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An amplitude analysis of the B0 → K�0μþμ− decay is presented using a dataset corresponding to an
integrated luminosity of 4.7 fb−1 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 q2-unbinned amplitude analysis, where q2 is
the μþμ− 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 B0 →
K�0μþμ− 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
P0
5 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 Cð0Þi , and
beyond the standard model (BSM) effects would appear as
a deviation in the values of one or moreWilson coefficients.
The most relevant contributions are from the so-called
electromagnetic dipole operator and from vector and

axial-vector interactions as shown in Fig. 1, with coeffi-
cients C7, C9, and C10, respectively, and their counterparts
with the opposite chirality C0i, 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 C9. 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].

FIG. 1. Illustration of the q2 spectrum in B0 → K�0μþμ−
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 B0 → J=ψK�0 and B0 → ψð2SÞK�0 tree-
level decays. Magnitudes and phases of cc̄ 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 P0

5 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 B0 → K�0μþμ− 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

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 B0 → K�0μþμ− decay,

where the K�0 meson is reconstructed through the decay
K�0 → Kþπ−, is fully described by five kinematic varia-
bles: the invariant mass squared of the μþμ− system, q2, the
invariant mass squared of the Kþπ− system, k2, and the
three angles Ω⃗ ¼ ðcos θl; cos θK;ϕÞ [42]. The angular
basis used in this Letter is defined in Ref. [7]. The five-
dimensional differential decay rate d5Γ=ðdq2dk2dΩ⃗Þ can
be computed from combinations of decay amplitudes
[26,37,43]:

AL;R
λ ¼ N

��ðC9 � C09Þ ∓ ðC10 � C010Þ
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F λðq2; k2Þ þ

2mbMB
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�
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MB
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Hλðq2; k2Þ

��
ð1Þ

and corresponding angular terms [42,43], where λ ¼
0; k;⊥ refers to the polarization of the K�0 meson, L
and R to the left- and right-hand chirality, respectively, of
the dimuon current, N is a normalization factor, and mb
and MB are the masses of the b quark and the B meson,
respectively [44]. Finally, all nonperturbative effects are

contained within the local, F ðTÞ
λ , and nonlocal, Hλ, form

factors (FFs). The numerical values for the Wilson coef-
ficients at the b-quark mass scale of μb ¼ 4.2 GeV=c2 are
calculated in the SM as CSM7 ¼ −0.337, CSM9 ¼ 4.27,
CSM10 ¼ −4.17, and C0SM7;9;10 ≃ 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 → cc̄s 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 ψn resonance poles, where ψn is a J=ψ or
ψð2SÞ state, and constructs a polynomial expansion for the
remaining contributions in terms of a conformal variable
zðq2Þ. In order to acquire control over the size of the
coefficients of the expansion, data on B0 → ψnK�0 decays
as well as SM predictions [36] for the ratios Hλ=F λ at
negative q2 are employed. In this Letter, the role of the
theoretical inputs on the determination of nonlocal effects
(Hλ) is examined, as well as their impact on the estimation

of short-distance physics parameters (Cð0Þi and F λ).
The observed B0 → Kþπ−μþμ− differential decay rate

receives a non-negligible contribution from decays where
the Kþπ− 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

amplitudes are neglected, while their normalization is
decoupled from the B0 → K�0μþμ− 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 q2 and
k2 ranges through

BðB0 → K�0μþμ−Þ ¼ τB
ℏ

Z
q2max

q2min

Z
k2max

k2min

d2Γ
dq2dk2

dq2dk2; ð2Þ

where τB is the lifetime of the B0 meson.
The dataset used in this analysis is the same as employed

in Ref. [10] and corresponds to an integrated luminosity of
4.7 fb−1 of proton-proton (pp) 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 < η < 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�0 candidates are selected with Kþπ− invariant

