PHYSICAL REVIEW LETTERS 132, 131801 (2024)

Amplitude Analysis of the B - K*%*u~ Decay

R. Aaij et al.”
(LHCb Collaboration)

® (Received 15 December 2023; accepted 26 January 2024; published 28 March 2024)

An amplitude analysis of the B® — K*%u"u~ decay is presented using a dataset corresponding to an
integrated luminosity of 4.7 fb~! of pp collision data collected with the LHCb experiment. For the first
time, the coefficients associated to short-distance physics effects, sensitive to processes beyond the
standard model, are extracted directly from the data through a g-unbinned amplitude analysis, where ¢? is
the u*u~ invariant mass squared. Long-distance contributions, which originate from nonfactorizable QCD
processes, are systematically investigated, and the most accurate assessment to date of their impact on the
physical observables is obtained. The pattern of measured corrections to the short-distance couplings is
found to be consistent with previous analyses of b- to s-quark transitions, with the largest discrepancy from
the standard model predictions found to be at the level of 1.8 standard deviations. The global significance of
the observed differences in the decay is 1.4 standard deviations.
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Flavor-changing neutral current (FCNC) processes
involving the transition of a beauty into a strange quark
provide powerful indirect probes for effects beyond the
standard model (SM). These transitions are mediated
through virtual quantum loops in the SM, and as yet
undiscovered particles may contribute to the transition
amplitudes of the decay at a level comparable to SM
processes. These new contributions can cause deviations in
the decay rate or in the angular distributions of the final-
state particles. Past studies of these processes have shown
an intriguing set of discrepancies with respect to the SM
predictions [1-5]. In particular, analyses of the B? —
K*Ou*u~ decay have reported statistically significant devi-
ations in the branching fraction [6] and in the angular
distributions of the decay [7-13], notably in observables
with reduced theoretical uncertainties, e.g., in the so-called
P’ observable [14].

Beauty- to strange-quark FCNC processes are typically
described within an effective field theory [15] in terms of
four-fermion interactions. Within this framework, the
strengths of the different types of interaction are encoded
by the so-called Wilson coefficients, labeled as Cl(-/), and
beyond the standard model (BSM) effects would appear as
a deviation in the values of one or more Wilson coefficients.
The most relevant contributions are from the so-called
electromagnetic dipole operator and from vector and
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axial-vector interactions as shown in Fig. 1, with coeffi-
cients C;, Co, and C,, respectively, and their counterparts
with the opposite chirality C}, which are suppressed in the
SM. Global analyses of b — s transitions have reported
deviations from the SM expectations with significances as
large as 4 standard deviations [16—19]. The largest tensions
are seen in the real part of Cy. The interpretation of the
global analyses is complicated by large theoretical uncer-
tainties on the prediction of nonfactorizable (long-distance)
hadronic contributions that can mimic BSM effects [20,21].
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FIG. 1. Ilustration of the g¢*> spectrum in B® — K*0u*u~
decays. The dashed line corresponds to the pure rare semileptonic
decay, while the solid line includes the impact of different
charmonium resonances. The gray bands correspond to the
regions dominated by B — J/wK*? and B® — w(25)K*0 tree-
level decays. Magnitudes and phases of ¢¢ resonant components
have been arbitrarily chosen for illustrative purposes. The
dominant Wilson coefficients in each region of the spectrum
are also highlighted for reference.
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In order to improve the sensitivity of the global analyses, it
is imperative to find reliable ways of reducing the impact of
these uncertainties. Since the first measurement of Pj by
LHCb in 2013 [8], progress has been made on the
uncertainties of SM predictions [22-37], and the most
recent developments suggest that it is now possible to
control the size of the long-distance contributions in data
[16]. Nevertheless, no definitive consensus on the charac-

terization of these effects has been reached yet [19].
This Letter reports the first unbinned amplitude analysis
of the decay B — K*Ou*u~ that determines simultane-
ously the short- and long-distance contributions [38]. The
strategy of this analysis is based on the methodology
discussed in Refs. [16,37,39,40] and allows a systematic
|
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and corresponding angular terms [42,43], where 1 =
0,||, L refers to the polarization of the K*° meson, L
and R to the left- and right-hand chirality, respectively, of
the dimuon current, N is a normalization factor, and m,
and Mp are the masses of the b quark and the B meson,
respectively [44]. Finally, all nonperturbative effects are

