit result to data is taken
as the systematic uncertainty. For the combinatorial back-
ground shape, alternative parametrizations of an exponen-
tial distribution in Run 1 data or a second-order Bernstein
polynomial in Run 2 data are used to derive a systematic
uncertainty. Misidentified backgrounds modeled using
Johnson-S;; functions are instead modeled with double-
sided Crystal Ball functions [102]. For the partially
reconstructed background shape, the bandwidth of the
KDE is halved. The construction of the sWeights assumes
that the four-body mass is uncorrelated with the fit basis
used in the amplitude fit. This assumption is tested by
repeating the mass fits and recalculating the sWeights in
independent bins of the angular cosg-,+ and cos Og+,-
variables. The amplitude fit is repeated with the new set of
sWeights and the difference with respect to the baseline fit
is taken as the systematic uncertainty.

B. Efficiency

Several sources of systematic uncertainty are considered
in relation to the efficiency. Previous LHCb analyses of the
same decay modes were subject to a notably large uncer-
tainty due to the limited size of the simulation samples [14].
The limited size of the signal simulation samples is
included in the statistical uncertainty of the efficiency used
in the branching-fraction calculations, while the large size
of the normalization samples results in a negligible sys-
tematic uncertainty for the amplitude analysis. The KDE
method used to model the efficiency is tested by changing
to a parabolic kernel as opposed to the Gaussian default,
and by halving the bandwidth.

To account for other potential biases in the method used
to correct the hardware-trigger efficiency, an alternative

method using B’ — J/w[— u*u~|K*x~ decays, requiring
a positive trigger decision on the muons from the J/y
decay, is used to apply corrections to the simulation
[103,104]. The systematic uncertainties related to the
trigger and tracking corrections are then computed by
redetermining the efficiency maps when the associated
corrections are varied within their uncertainties. A system-
atic uncertainty due to the PID corrections is estimated by
using two alternative binning schemes and taking the
largest resulting difference as the uncertainty. To account
for potential mismodelling of the combinatorial BDT
response in the simulation samples, the sWeighted BDT
distribution in data is compared to that of the simulation.
Weights are derived to account for the differences between
data and simulation, which are then used to calculate the
efficiency of the BDT requirement. The corrective weights
for the p and py distributions of the B candidate are further
tested by deriving an alternative set of kinematic weights by
changing the hyperparameters of the gradient boosted
reweighter used to derive the weights.

C. Amplitude analysis

Potential intrinsic biases introduced by the amplitude
fitter are explored by generating and fitting an ensemble of
400 pseudoexperiments and comparing the distributions of
the resulting fit parameters with the baseline fit results. The
uncertainty coverage is deemed to be reasonable and any
significant biases are accounted for as systematic uncer-
tainties. Fixed parameters used in the S-wave parametriza-
tion, given by Eq. (13), and the decay-time-relevant
parameters from Eq. (4) are varied within their uncertainties
with an ensemble of 100 pseudoexperiments. The root-
mean-square deviations of the parameters with respect to
the baseline values are taken as the size of the systematic
uncertainty.

The amplitude fits are also repeated using the LASS
parametrization [105] for the S-wave lineshape as an
alternative to the scattering amplitude approach.
Contributions from tensor resonances, which are ignored
in the amplitude fit model, are tested by including the
lowest-lying tensor resonance in K™ 7=, the K3(1430)°, in
the dominant tensor topologies for these decays, the tensor-
vector and vector-tensor amplitudes in a P-wave configu-
ration. Such contributions may be more susceptible to
statistical fluctuations in data, since the K3(1430)° pole
mass resides well outside the analysis region. Alternative
values of the effective meson radius, r, used in the Blatt-
Weisskopf barrier factors are trialed by repeating the
amplitude fit 100 times with uniformly distributed values
of r for the scattering and production barrier factors in the
range 3-5 GeV~'7c. As these factors change the scale of
each intermediate contribution, a correction procedure
based on the convention-independent fit fractions and
strong-phase differences is applied to determine the sys-
tematic uncertainties of the baseline complex couplings.
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TABLE II.

Absolute size of the systematic uncertainties relating to the amplitude fits to (top) B? and (bottom) B° data. The

uncertainties due to the barrier factors are not included as they change the scale of the amplitude parameters and so are handled
separately. Fit fraction values, F, are quoted in percent and strong phases, J, in radians.

