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Abstract

The branching fraction of the rare B0
s → φµ+µ− decay is measured using data

collected by the LHCb experiment at center-of-mass energies of 7, 8 and 13 TeV,
corresponding to integrated luminosities of 1, 2 and 6 fb−1, respectively. The
branching fraction is reported in intervals of q2, the square of the dimuon invariant
mass. In the q2 region between 1.1 and 6.0 GeV2/c4, the measurement is found to lie
3.6 standard deviations below a Standard Model prediction based on a combination
of Light Cone Sum Rule and Lattice QCD calculations. In addition, the first
observation of the rare B0

s → f ′2(1525)µ+µ− decay is reported with a statistical
significance of nine standard deviations and its branching fraction is determined.
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Recent studies of rare semileptonic b→ s`+`− decays exhibit tensions between ex-
perimental results and Standard Model (SM) predictions of branching fractions [1–5],
angular distributions [6–11], and lepton universality [11–19]. Since these decays are only
allowed via higher-order electroweak (loop) diagrams in the SM, they constitute powerful
probes for non-SM contributions. One of the most significant discrepancies appears in the
branching fraction of the B0

s→ φµ+µ− decay [1,2]. Using 3 fb−1 of data collected with the
LHCb experiment at center-of-mass energies of 7 and 8 TeV, the branching fraction was
measured below the SM prediction at the level of three standard deviations (σ) [1]. This
Letter presents an updated measurement using data taken at center-of-mass energies of 7,
8 and 13 TeV during the 2011, 2012 and 2015–2018 data-taking periods, with integrated
luminosities corresponding to 1, 2 and 6 fb−1, respectively. Compared to the 3 fb−1 sample
alone, this represents an increase of about a factor of four in the number of produced B0

s

mesons. The branching fraction is determined in intervals of q2, the squared invariant
mass of the dimuon system. In addition, the observation of the B0

s → f ′2(1525)µ+µ−

decay and a determination of its branching fraction are reported. This constitutes the
first observation of a rare semileptonic decay involving a spin-2 meson in the final state,
and provides complementary information to transitions involving pseudoscalar or vector
mesons. In the following, the shorthand notation f ′2 is used to refer to the f ′2(1525) meson.
The inclusion of charge-conjugate processes is implied throughout.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, detailed in Refs. [20, 21]. The online event selection is performed by
a trigger [22] that consists of hardware and software stages. The former selects signal
candidates containing a muon with significant transverse momentum with respect to the
beam axis. At the software stage, a full event reconstruction is applied. Simulated events
are used in this analysis to determine the reconstruction and selection efficiency of signal
candidates, and to estimate contamination from residual background. The simulated
samples are produced using the software described in Refs. [23–25]. Residual mismodeling
in simulation is corrected for using control samples from data.

The B0
s → φµ+µ− and B0

s → f ′2µ
+µ− decays are reconstructed in the K+K−µ+µ−

final state. Particle identification criteria are applied to the kaon and muon candidates.
The muons (kaons) are further required to have χ2

IP > 9(6) with respect to any primary
pp interaction vertex (PV) in the event, where χ2

IP denotes the difference in the vertex-fit
χ2 of the PV when reconstructed with or without the considered track. The four final-
state tracks are fit to a common vertex that is required to have good quality and to be
significantly displaced from any PV in the event. Signal candidates are retained if the
K+K−µ+µ− invariant mass, m(K+K−µ+µ−), lies between 5270 and 5700 MeV/c2. The
invariant mass of the dikaon system, m(K+K−), is required to be within 12 MeV/c2 of
the known φ mass for the B0

s→ φµ+µ− decay, or within 225 MeV/c2 of the known mass of
the wider f ′2 resonance for the B0

s→ f ′2µ
+µ− decay [26].

The q2 regions between 8.0 and 11.0 GeV2/c4, and between 12.5 and 15.0 GeV2/c4, are
dominated by tree-level B0

s decays into final states with a J/ψ or ψ(2S) meson. While these
regions are vetoed in the selection of the signal modes, the decays to charmonium are used
as high-yield control modes. The B0

s→ J/ψφ decay is used for normalization. The q2 region
from 0.98 to 1.1 GeV2/c4 is also vetoed to remove contributions from B0

s→ φ(→ µ+µ−)φ
decays.

To reduce combinatorial background, formed from random track combinations, a
boosted decision tree (BDT) algorithm [27,28] is applied. The BDT classifier is trained
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on data using cross-validation techniques [29], with B0
s→ J/ψφ events as signal proxy and

candidates from the upper mass sideband m(K+K−µ+µ−) > 5567 MeV/c2 as background
proxy. The classifier combines the B0

s transverse momentum and χ2
IP, the angle between

the B0
s momentum and the vector connecting the PV and the decay vertex of the B0

s

candidate, the fit quality of the B0
s vertex and its displacement from the associated PV,

particle identification information and χ2
IP of the final-state particles.

