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Abstract: The first observation of the decay B0
s → φK∗0 is reported. The

analysis is based on a data sample corresponding to an integrated luminosity

of 1.0 fb−1 of pp collisions at
√
s = 7 TeV, collected with the LHCb detec-

tor. A yield of 30± 6 B0
s → (K+K−)(K−π+) decays is found in the mass win-

dows 1012.5 < M(K+K−) < 1026.5 MeV/c2 and 746 < M(K−π+) < 1046 MeV/c2.

The signal yield is found to be dominated by B0
s → φK∗0 decays, and

the corresponding branching fraction is measured to be B(B0
s → φK∗0)

= (1.10± 0.24 (stat)± 0.14 (syst)± 0.08 (fd/fs))× 10−6, where the uncertainties are

statistical, systematic and from the ratio of fragmentation fractions fd/fs which accounts

for the different production rate of B0 and B0
s mesons. The significance of B0

s → φK∗0

signal is 6.1 standard deviations. The fraction of longitudinal polarization in B0
s → φK∗0

decays is found to be f0 = 0.51± 0.15 (stat)± 0.07 (syst).
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1 Introduction

The measurement of CP asymmetries in flavour-changing neutral-current processes pro-

vides a crucial test of the Standard Model (SM). In particular, loop-mediated (penguin)

decays of B mesons are sensitive probes for physics beyond the SM. Transitions between

the quarks of the third and second generation (b → s) or between the quarks of the third

and first generation (b → d) are complementary since SM CP violation is tiny in b → s

transitions and an observation of CP violation would indicate physics beyond the SM. For

b → d transitions the SM branching fraction is an order of magnitude smaller than b → s

due to the relative suppression of |Vtd|2/|Vts|2. It is particularly useful to have experimen-

tal information on pairs of channels related by d↔ s exchange symmetry to test that the

QCD contribution to the decay is independent of the initial B0 or B0
s meson.

The BaBar and Belle experiments have performed measurements of b→ sqq processes,

such as B0 → φK0
S , B0 → η′K0

S and B0 → f0K
0
S [1–3], and of b→ dqq penguin diagrams,

such as B0 → K0
SK

0
S and B+ → K+K0

S [4, 5]. These modes contain pseudo-scalar or

scalar mesons in their final state whereas B0
(s) → V V ′ decays, where V and V ′ are light

vector mesons, provide a valuable additional source of information because the angular

distributions give insight into the physics of hadronic B meson decays and the interplay
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between the strong and weak interactions they involve. From the V−A structure of the

weak interaction and helicity conservation in the strong interaction, the final state of these

decays is expected to be highly longitudinally polarized. This applies to both tree and

penguin decays. The BaBar and Belle experiments have confirmed that longitudinal polar-

ization dominates in b→ u tree processes such as B0 → ρ+ρ− [6, 7], B+ → ρ0ρ+ [8, 9] and

B+ → ωρ+ [10]. However, measurements of the polarization in decays with both tree and

penguin contributions, such as B0 → ρ0K∗0 and B0 → ρ−K∗+ [11] and in b → s penguin

decays, B0 → φK∗0 [12, 13], B0
s → K∗0K∗0 [14] and B0

s → φφ [15–17], indicate a low

value of the longitudinal polarization fraction comparable with, or even smaller than, the

transverse fraction.

The B0
(s) → V V ′ decays can be described by models based on perturbative QCD, or

QCD factorization and SU(3) flavour symmetries. Whilst some authors predict a longitudi-

nal polarization fraction f0∼0.9 for tree-dominated and ∼0.75 for penguin decays [18–20],

other studies have proposed different mechanisms such as penguin annihilation [21, 22] and

QCD rescattering [23] to accommodate smaller longitudinal polarization fractions ∼0.5, al-

though the predictions have large uncertainties. A review on the topic of polarization in

B decays can be found in ref. [24].

There are only two other B0
(s) → V V ′ penguin modes that correspond to b→ d loops.