KDE KDE Fit S-wave S-wave Tensor  Total Total
Parameter sWeights bandwidth kernel Tracking bias lineshape Decay-time shape resonance syst  stat
B F3P 0.05 0.07 0.04 <0.01  0.05 <0.01 0.03 0.14 0.18 026  0.63
Fry, 0.19 0.06 0.08 <0.01 022 <0.01 0.13 0.15 0.08 0.38 0.56
Fis 0.17 0.05 0.14 <0.01 0.19 <0.01 0.03 0.61 2.19 229 059
Fvs 0.48 0.11 0.04 <0.01 050 <0.01 0.11 0.81 0.26 .11 0.89
Fss 0.06 0.02 0.01 <0.01 0.05 <0.01 0.02 0.09 0.19 023 0.56
5P, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.01 <0.01
Ss 0.02 0.01 0.03 <0.01  0.01 0.01 <0.01 0.09 0.84 0.84 0.11
dys 0.01 <0.01 <0.01 <0.01  0.01 0.01 <0.01 0.12 0.01 0.12  0.04
Oss 0.02 0.01 0.02 <0.01 0.02 0.01 <0.01 0.25 0.01 0.25 0.06
B 3P 0.05 0.79 2.06 <0.01 0.26 0.03 0.08 0.14 0.72 234 204
Fry 0.19 0.38 0.45 <0.01 024 <0.01 0.12 0.15 0.28 0.74 1.35
Fis 0.17 0.39 0.76 <0.01 0.27 0.02 0.05 0.61 0.11 .10 2.17
Fvs 0.48 0.93 247 <0.01 0.11 0.01 0.08 0.81 0.72 2.89 227
Fss 0.06 0.12 0.10 <0.01 0.12 0.02 0.01 0.09 0.10 024 1.00
5Py, <0.01 0.01 <0.01 <0.01 0.0l <0.01 <0.01 0.01 <0.01 0.02 0.04
Shg 0.02 0.11 0.21 <0.01 0.02 0.01 <0.01 0.09 <0.01 025 022
Oy 0.01 0.03 0.03 <0.01 0.01 0.01 <0.01 0.12 <0.01 0.13  0.11
Oss 0.02 0.07 0.10 <0.01 0.01 0.01 <0.01 0.25 <0.01 028 0.15

D. Summary of systematic uncertainties

The systematic uncertainties affecting only the amplitude
analysis results are summarized in Table II and the size of the
systematic uncertainties on the branching-fraction-related
observables are presented in Table III. For the branching-
fraction-related quantities, several sources also impact the
amplitude analysis thereby inducing systematic correlations
between measurements. Through joint consideration, these
are accounted for in the total systematic uncertainty. As such,
a broad indication of the systematic uncertainty deriving
from the amplitude analysis in Table III is obtained through

its evaluation in isolation. For BY decays, the systematic
uncertainty is smaller than the statistical uncertainty, with the
dominant systematic component arising from the signal
shape modeling in the four-body mass fits. Conversely,
the B measurement quantities are systematically limited.
The dominant sources of systematic uncertainty arise
from the KDE efficiency map and the sWeights method.
For the former, the relatively larger uncertainty arises from
the limited size of the phase-space simulation sample used to
train the KDE. The uncertainty associated with the sWeights
procedure is larger for the B than for the BY sample due to

TABLE III.  Sources of systematic uncertainty affecting branching-fraction-related quantities.

Source B(B' = K°R) x 10 B(B) - KK x 107 FEKEL X107 Lyogo
Tail parameters 0.46 0.68 0.69 0.16
Signal model 0.76 0.83 1.98 0.21
Background models 3.40 0.28 4.89 0.37
Barrier factors 0.44 0.57 1.18 0.10
BDT 0.35 0.56 0.16 0.01
PID weights 0.53 0.02 0.64 0.17
Kinematic weights 1.13 0.61 2.26 0.27
Trigger correction 0.09 0.44 0.38 0.02
Total combined syst 3.77 1.56 5.95 0.56
Amplitude syst 2.07 1.07 4.84 0.21
Total syst 4.30 1.89 7.03 0.48
Total stat 293 247 3.66 0.55
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the worse signal-to-background ratio of the less abundant
B — (K*z™)(K~n™") decay.

VIII. RESULTS

The results of the amplitude fit projected onto the five
variables in the transversity basis are shown in Figs. 5
and 6, with the numerical values reported in Table IV.
Numerous projections into various slices of each trans-
versity variable reveal no obvious source of mismodeling in
the phase space. The corresponding correlation matrices
can be found in Appendix B, while other notable hadronic
results are presented in Appendix C. The longitudinal
polarization fractions are measured to be

3 =0.159 £ 0.010 £ 0.007,
f¢ =0.600 + 0.022 £ 0.017,

where the first uncertainty is statistical and the second is
systematic. Similar to previous analyses [13,14], the
longitudinal polarization fraction f; for B — K*9K*0 is

found to be significantly lower than the corresponding
value for B® — K*°K*0 decays.