The criterion on the BDT output is optimized by maximizing the expected signifi-
cance of the B0

s→ φµ+µ− and B0
s→ f ′2µ

+µ− signals separately, due to different levels
of background contamination. The requirement on the BDT classifier yields a signal
efficiency of 96% (85%) and a background rejection of 96% (95%) for the B0

s→ φµ+µ−

(B0
s→ f ′2µ

+µ−) decay mode. Finally, information from particle identification is combined
with invariant mass variables, constructed under the relevant particle-hypotheses, to reject
background from Λ0

b→ pK−µ+µ− decays, where the proton is misidentified as a kaon,
and from B0

s→ J/ψφ, B0
s→ ψ(2S)φ and B0→ J/ψK∗0 decays, where a final state hadron

is misreconstructed as a muon and vice-versa.
The differential branching fraction of the B0

s→ φµ+µ− decay is determined in intervals
of q2, relative to the B0

s→ J/ψφ normalization mode, according to

dB(B0
s→ φµ+µ−)

dq2
=
B(B0

s→ J/ψφ)× B(J/ψ→ µ+µ−)

q2max − q2min

×
Nφµ+µ−

NJ/ψφ

×
εJ/ψφ
εφµ+µ−

, (1)

where NJ/ψφ and εJ/ψφ are the yields and efficiencies of the normalization mode,
and Nφµ+µ− and εφµ+µ− the corresponding parameters for the signal mode in
the [q2min, q

2
max] interval. The branching fractions related to the normaliza-

tion mode are given by B(B0
s→ J/ψφ) = (1.018± 0.032± 0.037)× 10−3 [30] and

B(J/ψ→ µ+µ−) = (5.961± 0.033) % [26].
As the relative efficiencies vary according to the data-taking conditions, the data

are split into the 2011–2012, 2015–2016 and 2017–2018 periods. The yields of the
normalization mode for the different data-taking periods are determined using extended
unbinned maximum-likelihood fits to the m(K+K−µ+µ−) distribution. The B0

s→ J/ψφ
decay is modeled using the sum of two Gaussian functions with a common mean and a
power-law tail towards upper and lower mass. The combinatorial background is modeled
using an exponential function. The m(K+K−µ+µ−) distribution of the normalization
mode for the full data sample, overlaid with the fit projections, is shown in Fig. 1 (left). The
yields of the normalization mode, NJ/ψφ, are determined to be 62 980± 270, 70 970± 290,
and 148 490± 410 for the three different data-taking periods, where the uncertainties are
statistical only.

For the rare B0
s → φµ+µ− decay, a simultaneous extended maximum-likelihood fit

of the data samples for the different periods is performed in intervals of q2, where the
signal yields are parameterized using Eq. (1) and the differential branching fraction is
shared between the samples. The model used to describe the m(K+K−µ+µ−) distribution
is the same as for the B0

s→ J/ψφ normalization mode. The model parameters for the
signal component are fixed to those from the fit of the normalization mode, where the q2

dependence of the mass resolution is accounted for with scaling factors determined from
simulation.

Negligible contributions from physical background, including B0
s→ K+K−µ+µ− decays

with the K+K− system in an S-wave configuration, are not considered in the fit and
a systematic uncertainty is assigned. Integrated over the full q2 range, signal yields,
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Figure 1: Reconstructed invariant mass of the K+K−µ+µ− system for (left) the B0
s→ J/ψφ

normalization mode and (right) the B0
s → φµ+µ− signal candidates, integrated over q2 and

overlaid with the fit projections.

Nφµ+µ− , of 458± 12, 484± 13, and 1064± 28 are found from the simultaneous fit to the
different data sets. Figure 1 (right) shows the m(K+K−µ+µ−) distribution of the full
data sample, integrated over q2 and overlaid with the fit projections. Figures for the
different data-taking periods are available as Supplemental Material.

The relative branching fraction measurement is affected by systematic uncertainties on
the fit model and the efficiency ratio, where the latter is determined using SM simulation.
A summary of the systematic uncertainties is provided in the Supplemental Material. The
dominant systematic uncertainty on the absolute branching fraction (Eq. 1) originates
from the model used to simulate B0

s→ φµ+µ− events (0.04–0.10× 10−8 GeV−2c4). The
model depends on ∆Γs, the decay width difference in the B0

s system [31], and the specific
form factors used. The effect of the model-choice on the relative efficiency is assessed
by varying ∆Γs by 20%, corresponding to the difference in ∆Γs between the default
value [32] and that of Ref. [26], and by comparing the form factors in Ref. [33] with
the older calculations in Ref. [34]. The observed differences are taken as a systematic
uncertainty. Other leading sources of systematic uncertainty arise from the limited size of
the simulation sample (0.02–0.07× 10−8 GeV−2c4) and the omission of small background
contributions from the fit model (0.01–0.04× 10−8 GeV−2c4).