The first is the B0 → K∗0K∗0 decay. The BaBar collaboration reported the discovery of

this channel with 6σ significance and a measurement of its branching fraction B(B0 →
K∗0K∗0) = (1.28 +0.35

−0.30 ± 0.11) × 10−6 [25]. This is in tension with the results of the

Belle collaboration that published an upper limit of B(B0 → K∗0K∗0) < 0.8 × 10−6 at

the 90% confidence level [26]. The BaBar publication also reported a measurement of

the longitudinal polarization f0 = 0.80+0.12
−0.13 [25], which is large compared to those from

B0 → φK∗0 (f0 = 0.494±0.036 [13]), B0
s → φφ (f0 = 0.365±0.025 [16]) and B0

s → K∗0K∗0

(f0 = 0.31± 0.13 [14]).

The mode B0
s → φK∗0 is the other b → d penguin decay into vector mesons that

has not previously been observed. This decay is closely linked to B0 → φK∗0, differing

in the spectator quark and the final quark in the loop, as shown in figure 1.1 From the

aforementioned relation between b → s and b → d transitions, their relative branching

fractions should scale as |Vtd|2/|Vts|2 and their polarization fractions are expected to be

very similar. Moreover, since both decays share the same final state, except for charge

conjugation, B0 → φK∗0 is the ideal normalization channel for the determination of the

B0
s → φK∗0 branching fraction. The B0

s → φK∗0 decay is also related to B0 → K∗0K∗0,

since their loop diagrams only differ in the spectator quark (s instead of d), although it has

been suggested that S-wave interference effects might break the SU(3) symmetry relating

two channels [27]. Finally, it is also interesting to explore the relation of the B0
s → φK∗0

decay with the B0 → ρ0K∗0 mode since the penguin loop diagrams of these modes are

related by the d ↔ s exchange. The B0 → ρ0K∗0 decay also has a b → u tree diagram,

but it is expected that the penguin contribution is dominant, since the branching fraction

1Both the decays B0
s → φK∗0 and B0 → φK∗0 could also have contributions from QCD singlet-penguin

amplitudes [21].
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Figure 1. Feynman diagrams for the B0
s → φK∗0 and the B0 → φK∗0 decays.

is comparable to that of the pure penguin B0 → φK∗0 decay.

The most stringent previous experimental limit on the B0
s → φK∗0 branching fraction

is B(B0
s → φK∗0) < 1.0× 10−3 at the 90% confidence level [24], whereas calculations based

on the QCD factorization framework predict a value of (0.4 +0.5
−0.3)× 10−6 [21] while in per-

turbative QCD a value of (0.65 +0.33
−0.23)× 10−6 [28] is obtained. The precise determination

of the branching fraction tests these models and provides a probe for physics beyond the

SM.

The study of the angular distributions in the B0
s → φK∗0 channel provides a mea-

surement of its polarization. In ref. [28], a prediction of f0 = 0.712 +0.042
−0.048 is made for

the longitudinal polarization fraction, using the perturbative QCD approach, that can be

compared to the experimental result.

In this paper the first observation of the B0
s → φK∗0 decay, with φ → K+K− and

K∗0 → K−π+, is reported and the determination of its branching fraction and polarizations

are presented. The study is based on data collected by the LHCb experiment at CERN

from the
√
s = 7 TeV proton-proton collisions of LHC beams. The dataset corresponds to

an integrated luminosity of 1.0 fb−1.

2 Detector and software

The LHCb detector [29] is a single-arm forward spectrometer covering the pseudorapidity

range 2 < η < 5, designed for the study of particles containing b or c quarks. The detec-

tor 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. The combined tracking system

provides a momentum measurement with relative uncertainty that varies from 0.4% at

5 GeV/c to 0.6% at 100 GeV/c, and impact parameter resolution of 20µm for tracks with

high transverse momentum (pT). Charged hadrons are identified using two ring-imaging

Cherenkov (RICH) detectors [30]. Photon, electron and hadron candidates are identified

by a calorimeter system consisting of scintillating-pad and preshower detectors, an elec-

tromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system

composed of alternating layers of iron and multiwire proportional chambers [31].
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The trigger [32] 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.