Using Egs. (25) and (29), the vector-vector branching-
fraction ratios are measured to be

BMix(BY _ K0K+0)
B(B? - Dya*)B(Dy - KK~ 7n~)
— 0.0589 % 0.0016 (stat) = 0.0012 (syst),
B(B? - K*K*?)
B(BY - D;n")B(Dy - KTK=zn7)
— 0.0586 = 0.0016 (stat) == 0.0012 (syst),
B(B® - K*'K*0)
B(B" - D=z")B(D~ - K"K~ n")
= 0.0195 £+ 0.0012 (stat) + 0.0019 (syst),
B(B" - K*K*0)
B(BY - K*k*0)
— 0.054 + 0.004 (stat) £ 0.007 (syst) £ 0.002(f,/f.),
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FIG. 5. Background-subtracted distributions and fit results for the B — (K*z~)(K~x") data candidates in the transversity basis of
(top) the angular variables and (bottom) the K*7z¥ masses.
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FIG. 6. Background-subtracted distributions and fit results for the B — (K*z~)(K~z™") data candidates in the transversity basis of
(top) the angular variables and (bottom) the K*z¥ masses.

where the uncertainties are statistical, systematic, and — BMX(B? - K*0K*0) = (0.942 £ 0.025 (stat) + 0.019 (syst)
due to knowledge of the fragmentation-fraction ratio, s

respectively. Using the known values for the total ) +0.036 (ext)) x 107,
branching fractions of the normalization decays, B(BY — K*°K*?) = (0.938 4- 0.025 (stat) & 0.019 (syst)

0 -t - R ) — —4

and B(B’—» D nt)xB(D™— K K 7n~)=(2.43+0.09) x . -
1073 [70], the vector-vector branching fractions are deter- B(B” — K*K*?) = (4.73 £ 0.30 (stat) + 0.43 (syst)
mined to be +0.16 (ext)) x 1077,

TABLE IV. Fit fractions and phases from the B? and B® amplitude fits, including the corresponding values for the vector-vector
transversity amplitudes. The first uncertainty is statistical and the second is systematic.

Parameter Value Parameter Value Parameter Value
B j—'ﬁ/’ (%) 15.6 +0.63 +0.26 Fﬁv (%) 15.55 £0.56 +0.38 .7-'“‘;5 (%) 3.57+£059+23
Frg (%) 5475 +0.89 £ 1.1 Fgs (%) 10.55 £ 0.56 +0.23 53\/ (rad) —0.074 £ 0.005 £ 0.008
6:53 (rad) —-1.924+0.11 £0.84 Oy (rad) —2.98 +0.04 £0.12 dgs (rad) 0.12 £ 0.06 £ 0.25
fr (%) 159+£1.0+£0.7 Iy (%) 342+13+1.0 fi (%) 500£14+03
d (rad) 0.73 £0.08 £0.12
B° FiP (%) 37+£2+2 Fiy (%) 144+1+07 Fis (%) 6+2+1
Fis (%) 38+2+3 Fgg (%) 5£140.2 53‘, (rad) —0.10 +0.04 £ 0.02
6;;5 (rad) 2.1+£02+0.3 Oy (rad) —-044+0.1£0.1 dgs (rad) -1.7+£02+03
fr (%) 60+2+2 Sy (%) 174+2+2 1 (%) 24 +£2+2
J (rad) 0.34+0.24+0.1
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where the uncertainty due to knowledge of external
branching fractions is propagated separately. These values
are in good agreement with the world average branching
fractions l’)’(B‘()s> — K*°K*Y), but with an increase in pre-

cision by a factor 4.4 and 5.7 for B(B® - K*°K*) and
B(BY — K*°K*?), respectively. They are also in good
agreement with recent phenomenological predictions [43].

The theory-motivated L gz« observable is determined,
using Eq. (1), to be

Lyogo = 4.92 £ 0.55 (stat) £ 0.48 (syst)
+0.02 (ext) = 0.10 (f/f4)-

Here the external uncertainty refers to the uncertainties of
the masses and lifetimes of the B® and B? mesons which are
used to compute §. The value of Lgwogwo is in good
agreement with the value calculated with the Run 1
LHCb amplitude analysis results [10—13] and considerably
more precise. This measurement confirms the tension
between the experimental results and the most recent
theory predictions [12], computed within the framework
of QCD factorization, at the level of 4.46.