The resulting relative and total branching fractions are given in Table 1. In addition,
the differential branching fraction is shown in Fig. 2, overlaid with SM predictions.
These predictions are based on form factor calculations using Light Cone Sum Rules
(LCSRs) [33, 35] at low q2 and Lattice QCD (LQCD) [36, 37] at high q2, which are
implemented in the flavio software package [38]. In the q2 region between 1.1 and
6.0 GeV2/c4, the measured branching fraction of (2.88± 0.22)× 10−8 GeV−2c4, lies 3.6σ
below a precise SM prediction of (5.37± 0.66)× 10−8 GeV−2c4 which uses both LCSR and
LQCD calculations. A less precise SM prediction of (4.77± 1.01)× 10−8 GeV−2c4 based
on LCSRs alone lies 1.8σ above the measurement. To determine the total branching
fraction, the branching fractions of the individual q2 intervals are summed and corrected
for the vetoed q2 regions using εq2 veto = (65.47± 0.27) %. This efficiency is determined
using SM simulation, and its uncertainty originates from the comparison of form factors
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Table 1: Differential dB(B0
s→ φµ+µ−)/dq2 branching fraction, both relative to the normalization

mode and absolute, in intervals of q2. The uncertainties are, in order, statistical, systematic,
and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval dB(B0
s→ φµ+µ−)/B(B0

s→ J/ψφ)dq2 dB(B0
s→ φµ+µ−)/dq2

[ GeV2/c4] [10−5 GeV−2c4] [10−8 GeV−2c4]

0.1–0.98 7.61± 0.52± 0.12 7.74± 0.53± 0.12± 0.37

1.1–2.5 3.09± 0.29± 0.07 3.15± 0.29± 0.07± 0.15

2.5–4.0 2.30± 0.25± 0.05 2.34± 0.26± 0.05± 0.11

4.0–6.0 3.05± 0.24± 0.06 3.11± 0.24± 0.06± 0.15

6.0–8.0 3.10± 0.23± 0.06 3.15± 0.24± 0.06± 0.15

11.0–12.5 4.69± 0.30± 0.07 4.78± 0.30± 0.08± 0.23

15.0–17.0 5.15± 0.28± 0.10 5.25± 0.29± 0.10± 0.25

17.0–19.0 4.12± 0.29± 0.12 4.19± 0.29± 0.12± 0.20

1.1–6.0 2.83± 0.15± 0.05 2.88± 0.15± 0.05± 0.14

15.0–19.0 4.55± 0.20± 0.11 4.63± 0.20± 0.11± 0.22
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Figure 2: Differential branching fraction dB(B0
s→ φµ+µ−)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [33, 35, 38] at low q2 and Lattice calculations [36, 37] at high q2.
The results from the LHCb 3 fb−1 analysis [1, 30] are shown with gray markers.

from Ref. [33] and Ref. [34]. The resulting branching fractions are

B(B0
s→ φµ+µ−)

B(B0
s→ J/ψφ)

= (8.00± 0.21± 0.16± 0.03)× 10−4 ,

B(B0
s→ φµ+µ−) = (8.14± 0.21± 0.16± 0.03± 0.39)× 10−7,

where the uncertainties are, in order, statistical, systematic, from the extrapolation to the
full q2 region, and for the absolute branching fraction, from the branching fraction of the
normalization mode.
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The B0
s → f ′2µ

+µ− decay is searched for using the combined q2 region [0.1, 0.98] ∪
[1.1, 8.0] ∪ [11.0, 12.5] GeV2/c4. The branching fraction of the signal decay is determined
relative to the B0

s→ J/ψφ normalization mode, according to

B(B0
s→ f ′2µ

+µ−)

B(B0
s→ J/ψφ)

= B(J/ψ→ µ+µ−)× B(φ→ K+K−)

B(f ′2→ K+K−)
×
Nf ′2µ

+µ−

NJ/ψφ

×
εJ/ψφ
εf ′2µ+µ−

, (2)

where the ratio of branching fractions B(φ→ K+K−)/B(f ′2→ K+K−) = 1.123±0.030 [26]
is used. To separate the f ′2 signal from S- and P-wave contributions to the wide m(K+K−)
mass window, a two-dimensional fit to the m(K+K−µ+µ−) and m(K+K−) distributions
is performed. The B0

s→ f ′2µ
+µ− signal decay is modeled in m(K+K−µ+µ−) using the

sum of two Gaussian functions with a power-law tail towards upper and lower mass, and
in m(K+K−) using a relativistic spin-2 Breit–Wigner function. The model parameters are
determined from data using fits to the B0

s→ J/ψf ′2 control mode and are fixed for the signal
mode. Contributions from the S-wave and P-wave resonances, e.g. the φ and the φ(1680)
mesons, are combined and described with a linear function in m(K+K−) and use the same
model as the signal in m(K+K−µ+µ−). Interference effects are neglected as these were
found to be small in the study of B0

s→ J/ψK+K− decays in Ref. [39]. The combinatorial
background is modeled using an exponential function in both the reconstructed B0

s

mass and the mass of the dikaon system. Background from B0 → K+π−µ+µ− and
Λ0
b → pK−µ+µ− decays is found to be non-negligible in the wide m(K+K−) window.