contained within the local, FET), and nonlocal, H;, form
factors (FFs). The numerical values for the Wilson coef-
ficients at the b-quark mass scale of y;, = 4.2 GeV/c? are
calculated in the SM as C3M = —-0.337, C3M =4.27,
Cit = —4.17, and C5; ~ 0 [45.46]. Local form factors
can be assessed by light-cone sum rules [22-26] and lattice
QCD [27-31] techniques. Nonlocal contributions from
b — ccs operators are more difficult to calculate reliably
from first principles, and only recently has a rigorous
approach that relies on the analytical structure of these
matrix elements been formulated [16,37]. This approach
isolates the s, resonance poles, where v, is a J/y or
w(2S) state, and constructs a polynomial expansion for the
remaining contributions in terms of a conformal variable
z(¢*). In order to acquire control over the size of the
coefficients of the expansion, data on B® — v, K*0 decays
as well as SM predictions [36] for the ratios H,;/F, at
negative ¢’ are employed. In this Letter, the role of the
theoretical inputs on the determination of nonlocal effects
(H;) is examined, as well as their impact on the estimation

of short-distance physics parameters (CSI) and F)).

The observed B® — K+ 7z~ u*yu~ differential decay rate
receives a non-negligible contribution from decays where
the K™z~ system appears in a scalar (S-wave) configura-
tion [6]. This is taken into account by introducing an
additional pair of decay amplitudes and allowing interfer-
ence and pure S-wave angular terms in the differential
decay rate [47,48]. Nonlocal contributions to the S-wave

evaluation of the impact of theoretical uncertainties on the
observables of interest. A more comprehensive description
of these studies is reported in a companion article [41].

The differential decay rate for the B — K*%u*u~ decay,
where the K** meson is reconstructed through the decay
K*® — K*z~, is fully described by five kinematic varia-
bles: the invariant mass squared of the "~ system, g2, the
invariant mass squared of the K™z~ system, k%, and the
three angles Q= (cos @, cos O, ) [42]. The angular
basis used in this Letter is defined in Ref. [7]. The five-
dimensional differential decay rate d3TI'/(dg2dk*dQ) can
be computed from combinations of decay amplitudes
[26,37,43]:
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amplitudes are neglected, while their normalization is
decoupled from the B® — K*%u*u~ amplitudes by intro-
ducing a complex coefficient that describes the relative
magnitude and phases to be determined from data. Finally,
the absolute scale of the Wilson coefficients is set by the
branching fraction of the decay, which is related to the
integral of the differential decay rate over the desired ¢* and
k* ranges through

T [T [ d2T
B(BY - KOutu~) = %B/qz‘ KZ —dqzdkz dg*dk?, (2)
where 75 is the lifetime of the B meson.

The dataset used in this analysis is the same as employed
in Ref. [10] and corresponds to an integrated luminosity of
4.7 tb=! of proton-proton (p p) collisions collected with the
LHCb experiment during 2011, 2012, and 2016. The LHCb
detector is a single-arm forward spectrometer covering the
pseudorapidity range 2 <5 < 5, described in detail in
Refs. [49,50]. Samples of simulated events produced with
the software described in Refs. [51-54] are used to
determine the reconstruction and selection efficiencies
for signal candidates and to estimate the contamination
from residual backgrounds. Inaccuracies in the simulations
are corrected for using control samples from data.