IX. SUMMARY

An untagged, decay-time-integrated analysis of the
By = (K*77)(K~n") decays in the K*(892)°K*(892)"
region is presented, using p p collision data collected by the
LHCb experiment, corresponding to an integrated lumi-
nosity of 9 fb~!. The longitudinal polarization fraction for
the BY —» K*°K*0 decay is measured to be significantly
lower than that of the B® - K*°K*0 decay, contrary to
the expectation from U-spin symmetry and QCD factori-
zation. Updated measurements of the branching fractions
B(BY - K*°K*?) and B(B" — K*°K*) are provided, and
the U-spin observable L gz is calculated to be 4.4¢ away
from the SM prediction. These measurements provide
valuable input for refining theoretical form-factor calcu-
lations, helping to constrain hadronic effects that impact
precision tests of the SM. The observed deviations from
SM expectations may possibly indicate contributions
from physics beyond the SM, but may also indicate
poorly constrained SM effects, providing motivation
for continued theoretical and experimental scrutiny, not
only in the B?X) — K*K*0 decay modes studied here, but
also in related B — VV modes. With the increased stat-
istical precision anticipated with the LHCb Run 3 dataset,
substantially improved precision will be possible.

In conjunction with future reductions in the theoretical
uncertainty, this will enable more stringent tests of flavor
symmetries and the opportunity to confirm or resolve the
current tensions.
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APPENDIX A: LOGARITHMIC SCALE
INVARIANT-MASS FIT PLOTS

The results of the fits to the selected signal and
normalization candidates, as described in Sec. IV, are
shown with a logarithmic y axis in Fig. 7.
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FIG. 7. Distributions and fit results of the K*z~ K~z mass for the (top) signal modes, (bottom left) B® normalization mode and

(bottom right) B? normalization mode. Equivalent plots on a linear scale are shown in Fig. 2.

APPENDIX B: CORRELATION MATRICES

The statistical and systematic correlation matrices for the B and BY amplitude fits, in both the covariant and transversity

basis, are shown in Tables V-XII.

TABLE V. Statistical uncertainty correlation matrix for the BY — K*°K*° amplitude fit in the covariant basis.

FiP Fiy Fys Fys Fss &y Sys dys Jss
F‘S/“*'/D 1.00 -0.04 —0.00 -0.43 -0.36 -0.23 -0.02 0.13 0.10
]:6‘/ 1.00 -0.02 -0.36 -0.15 -0.09 -0.02 -0.02 -0.07
.7:;;5 1.00 -0.57 -0.02 -0.12 -0.26 —-0.01 —0.00
Fvs 1.00 -0.30 0.29 0.17 0.01 0.03
Fs 1.00 -0.03 0.02 -0.13 -0.09
&, 1.00 0.06 ~0.29 ~0.25
5t 1.00 0.10 0.09
57 1.00 0.80
Sgs 1.00
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TABLE VI. Systematic uncertainty correlation matrix for the B — K*0K* amplitude fit in the covariant basis.
Fn’ Fiy Fys Fys Fss &y Sys dys Jss
FiP 1.00 1.00 —-0.16 -0.74 —0.56 0.84 0.16 0.72 —0.86
Fry 1.00 —-0.15 -0.74 —-0.56 0.83 0.16 0.73 —0.86
Fs 1.00 —0.07 —-0.05 0.07 —0.37 —-0.10 0.10
Fvs 1.00 —-0.08 —0.80 —0.24 -0.83 0.96
Fg 1.00 -0.32 0.19 —-0.04 0.09
5Dy 1.00 0.14 0.64 -0.84
Sfs 1.00 0.22 -0.28
Oy 1.00 —-0.88
dss 1.00
TABLE VII. Statistical uncertainty correlation matrix for the B — K*°K** amplitude fit in the covariant basis.
Fn” Fiy Fys Fys Fss &y oy dys Jss
FoP 1.00 -0.20 —-0.28 -0.43 —-0.18 -0.27 —0.16 0.04 0.01
Fr, 1.00 -0.19 —-0.13 -0.09 -0.12 0.07 0.18 0.17
Frs 1.00 —0.55 -0.34 0.30 0.09 —-0.08 -0.22
Fus 1.00 0.13 —-0.03 0.06 0.05 0.18
Fss 1.00 0.07 —0.09 -0.24 -0.12
5Dy 1.00 0.13 -0.72 —-0.52
8ls 1.00 0.08 —-0.13
Oys 1.00 0.62
Oss 1.00
TABLE VIII.  Systematic uncertainty correlation matrix for the B® — K*0K* amplitude fit in the covariant basis.
Fn” Fiy Fys Fys Fss &y Sys dys Jss
FiP 1.00 0.94 —-0.24 -0.72 -0.79 —-0.30 0.37 -0.57 0.64
Fry 1.00 -0.43 —-0.63 -0.78 -0.44 0.28 —-0.56 0.67
Fis 1.00 0.54 -0.17 0.46 0.08 0.70 -0.77
Fvs 1.00 0.14 0.32 -0.22 0.91 -0.91
Fss 1.00 0.15 -0.32 0.00 —-0.10
5Dy 1.00 0.11 0.40 -0.43
8pg 1.00 —-0.00 0.09
Oy 1.00 —-0.95
dss 1.00