These background components are included in the fit model, with their yields constrained
to the expected values and line shapes determined on simulated events.

The branching fraction of the B0
s→ f ′2µ

+µ− decay is determined using a simultaneous
fit to the three data samples. The branching fraction of the signal and the S- and P-wave
contributions are shared between the data samples. From this fit, the signal yields,
Nf ′2µ

+µ− , are found to be 62± 8, 67± 8, and 161± 20 for the different data-taking periods.
Figure 3 shows the m(K+K−µ+µ−) and m(K+K−) mass distributions, where the latter
is shown within 50 MeV/c2 of the known B0

s mass [26], overlaid with the fit projections.
The significance of the signal is determined using Wilks’ theorem [40], comparing the
log–likelihood with and without the signal component. The B0

s → f ′2µ
+µ− decay is

observed with a statistical significance of 9σ. Systematic effects on the significance due
to the choice of fit model are negligible.

The dominant systematic uncertainties on the relative branching fraction of the
B0
s → f ′2µ

+µ− decay originate from the uncertainty of the branching fraction ratio
B(φ→ K+K−)/B(f ′2→ K+K−) (0.04 × 10−7), the modeling of the parameters of the
Breit–Wigner function describing the f ′2 resonance, and the simplified fit model for the
m(K+K−) distribution (0.03× 10−7). The effect of the simplified fit model is evaluated
using pseudoexperiments, in which events are generated using the amplitude model in
Ref. [39] and fit with the default model. The observed difference in the determined yield
is taken as a systematic uncertainty. Further details on the systematic uncertainties
associated with B(B0

s→ f ′2µ
+µ−) are given in the Supplemental Material.

The fraction of signal events within the considered q2 region is calculated using the
q2-differential distribution in Ref. [41] and found to be εq2 veto = (73.8±2.8) %. Accounting
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Figure 3: Reconstructed invariant mass of (left) the K+K−µ+µ− system and (right) the
K+K− system for B0

s→ f ′2µ
+µ− candidates, overlaid with the fit projections. The m(K+K−)

distribution is shown in the B0
s signal region ±50 MeV/c2 around the known B0

s mass.

for this factor, the relative and total branching fractions are determined to be

B(B0
s→ f ′2µ

+µ−)

B(B0
s→ J/ψφ)

= (1.55± 0.19± 0.06± 0.06)× 10−4 ,

B(B0
s→ f ′2µ

+µ−) = (1.57± 0.19± 0.06± 0.06± 0.08)× 10−7 ,

where the given uncertainties are, in order, statistical, systematic, from the extrapolation
to the full q2 range and, for the absolute branching fraction, from the uncertainty on the
branching fraction of the normalization mode. The total B0

s→ f ′2µ
+µ− branching fraction

is found to be in agreement with SM predictions [41–43].
In summary, the most precise measurement of the branching fraction of the rare

B0
s → φµ+µ− decay is presented, using LHCb data corresponding to an integrated

luminosity of 9 fb−1. Consistent with earlier measurements [1, 2], the data are found to lie
below SM expectations. In the q2 region between 1.1 and 6.0 GeV2/c4 the measurement
deviates by 3.6σ with respect to a precise SM prediction [33, 35–38]. These results
supersede, and are consistent with, those of Refs. [1, 2]. In addition, the first observation
of the rare B0

s→ f ′2µ
+µ− decay is reported with a statistical significance of nine standard

deviations and the resulting branching fraction is found to be in agreement with SM
predictions [41–43].

Acknowledgements

We express our gratitude to our colleagues in the CERN accelerator departments for the
excellent performance of the LHC. We thank the technical and administrative staff at the
LHCb institutes. We acknowledge support from CERN and from the national agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (Netherlands); MNiSW
and NCN (Poland); MEN/IFA (Romania); MSHE (Russia); MICINN (Spain); SNSF
and SER (Switzerland); NASU (Ukraine); STFC (United Kingdom); DOE NP and NSF
(USA). We acknowledge the computing resources that are provided by CERN, IN2P3
(France), KIT and DESY (Germany), INFN (Italy), SURF (Netherlands), PIC (Spain),
GridPP (United Kingdom), RRCKI and Yandex LLC (Russia), CSCS (Switzerland),

6



IFIN-HH (Romania), CBPF (Brazil), PL-GRID (Poland) and NERSC (USA). We are
indebted to the communities behind the multiple open-source software packages on which
we depend. Individual groups or members have received support from ARC and ARDC
(Australia); AvH Foundation (Germany); EPLANET, Marie Sk lodowska-Curie Actions
and ERC (European Union); A*MIDEX, ANR, IPhU and Labex P2IO, and Région
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Supplemental material