mass within 100 MeV=c2 of the known K�0 mass [44].
Candidates with q2 < 1.1 or q2 > 15.0 GeV2=c4 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
q2 regions, [1.1, 8.0] and ½11.0; 12.5� GeV2=c4, while
the tree-level decays B0 → J=ψK�0 and B0 → ψð2SÞK�0,
where the charmonium resonance decays to μþμ−, are
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retained as control regions in the intervals [8.0, 11.0] and
½12.5; 15.0� GeV2=c4, respectively, in order to validate
several procedures of the analysis. A total of 2568� 60

signal decays and approximately 677 000 B0 → J=ψK�0

and 43 700 B0 → ψð2SÞK�0 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 q2,
without assuming factorization. No significant dependence
of the efficiency on k2 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 q2, k2,
and the three decay angles, and the B-candidate invariant
mass distribution, mKπμμ, is performed using the TensorFlow

library [55] with an interface to the MINUIT minimization
algorithm [56,57]. The mKπμμ 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 Cð0Þ9 and Cð0Þ10 coefficients are

allowed to vary in the fit, while the coefficients Cð0Þ7 , which
are strongly constrained by radiative B decays [58], are
fixed to their SM values. Since B0 and B̄0 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 VtbV�

ts that enters in

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 Hλ is care-
fully investigated. The polynomial expansion is performed
around q2 ¼ 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 k2 dependence of the signal
amplitudes is modeled using a relativistic Breit-Wigner
function for the spin-1 K�0 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 q2, whose coefficients are
allowed to vary in the fit. The k2 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�0
resonances associated with random μþ and μ− tracks. The
reconstructed B mass distribution of the background is
parametrized by an exponential function. A significant
sculpting of cos θK as a function of q2 and mKπμμ is
observed due to a kinematic veto used to reject Bþ →
Kþμþμ− decays. This distortion is accounted for by
multiplying the combinatorial background parametrization
by a three-dimensional efficiency correction factor obtained
from a B0 → K�0e�μ∓ 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

Nsig ¼ NJ=ψKπ ×
BðB0 → K�0μþμ−Þ × 2

3

BðB0 → J=ψKþπ−Þ × fJ=ψKπ × BðJ=ψ → μþμ−Þ × Rε; ð3Þ

where the factor 2
3
comes from the K�0 → Kþπ− decay

probability and the signal branching fraction is normalized
to the B0 → J=ψKþπ− control channel in order to reduce
the associated systematic uncertainty. The yield of the
control channel, NJ=ψKπ , is obtained directly from a mass
fit, while the resonant and charmonium branching ratios
BðB0 → J=ψKþπ−Þ ¼ ð1.15� 0.01� 0.05Þ × 10−3 and
BðJ=ψ → μþμ−Þ ¼ ð5.96� 0.03Þ × 10−2 are taken from
Refs. [44,62], respectively. The numerical factor fJ=ψKπ ¼
0.644� 0.010 scales the total B → J=ψKþπ− branching
ratio in the k2 range of this analysis [41], and Rε is the
relative efficiency between the signal and control modes
obtained from simulated samples.

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 Vtb and V�

ts
are constrained to the values obtained from the SM fit of the
unitarity triangle [63]; the local FFs for the B0 → K�0
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 q2 dependence as in Bþ → Kþ 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 B0 →
ψnK�0 decays are instrumental to constrain the values ofHλ
at the J=ψ and ψð2SÞ 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 Hλ=F λ in the negative-q2

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 Rε originates from the finite size of the
simulated samples and from the model dependence of the
simulation. The uncertainty on fJ=ψKπ 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

forCð0ÞBSM9 andCð0ÞBSM10 ,where the superscriptBSMindicates a
differencewith respect to the SMpredictions.When allowing
fornonlocal hadroniceffects, the fit results still yieldaC9 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 (σ),
considering both statistical and systematic uncertainties. In
order to evaluate the compatibility of eachWilson coefficient
with the SM, one-dimensional profile-likelihood scans are

performedon the individual coefficients.The largest deviation
is associated to a shift inC9 of−0.7witha significanceof1.8σ.
These results show a good qualitative agreement with global
analyses of b → sμþμ− 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 B0 → K�0μþμ− data, while global analyses
typically include data on other b → sμþμ− 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 q2 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 Hλ at negative q2 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 q2 < 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 ðTÞ
λ , illustrates how the uncertainties asso-

ciated to the local FFs dominate and prevent a clean
extraction of C9 and C10.
Figure 3 (top) reports the determination of the angular

observable P0
5 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 P0

5

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 P0

5

observable in a direction that reduces the discrepancy
between the SM and the data. The constraints imposed
by the q2 < 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 q2 < 0 constraints are
included or not in the fit. The only exception is the S7