The K** candidates are selected with Kz~ invariant
mass within 100 MeV/c? of the known K*O mass [44].
Candidates with ¢> < 1.1 or ¢> > 15.0 GeV?/c* are ex-
cluded, to remove contributions from light-quark resonan-
ces and from charmonium states beyond the open-charm
threshold, respectively. Signal candidates are selected in two
g* regions, [1.1, 8.0] and [11.0,12.5] GeV?/c*, while
the tree-level decays B — J/wK** and B? — w(25)K*°,
where the charmonium resonance decays to u™u~, are

131801-2



PHYSICAL REVIEW LETTERS 132, 131801 (2024)

retained as control regions in the intervals [8.0, 11.0] and
[12.5,15.0] GeV?/c?*, respectively, in order to validate
several procedures of the analysis. A total of 2568 £ 60
signal decays and approximately 677000 B® — J/ywK*°
and 43700 B® — y(285)K*" decays are selected.

The variation of the efficiency to reconstruct and select
the signal across the kinematic phase space is accounted for
in the fit by multiplying the differential decay rate by an
efficiency function obtained from simulated samples. This
efficiency function is parametrized using different orders of
Legendre polynomials, each depending on one angle or g2,
without assuming factorization. No significant dependence
of the efficiency on k% is observed. Moreover, the relative
efficiency between rare and control modes is obtained from
these simulations, and the efficiency model is validated by
comparing the measured ratio of branching fractions of the
two control modes to its known value [44].

An extended unbinned maximum-likelihood fit to
the five-dimensional differential decay rate, in ¢, k2,
and the three decay angles, and the B-candidate invariant
mass distribution, m Ko is performed using the TensorFlow
library [55] with an interface to the MINUIT minimization
algorithm [56,57]. The my,,, distribution is used in the fit
to discriminate signal from background, where the back-
ground is composed primarily from random combination of

tracks. The real parts of the Cg) and C(,g coefficients are

allowed to vary in the fit, while the coefficients Cg/), which
are strongly constrained by radiative B decays [58], are
fixed to their SM values. Since B and B° decays are treated
jointly in the analysis, only the CP-averaged decay rate is
accessed, and no sensitivity to the imaginary part of the
Wilson coefficients can be achieved. In addition to the
above-mentioned Wilson coefficients, a large number of
signal parameters is extracted simultaneously from the fit to
data: the local and nonlocal FF parameters, the Cabibbo-
Kobayashi-Maskawa (CKM) factor V,, V;, that enters in

|

B(B® - K*Outu~) X%

the normalization of Eq. (1) and the S-wave relative
magnitude and phase, while the local S-wave FFs are
treated as nuisance parameters.

The convergence of the polynomial expansion employed
to model the nonlocal hadronic contributions H, is care-
fully investigated. The polynomial expansion is performed
around ¢* = 0, the truncation point of the expansion is
chosen by repeating the fit with increasing orders of
polynomials, and the Akaike information criterion [59]
is used to decide on the statistical relevance of each
additional set of coefficients. A fourth-order expansion is
found to be sufficient. The B-candidate mass distribution
for the signal is parametrized by a sum of two Crystal Ball
functions [60]. Finally, the k> dependence of the signal
amplitudes is modeled using a relativistic Breit-Wigner
function for the spin-1 K** resonance and the LASS
parametrization [61] for the S-wave component.

The background is modeled by second-order polynomial
functions of the decay angles and g%, whose coefficients are
allowed to vary in the fit. The k? distribution is described by
the sum of a linear function and a Breit-Wigner amplitude
squared, where the former accounts for a pure combina-
torial component and the latter accommodates genuine K*°
resonances associated with random p* and u~ tracks. The
reconstructed B mass distribution of the background is
parametrized by an exponential function. A significant
sculpting of cos@k as a function of g*> and MK 18
observed due to a kinematic veto used to reject BT —
Ktutu~ decays. This distortion is accounted for by
multiplying the combinatorial background parametrization
by a three-dimensional efficiency correction factor obtained
from a B® — K*e*uT control sample.

The observed signal yield determined by the extended fit
is expressed in terms of the branching fraction of the decay
given in Eq. (2) through

X R

Nsig = NJ/l,I/KI[ X

where the factor % comes from the K** — K*z~ decay
probability and the signal branching fraction is normalized
to the B® — J/wK*z~ control channel in order to reduce
the associated systematic uncertainty. The yield of the
control channel, N/, k,, is obtained directly from a mass
fit, while the resonant and charmonium branching ratios
B(B® - J/wK*zn~) = (1.15+£0.01 £0.05) x 107 and
B(J/y — ptu) = (5.96 +0.03) x 1072 are taken from
Refs. [44,62], respectively. The numerical factor f//¥K7 =
0.644 +0.010 scales the total B — J/wK "z~ branching
ratio in the k> range of this analysis [41], and R, is the
relative efficiency between the signal and control modes
obtained from simulated samples.