Supplemental figures

Figure 4 shows the K+K−µ+µ− invariant mass versus q2 for selected (top) B0
s→ φµ+µ−

and (bottom) B0
s→ f ′2µ

+µ− candidates. The signal modes are clearly visible as a vertical
band around the known mass of the B0

s meson.
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Figure 4: Invariant mass of the K+K−µ+µ− system versus q2 for selected (top) B0
s→ φµ+µ−

and (bottom) B0
s→ f ′2µ

+µ− candidates across all data-taking periods.
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The K+K−µ+µ− invariant mass of the selected (left) B0
s→ J/ψφ and (right)

B0
s→ φµ+µ− candidates, integrated over q2, is shown in Fig. 5 for the different data-taking

periods. The total fit projection (black line) is overlaid on the data, along with the signal
component (blue line) and background component describing combinatorial background
(red dotted line).
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Figure 5: Reconstructed invariant mass of the K+K−µ+µ− system for (left) B0
s→ J/ψφ and

(right) B0
s→ φµ+µ− candidates, integrated over q2, for the (top) 2011–2012, (middle) 2015–2016,

and (bottom) 2017–2018 data-taking periods. The data are overlaid with the fit projections.
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Figure 6: Reconstructed invariant mass of (left) the K+K−µ+µ− system and (right) the K+K−

system for B0
s→ f ′2µ

+µ− candidates for the (top) 2011–2012, (middle) 2015–2016, and (bottom)
2017–2018 data-taking periods. Distributions are overlaid with the fit projections. The K+K−

distribution is shown in the B0
s signal region ±50 MeV around the known B0

s mass.

Figure 6 shows the (left) K+K−µ+µ− and (right) K+K− invariant mass distributions
of selected B0

s→ f ′2µ
+µ− candidates for the different data-taking periods. The total fit

projection (black line) is overlaid on the data along with projections of individual fit
components describing: the signal (blue line), other B0

s→ K+K−µ+µ− decays (green
dash-dotted line), combinatorial background (red dotted line) and Λ0

b (magenta long
dashed line) and B0 (cyan medium size dashed line) decays.
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Systematic uncertainties

The systematic uncertainties associated with the measurement of the branching fractions of
the B0

s→ φµ+µ− and B0
s→ f ′2µ

+µ− decays are summarized in Table 2. The Physics model
in Table 2 refers to the model used for the generation of B0

s→ φµ+µ− and B0
s→ f ′2µ

+µ−

decays in simulation. Studied variations to the B0
s→ φµ+µ− physics model are detailed

in the Letter. The model used for B0
s→ f ′2µ

+µ− decays accounts only for phase-space
effects. The q2 distribution is therefore not an exact description of data and is corrected
to the predictions in Ref. [41]. The difference in the relative efficiency with and without
this correction is assigned as a systematic uncertainty.

The Residual background in Table 2 refers to contamination of the signal modes
from residual physical background. Background contributions to B0

s → φµ+µ− decays
are neglected in the fit and a systematic uncertainty is assigned. For B0

s → f ′2µ
+µ−

decays, a systematic uncertainty is associated with the choice of lineshape used to describe
background from B0→ K+π−µ+µ− and Λ0

b→ pK−µ+µ− decays in the fit.
The systematic uncertainty associated with the B0

s→ φµ+µ− signal fit model in Table 2
is obtained using an alternative description for the radiative tail of the B0

s meson. For the
B0
s→ f ′2µ

+µ− decay, the lineshape in m(K+K−) of both the non-signal B0
s→ K+K−µ+µ−

contributions and the signal decay are varied. For the B0
s→ K+K−µ+µ− contributions,

an alternative description is taken from Ref. [39], as detailed in the Letter. For the f ′2
lineshape, the input values for the Blatt–Weisskopf barrier functions [44] are varied, namely
the barrier radius of the f ′2 and B0

s mesons, along with the orbital angular momentum of
the B0

s meson.
The simulation corrections in Table 2 refer to the uncertainties associated with applied

corrections to simulated events. Corrections are recalculated using alternative binning
schemes or accounting for the finite statistics of the control modes used to derive the
corrections. The uncertainty associated with small levels of mismodelling in distributions
which are not directly corrected for in the default approach (e.g. tracking efficiencies) are
indicated under residual mismodelling.
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Table 2: Systematic uncertainties on the differential branching fraction dB(B0
s→ φµ+µ−)/dq2

and on the total branching fraction B(B0
s→ f ′2µ

+µ−). Ranges indicate the variation across the q2

intervals. The uncertainty from the branching fraction of the normalization mode, B(B0
s→ J/ψφ),

is quoted separately.