FIG. 2. Two-dimensional profile-likelihood contours of the
(left) CBSM9 -CBSM10 and (right) C0BSM9 -C0BSM10 pairs of Wilson co-
efficients at 68% confidence level with (blue) and without (red)
SM constraints at q2 < 0. The fit is also repeated considering
local FFs to be fixed to their SM predictions (gray) [16,25,31].
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observable in Fig. 3 (bottom). Since a nonzero value of S7
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 q2 < 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 B0 → K�0μþμ− 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 → sμþμ− processes, but the explicit
inclusion of nonlocal contributions in the signal amplitude
model is found to reduce the previously observed tension in
the B0 → K�0μþμ− decay to a level below 2 standard
deviations.
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31INFN Sezione di Perugia, Perugia, Italy

32INFN Sezione di Pisa, Pisa, Italy
33INFN Sezione di Roma La Sapienza, Roma, Italy
34INFN Sezione di Roma Tor Vergata, Roma, Italy

35Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
36Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, Netherlands

37AGH - University of Science and Technology, Faculty of Physics and Applied Computer Science, Kraków, Poland
38Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland

39National Center for Nuclear Research (NCBJ), Warsaw, Poland
40Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania

41Affiliated with an institute covered by a cooperation agreement with CERN
42DS4DS, La Salle, Universitat Ramon Llull, Barcelona, Spain

43ICCUB, Universitat de Barcelona, Barcelona, Spain
44Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, Santiago de Compostela, Spain

45Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
46European Organization for Nuclear Research (CERN), Geneva, Switzerland

47Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
48Physik-Institut, Universität Zürich, Zürich, Switzerland

49NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine
50Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine

51University of Birmingham, Birmingham, United Kingdom
52H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom
53Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

PHYSICAL REVIEW LETTERS 132, 131801 (2024)

131801-11

https://orcid.org/0000-0003-1237-4491
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0000-0001-7647-7110
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3804-9948
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0003-2035-3391
https://orcid.org/0000-0002-9812-4508
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0000-0002-9573-4570
https://orcid.org/0000-0002-4485-1478
https://orcid.org/0000-0002-9211-3867
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


54Department of Physics, University of Warwick, Coventry, United Kingdom
55STFC Rutherford Appleton Laboratory, Didcot, United Kingdom

56School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
57School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

58Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
59Imperial College London, London, United Kingdom

60Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
61Department of Physics, University of Oxford, Oxford, United Kingdom
62Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

63University of Cincinnati, Cincinnati, Ohio, USA
64University of Maryland, College Park, Maryland, USA

65Los Alamos National Laboratory (LANL), Los Alamos, New Mexico, USA
66Syracuse University, Syracuse, New York, USA

67Pontifícia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil
(associated with Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil)

68School of Physics and Electronics, Hunan University, Changsha City, China
(associated with Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China)

69Guangdong Provincial Key Laboratory of Nuclear Science, Guangdong-Hong Kong Joint Laboratory of Quantum Matter,
Institute of Quantum Matter, South China Normal University, Guangzhou, China

(associated with Center for High Energy Physics, Tsinghua University, Beijing, China)
70Lanzhou University, Lanzhou, China

(associated with Institute Of High Energy Physics (IHEP), Beijing, China)
71School of Physics and Technology, Wuhan University, Wuhan, China

(associated with Center for High Energy Physics, Tsinghua University, Beijing, China)
72Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia
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gAlso at Università di Bologna, Bologna, Italy.
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