B(B® — J/wK*n™) x flIvKz x B(J/w — putu) «

(3)

A set of external constraints is imposed on the signal
model to ensure the stability of the amplitude fit in a similar
fashion to Refs. [16,39]: The CKM elements V,;, and V7
are constrained to the values obtained from the SM fit of the
unitarity triangle [63]; the local FFs for the B — K*°
transition are constrained to a combination [16,32] of light-
cone sum rules [25,26] and lattice QCD [31] results; while
for the S-wave amplitudes the local FFs are assumed to
have the same ¢ dependence as in BY — K* transitions
and are constrained to the results of Ref. [29] but have their
uncertainties inflated by a factor of 3 to account for the
different meson species. An alternative choice of fixing the
S-wave local FFs to the values from Ref. [64] is considered
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as a source of systematic uncertainty. The magnitudes and
phase differences of the resonant amplitudes for the B —
v, K* decays are instrumental to constrain the values of 7,
at the J/y and w(2S) resonance poles. These are taken
from measurements by both LHCb and B-factory experi-
ments [62,65-68]. Finally, the SM predictions for the real
and imaginary parts of the ratio 74, /F, in the negative-g>
region are taken from Refs. [16,36] and are used as
constraints in the fit.

Systematic uncertainties are studied using pseudoexperi-
ments in which one or more parameters are varied and the
values of interest are determined with and without this
variation. The difference between the two sets of results is
then taken as the associated systematic uncertainty. The
total systematic uncertainty varies between 15% and 35%
of the statistical uncertainty, depending on the considered
Wilson coefficient. The dominant sources of systematic
uncertainties are associated with the external branching
fraction measurements entering in Eq. (3), where all the
external inputs are varied within their uncertainties. The
uncertainty on R, originates from the finite size of the
simulated samples and from the model dependence of the
simulation. The uncertainty on f//¥K7 is determined from
pseudoexperiments generated from the amplitude model of
Ref. [62]. The systematic uncertainty due to ignoring
nonlocal effects in the scalar amplitudes is assessed by
generating pseudoexperiments where nonlocal FFs are
assumed to be of the same order of those observed in
the longitudinal P-wave amplitude. All other considered
sources of systematic uncertainty are negligible.

The results of the fit to the data are shown in Fig. 2 (blue
contours) as two-dimensional profile-likelihood projections

for 0(9’>BSM andC (lgBSM, where the superscript BSM indicates a
difference with respect to the SM predictions. When allowing
fornonlocal hadronic effects, the fitresults still yield aCq value
that is somewhat different from the SM prediction; however,
the global significance of the differences in the Wilson
coefficients is equivalent to 1.4 standard deviations (o),
considering both statistical and systematic uncertainties. In
order to evaluate the compatibility of each Wilson coefficient
with the SM, one-dimensional profile-likelihood scans are
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FIG. 2. Two-dimensional profile-likelihood contours of the
(left) CBSM-CBSM and (right) CSM-CBSM pairs of Wilson co-
efficients at 68% confidence level with (blue) and without (red)
SM constraints at g> < 0. The fit is also repeated considering
local FFs to be fixed to their SM predictions (gray) [16,25,31].

performed on the individual coefficients. The largest deviation
is associated to a shiftin Cy of —0.7 with a significance of 1.8c.
These results show a good qualitative agreement with global
analyses of b — sy~ transitions [16-19]. In comparison
with the existing literature, the present analysis relies on the
unbinned use of the experimental data and a z expansion for
the treatment of nonlocal contribution (as in Ref. [16]) and
focus on only B® — K*utu~ data, while global analyses
typically include data on other b — su™pu~ processes.