Source σsyst.
(
dB(B0

s→ φµ+µ−)/dq2
)

σsyst.
(
B(B0

s→ f ′2µ
+µ−)

)
[10−8 GeV−2c4] [10−7]

Physics model 0.04–0.10 0.02

Limited simulation sample 0.02–0.07 0.01

Residual background 0.01–0.04 0.01

Fit bias 0.00–0.03 < 0.01

Signal fit model 0.00–0.01 0.03

Simulation corrections 0.00–0.03 0.01

Residual mismodelling 0.00–0.02 < 0.01

B(J/ψ→ µ+µ−) 0.01–0.04 0.01

B(φ→ K+K−)/B(f ′2→ K+K−) – 0.04

Quadratic sum 0.05–0.12 0.06

Normalization B(B0
s→ J/ψφ) 0.11–0.37 0.07
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[23] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduction to PYTHIA 8.1, Comput.
Phys. Commun. 178 (2008) 852, arXiv:0710.3820.

[24] D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152.

[25] Geant4 collaboration, J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53 (2006) 270; Geant4 collaboration, S. Agostinelli et al., Geant4:
A simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.

[26] Particle Data Group, P. A. Zyla et al., Review of particle physics, Prog. Theor. Exp.
Phys. 2020 (2020) 083C01.

[27] L. Breiman, J. H. Friedman, R. A. Olshen, and C. J. Stone, Classification and
regression trees, Wadsworth international group, Belmont, California, USA, 1984.

[28] Y. Freund and R. E. Schapire, A decision-theoretic generalization of on-line learning
and an application to boosting, J. Comput. Syst. Sci. 55 (1997) 119.

[29] A. Blum, A. Kalai, and J. Langford, Beating the hold-out: Bounds for k-fold and
progressive cross-validation, in Proceedings of the Twelfth Annual Conference on
Computational Learning Theory, COLT ’99, (New York, NY, USA), 203–208, ACM,
1999.

[30] LHCb collaboration, R. Aaij et al., Precise measurement of the fs/fd ratio of frag-
mentation fractions and of B0

s decay branching fractions, Phys. Rev. D104 (2021)
032005, arXiv:2103.06810.

vii

https://doi.org/10.1103/PhysRevLett.113.151601
http://arxiv.org/abs/1406.6482
https://doi.org/10.1103/PhysRevD.86.032012
http://arxiv.org/abs/1204.3933
https://doi.org/10.1007/JHEP03(2021)105
http://arxiv.org/abs/1908.01848
https://doi.org/10.1103/PhysRevLett.126.161801
http://arxiv.org/abs/1904.02440
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1142/S0217751X15300227
http://arxiv.org/abs/1412.6352
https://doi.org/10.1088/1748-0221/8/04/P04022
http://arxiv.org/abs/1211.3055
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/S0168-9002(03)01368-8
http://pdg.lbl.gov/
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1006/jcss.1997.1504
https://doi.org/10.1145/307400.307439
https://doi.org/10.1145/307400.307439
https://doi.org/10.1103/PhysRevD.104.032005
https://doi.org/10.1103/PhysRevD.104.032005
http://arxiv.org/abs/2103.06810


[31] S. Descotes-Genon and J. Virto, Time dependence in B → V `` decays, JHEP 04
(2015) 045, arXiv:1502.05509, Erratum: JHEP 07 (2015) 049.

[32] Particle Data Group, K. A. Olive et al., Review of particle physics, Chin. Phys. C38
(2014) 090001.

[33] A. Bharucha, D. M. Straub, and R. Zwicky, B → V `+`− in the Standard Model from
light-cone sum rules, JHEP 08 (2016) 098, arXiv:1503.05534.

[34] P. Ball and R. Zwicky, Bd,s → ρ, ω,K∗, φ decay form-factors from light-cone sum
rules revisited, Phys. Rev. D71 (2005) 014029, arXiv:hep-ph/0412079.

[35] W. Altmannshofer and D. M. Straub, New physics in b→ s transitions after LHC
Run 1, Eur. Phys. J. C75 (2015) 382, arXiv:1411.3161.

[36] R. R. Horgan, Z. Liu, S. Meinel, and M. Wingate, Calculation of B0 → K∗0µ+µ−

and B0
s → φµ+µ− observables using form factors from lattice QCD, Phys. Rev. Lett.

112 (2014) 212003, arXiv:1310.3887.

[37] R. R. Horgan, Z. Liu, S. Meinel, and M. Wingate, Rare B decays using lattice QCD
form factors, PoS LATTICE2014 (2015) 372, arXiv:1501.00367.

[38] D. M. Straub, flavio: a Python package for flavour and precision phenomenology in
the Standard Model and beyond, arXiv:1810.08132.

[39] LHCb collaboration, R. Aaij et al., Resonances and CP -violation in B0
s and

B0
s→ J/ψK+K− decays in the mass region above the φ(1020), JHEP 08 (2017)

037, arXiv:1704.08217.

[40] S. S. Wilks, The large-sample distribution of the likelihood ratio for testing composite
hypotheses, Ann. Math. Stat. 9 (1938) 60.

[41] N. Rajeev, N. Sahoo, and R. Dutta, Angular analysis of Bs → f
′
2(1525)(→

K+K−)µ+µ− decays as a probe to lepton flavor universality violation, Phys. Rev. D
103 (2021) 095007.