TABLE IX. Statistical uncertainty correlation matrix for the

BY — K*K*0 amplitude fit in the transversity basis.

TABLE X. Systematic uncertainty correlation matrix for the
BY - K*0K*0 amplitude fit in the transversity basis.

Sr S Si ] Sr S S ]l
1L 1.00 ~0.27 045 014 f, 1.00 ~0.96 0.69 ~0.89
7 1.00 073 003 7 1.00 —0.86 0.73
f 1.00 012 f, 1.00 ~0.29
5 100 3 1.00
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TABLE XI. Statistical uncertainty correlation matrix for the
BY —» K*0K*0 amplitude fit in the transversity basis.

Sfr S S ]l
fr 1.00 —0.46 —-0.62 0.00
S 1.00 -0.41 0.21
f1 1.00 -0.19
9 1.00
TABLE XII. Systematic uncertainty correlation matrix for the
B% — K*9K*0 amplitude fit in the transversity basis.

Sfr S fi ]l
fr 1.00 -0.49 —-0.53 -0.51
S 1.00 —-0.47 -0.19
fi 1.00 0.70
]l 1.00
TABLE XIII. Measured pole parameters of the K*° state for the

BY and BY decay samples, where the uncertainties are statistical
only.

B0 BY
my(GeV/c?) 0.8963 + 0.0006 0.8977 £ 0.0003
Ty(GeV) 0.0422 £ 0.0016 0.0469 =+ 0.0008

APPENDIX C: HADRONIC RESULTS

The measured pole parameters of the K*° state from the
amplitude analysis are given in Table XIII. Considering
only the statistical error, agreement between the B and BY
samples is marginal. Log-likelihood scans indicate that the
production barrier-factor radius is correlated with the pole
mass and width. While set to be identical between BY and
BY decays in the baseline model, this radius may differ in

12
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principle. As the pole parameters are measured relatively
cleanly atop what amounts to a model-independent S wave,
future studies may permit a simultaneous measurement of
the production radius and the K*° pole, which is reminis-
cent of Ref. [107]. In turn, this will facilitate measurement
of a common set of K** pole parameters within a joint
analysis of B and BY decays.

Another important outcome of this analysis is the structure
of the S wave in the Kz system, which provides a measure
of the penguin-induced production amplitude modulating
the 7K-7K scattering amplitude as shown in Eq. (14).
Parameters determined in the raw baseline covariant fit
comprising the production amplitude are included as part
of Supplemental Material [108]. The impact of the produc-
tion environment on the K*zT mass propagator can be seen
in Fig. 8 when compared to the partial wave for 7 = 1/2
elastic 7K — nK scattering given in Ref. [80]. A particularly
noteworthy difference is the presence of nonzero magnitude
and phase contributions at the lower kinematic threshold,
showcasing how the penguin topologies involved in the
production process lead to lineshapes that would otherwise
violate unitarity in scattering.

APPENDIX D: SUPPLEMENTAL MATERIAL

In addition to the results presented in the main body, a
supplementary file [108] recording complete expressions of
the covariant amplitude model is provided as they are
otherwise impractical to publish either in the main text or
as Appendixes. This includes the set of fit fractions, inter-
ference fractions and strong phase differences. Also included
are the set of parameters determined in the transversity basis.
This file is given in the JavaScript Object Notation (JSON)
format, which is both machine and human readable, contain-
ing parameter names, central values and total uncertainties.
An additional JSON file is included containing the correla-
tions between all of the fit parameters, provided as an array of
parameter names and a two-dimensional array consisting of
the values of the correlations.

&S0 el e
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20
® 0
B B° model
B B° model
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FIG. 8. Measured (left) magnitude and (right) phase of the S wave in the K*zT system produced from B?s) decays. The spread
indicates the uncertainty at 1o and is determined by propagating the total covariance matrix of the raw covariant baseline result. For
comparison, the dashed line shows the equivalent partial wave for I = 1/2 elastic zZK — zK scattering [80].
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