The impact of long-distance contributions on the deter-
mination of the genuine short-distance effects can be better
investigated by repeating the amplitude fit using alternative
theory assumptions, as overlaid in Fig. 2. As a first test, the
theory constraints at negative ¢> are removed from the fit.
In this case, a second-order polynomial is sufficient to
accommodate the nonlocal FF contributions, and a point
within the charmonium resonance region is used as a
reference for the expansion. A similar compatibility to
the SM is observed but with a larger statistical uncertainty
(red contours). Another interesting behavior is observed in
the role of the local FFs in the determination of the nonlocal
effects. Since the largest uncertainty on the theory pre-
diction of H, at negative ¢* is due to the local FF
uncertainties [16,36], there is intrinsically a strong corre-
lation in the fit between the local and nonlocal parameters.
As a result, removing the theory constraints at ¢g> < 0 has
an effect on the determination of the local FFs from the fit
and, in turn, on all the Wilson coefficients. An overall shift
in all the coefficients is observed between the two fit
results. This behavior is further studied by repeating the
default fit with fixed local FF values (gray contours in
Fig. 2). This artificial configuration, which assumes perfect

knowledge of F EIT) , illustrates how the uncertainties asso-
ciated to the local FFs dominate and prevent a clean
extraction of Cy and C.

Figure 3 (top) reports the determination of the angular
observable P§ obtained from the full amplitude fit com-
pared to the result of the previous binned angular analysis
[10] and different sets of SM predictions [16,25,31,33,69].
A good consistency is found between the results of the
binned and unbinned analyses. Figure 3 (center) illustrates
the contribution due to nonlocal hadronic effects to the Py
observable obtained in this analysis. This contribution is
isolated by varying the nonlocal parameters within their
uncertainties and subtracting the resulting value of the
observable by the same quantity reevaluated with the
nonlocal parameters fixed to zero. Nonlocal effects are
found to contribute with a small positive shift to the P
observable in a direction that reduces the discrepancy
between the SM and the data. The constraints imposed
by the ¢> < 0 predictions significantly reduce the uncer-
tainty on the nonlocal effects. In general, the impact of
nonlocal contributions to the different angular observables
is found to be consistent whether ¢g> < 0 constraints are
included or not in the fit. The only exception is the S
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FIG. 3. Determination of the (top) P5 and (bottom) S; angular
observables obtained from the amplitude fit. Results are shown
for fits with (blue) and without (red) constraints from ¢> < 0, at
68% confidence level. The LHCb binned angular analysis [10]
(black dots) and SM predictions from DHMV (Descotes-Genon,
Hofer, Matias, and Virto) [33,69] (green) and GRvDV (Guber-
nari, Reboud, van Dyk, and Virto) [16,25,31] (yellow) are
overlaid for reference. The center panel shows the nonlocal
contributions to P% determined from the amplitude fit. Here, the
difference between the LHCb binned angular analysis [10] and
SM central value from DHMYV is overlaid for reference (black
dots), together with the uncertainty on the DHMV SM prediction
(green) and difference between the SM predictions from GRvDV
and DHMV (yellow). Theoretical predictions are shown only for
g% <8 GeV?/c*.

observable in Fig. 3 (bottom). Since a nonzero value of S
can result only from a strong phase difference between
amplitudes, the observed trend indicates potentially large
phase differences in data that cannot be accounted for if the
theory constraints at g> < 0 are applied. For completeness,
the impact of the nonlocal effects on all the other angular
observables is given in Supplemental Material [70].

In summary, using pp collision data collected with the
LHCb experiment between 2011 and 2016, a direct

experimental determination of the short-distance contribu-
tions in the B® — K*u*yu~ decay is obtained for the first
time, together with the most accurate characterization to
date of the impact of long-distance effects on the decay
process. The results are consistent with the pattern of
modifications to the Wilson coefficients suggested by
global analyses of b — sutu~ processes, but the explicit
inclusion of nonlocal contributions in the signal amplitude
model is found to reduce the previously observed tension in
the B® - K*%u"pu~ decay to a level below 2 standard
deviations.
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