[42] R.-H. Li, C.-D. Lu, and W. Wang, Branching ratios, forward-backward asymmetries
and angular distributions of B → K∗2 l

+l− in the standard model and new physics
scenarios, Phys. Rev. D83 (2011) 034034, arXiv:1012.2129.

[43] Y.-B. Zuo et al., B(s) to light tensor meson form factors via LCSR in HQEFT with
applications to semileptonic decays, Eur. Phys. J. C81 (2021) 30.

[44] J. M. Blatt and V. F. Weisskopf, Theoretical nuclear physics, Springer, New York,
1952.

viii

https://doi.org/10.1007/JHEP04(2015)045
https://doi.org/10.1007/JHEP04(2015)045
http://arxiv.org/abs/1502.05509
http://pdg.lbl.gov/
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1007/JHEP08(2016)098
http://arxiv.org/abs/1503.05534
https://doi.org/10.1103/PhysRevD.71.014029
http://arxiv.org/abs/hep-ph/0412079
https://doi.org/10.1140/epjc/s10052-015-3602-7
http://arxiv.org/abs/1411.3161
https://doi.org/10.1103/PhysRevLett.112.212003
https://doi.org/10.1103/PhysRevLett.112.212003
http://arxiv.org/abs/1310.3887
https://doi.org/10.22323/1.214.0372
http://arxiv.org/abs/1501.00367
http://arxiv.org/abs/1810.08132
https://doi.org/10.1007/JHEP08(2017)037
https://doi.org/10.1007/JHEP08(2017)037
http://arxiv.org/abs/1704.08217
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1103/PhysRevD.103.095007
https://doi.org/10.1103/PhysRevD.103.095007
https://doi.org/10.1103/PhysRevD.83.034034
http://arxiv.org/abs/1012.2129
https://doi.org/10.1140/epjc/s10052-020-08792-0
https://doi.org/10.1007/978-1-4612-9959-2
https://doi.org/10.1007/978-1-4612-9959-2


LHCb collaboration

R. Aaij32, C. Abellán Beteta50, T. Ackernley60, B. Adeva46, M. Adinolfi54, H. Afsharnia9,
C.A. Aidala86, S. Aiola25, Z. Ajaltouni9, S. Akar65, J. Albrecht15, F. Alessio48, M. Alexander59,
A. Alfonso Albero45, Z. Aliouche62, G. Alkhazov38, P. Alvarez Cartelle55, S. Amato2,
Y. Amhis11, L. An48, L. Anderlini22, A. Andreianov38, M. Andreotti21, F. Archilli17,
A. Artamonov44, M. Artuso68, K. Arzymatov42, E. Aslanides10, M. Atzeni50, B. Audurier12,
S. Bachmann17, M. Bachmayer49, J.J. Back56, P. Baladron Rodriguez46, V. Balagura12,
W. Baldini21, J. Baptista Leite1, R.J. Barlow62, S. Barsuk11, W. Barter61, M. Bartolini24,
F. Baryshnikov83, J.M. Basels14, G. Bassi29, B. Batsukh68, A. Battig15, A. Bay49, M. Becker15,
F. Bedeschi29, I. Bediaga1, A. Beiter68, V. Belavin42, S. Belin27, V. Bellee49, K. Belous44,
I. Belov40, I. Belyaev41, G. Bencivenni23, E. Ben-Haim13, A. Berezhnoy40, R. Bernet50,
D. Berninghoff17, H.C. Bernstein68, C. Bertella48, A. Bertolin28, C. Betancourt50, F. Betti48,
Ia. Bezshyiko50, S. Bhasin54, J. Bhom35, L. Bian73, M.S. Bieker15, S. Bifani53, P. Billoir13,
M. Birch61, F.C.R. Bishop55, A. Bitadze62, A. Bizzeti22,k, M. Bjørn63, M.P. Blago48, T. Blake56,
F. Blanc49, S. Blusk68, D. Bobulska59, J.A. Boelhauve15, O. Boente Garcia46, T. Boettcher65,
A. Boldyrev82, A. Bondar43, N. Bondar38,48, S. Borghi62, M. Borisyak42, M. Borsato17,
J.T. Borsuk35, S.A. Bouchiba49, T.J.V. Bowcock60, A. Boyer48, C. Bozzi21, M.J. Bradley61,
S. Braun66, A. Brea Rodriguez46, M. Brodski48, J. Brodzicka35, A. Brossa Gonzalo56,
D. Brundu27, A. Buonaura50, C. Burr48, A. Bursche72, A. Butkevich39, J.S. Butter32,
J. Buytaert48, W. Byczynski48, S. Cadeddu27, H. Cai73, R. Calabrese21,f , L. Calefice15,13,
L. Calero Diaz23, S. Cali23, R. Calladine53, M. Calvi26,j , M. Calvo Gomez85,
P. Camargo Magalhaes54, P. Campana23, A.F. Campoverde Quezada6, S. Capelli26,j ,
L. Capriotti20,d, A. Carbone20,d, G. Carboni31, R. Cardinale24, A. Cardini27, I. Carli4,
P. Carniti26,j , L. Carus14, K. Carvalho Akiba32, A. Casais Vidal46, G. Casse60, M. Cattaneo48,
G. Cavallero48, S. Celani49, J. Cerasoli10, A.J. Chadwick60, M.G. Chapman54, M. Charles13,
Ph. Charpentier48, G. Chatzikonstantinidis53, C.A. Chavez Barajas60, M. Chefdeville8,
C. Chen3, S. Chen4, A. Chernov35, V. Chobanova46, S. Cholak49, M. Chrzaszcz35,
A. Chubykin38, V. Chulikov38, P. Ciambrone23, M.F. Cicala56, X. Cid Vidal46, G. Ciezarek48,
P.E.L. Clarke58, M. Clemencic48, H.V. Cliff55, J. Closier48, J.L. Cobbledick62, V. Coco48,
J.A.B. Coelho11, J. Cogan10, E. Cogneras9, L. Cojocariu37, P. Collins48, T. Colombo48,
L. Congedo19,c, A. Contu27, N. Cooke53, G. Coombs59, I. Corredoira Fernandez46, G. Corti48,
C.M. Costa Sobral56, B. Couturier48, D.C. Craik64, J. Crkovská67, M. Cruz Torres1, R. Currie58,
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V.V. Gligorov13, C. Göbel70, E. Golobardes85, D. Golubkov41, A. Golutvin61,83, A. Gomes1,a,
S. Gomez Fernandez45, F. Goncalves Abrantes63, M. Goncerz35, G. Gong3, P. Gorbounov41,
I.V. Gorelov40, C. Gotti26, E. Govorkova48, J.P. Grabowski17, T. Grammatico13,
L.A. Granado Cardoso48, E. Graugés45, E. Graverini49, G. Graziani22, A. Grecu37,
L.M. Greeven32, P. Griffith21,f , L. Grillo62, S. Gromov83, B.R. Gruberg Cazon63, C. Gu3,
M. Guarise21, P. A. Günther17, E. Gushchin39, A. Guth14, Y. Guz44, T. Gys48,
T. Hadavizadeh69, G. Haefeli49, C. Haen48, J. Haimberger48, T. Halewood-leagas60,
P.M. Hamilton66, J.P. Hammerich60, Q. Han7, X. Han17, T.H. Hancock63,
S. Hansmann-Menzemer17, N. Harnew63, T. Harrison60, C. Hasse48, M. Hatch48, J. He6,b,
M. Hecker61, K. Heijhoff32, K. Heinicke15, A.M. Hennequin48, K. Hennessy60, L. Henry48,
J. Heuel14, A. Hicheur2, D. Hill49, M. Hilton62, S.E. Hollitt15, J. Hu17, J. Hu72, W. Hu7,
X. Hu3, W. Huang6, X. Huang73, W. Hulsbergen32, R.J. Hunter56, M. Hushchyn82,
D. Hutchcroft60, D. Hynds32, P. Ibis15, M. Idzik34, D. Ilin38, P. Ilten65, A. Inglessi38,
A. Ishteev83, K. Ivshin38, R. Jacobsson48, S. Jakobsen48, E. Jans32, B.K. Jashal47,
A. Jawahery66, V. Jevtic15, M. Jezabek35, F. Jiang3, M. John63, D. Johnson48, C.R. Jones55,
T.P. Jones56, B. Jost48, N. Jurik48, S. Kandybei51, Y. Kang3, M. Karacson48, M. Karpov82,
F. Keizer48, M. Kenzie56, T. Ketel33, B. Khanji15, A. Kharisova84, S. Kholodenko44, T. Kirn14,
V.S. Kirsebom49, O. Kitouni64, S. Klaver32, K. Klimaszewski36, S. Koliiev52, A. Kondybayeva83,
A. Konoplyannikov41, P. Kopciewicz34, R. Kopecna17, P. Koppenburg32, M. Korolev40,
I. Kostiuk32,52, O. Kot52, S. Kotriakhova21,38, P. Kravchenko38, L. Kravchuk39,
R.D. Krawczyk48, M. Kreps56, F. Kress61, S. Kretzschmar14, P. Krokovny43,v, W. Krupa34,
W. Krzemien36, W. Kucewicz35,t, M. Kucharczyk35, V. Kudryavtsev43,v, H.S. Kuindersma32,33,
G.J. Kunde67, T. Kvaratskheliya41, D. Lacarrere48, G. Lafferty62, A. Lai27, A. Lampis27,
D. Lancierini50, J.J. Lane62, R. Lane54, G. Lanfranchi23, C. Langenbruch14, J. Langer15,
O. Lantwin50, T. Latham56, F. Lazzari29,q, R. Le Gac10, S.H. Lee86, R. Lefèvre9, A. Leflat40,
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