The software trigger used in this analysis requires a two-, three- or four-track secondary

vertex with a high sum of the pT of the tracks and significant displacement from the

primary pp interaction vertices (PVs). At least one track should have pT > 1.7 GeV/c and

impact parameter χ2 (χ2
IP) with respect to all primary interactions greater than 16. The

χ2
IP is defined as the difference between the χ2 of a PV reconstructed with and without the

considered track. A multivariate algorithm [33] is used for the identification of secondary

vertices consistent with the decay of a b hadron.

In the simulation, pp collisions are generated using Pythia 6.4 [34] with a specific

LHCb configuration [35]. Decays of hadronic particles are described by EvtGen [36],

in which final state radiation is generated using Photos [37]. The interaction of the

generated particles with the detector and its response are implemented using the Geant4

toolkit [38, 39] as described in ref. [40].

3 Signal selection

Signal B0
s → φK∗0 candidates are formed from φ → K+K− and K∗0 → K−π+ de-

cays.2 The pairs of charged particles in the φ → K+K− and the K∗0 → K−π+ can-

didates must combine to give invariant masses 1012.5 < M(K+K−) < 1026.5 MeV/c2 and

746 < M(K−π+) < 1046 MeV/c2, consistent with the known φ and K∗0 masses [24]. Each

of the four tracks is required to have pT > 500 MeV/c and χ2
IP > 9.

Kaons and pions are distinguished by use of a log-likelihood algorithm that combines

information from the RICH detectors and other properties of the event [30]. The final

state particles are identified by requiring that the difference in log-likelihoods of the kaon

and pion mass hypotheses is DLLKπ > 2 for each kaon candidate and < 0 for the pion

candidate. In addition, the difference in log-likelihoods of the proton and kaon hypotheses,

DLLpK , is required to be < 0 for the kaon from the K∗0 decay. This suppresses background

from Λ0
b decays. This requirement is not necessary for the kaons from the φ candidate owing

to the narrow K+K− invariant mass window.

The K−π+ pair that forms the K∗0 candidate is required to originate from a common

vertex with a χ2 per number of degrees of freedom (χ2/ndf) < 9, and to have a positive

cosine of the angle between its momentum and the reconstructed B0
(s) candidate flight

direction, calculated with the B0
(s) decay vertex and the best matching primary vertex.

The K−π+ combination is also required to have pT > 900 MeV/c. The same conditions are

imposed on the φ candidate.

The B0
(s) candidates are also required to fulfil some minimal selection criteria: the φ

and K∗0 candidates must form a vertex with χ2/ndf < 15; the distance of closest approach

between their trajectories must be less than 0.3 mm; and they must combine to give an

invariant mass within 4866 < M(K+K−K−π+) < 5866 MeV/c2.

In addition, a geometrical-likelihood based selection (GL) [41, 42] is implemented using

as input variables properties of the B0
(s) meson candidate. These are

2Inclusion of charge conjugated processes is implied in this work, unless otherwise stated.
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• the B0
(s) candidate impact parameter (IP) with respect to the closest primary vertex;

• the decay time of the B0
(s) candidate;

• the pT of the B0
(s) candidate;

• the minimum χ2
IP of the four tracks with respect to all primary vertices in the event;

and

• the distance of closest approach between the K∗0 and φ candidates’ trajectories re-

constructed from their respective daughter tracks.

The GL is trained to optimize its discrimination power using representative sig-

nal and background samples. For the signal a set of B0
s → φK∗0 simulated

events is used. For the background a sample of events where, in addition to

the signal selections, other than those on the masses, requirements of 999.5 <

M(K+K−) < 1012.5 MeV/c2 or 1026.5 < M(K+K−) < 1039.5 MeV/c2 for the φ candidate

and M(K+K−K−π+) > 5413 MeV/c2 for the four-body mass are applied. The selection

of only the high-mass B0
(s) sideband is motivated by the nature of the background in that

region, which is purely combinatorial, whereas the low-mass sideband contains partially

reconstructed B meson decays that have topological similarities to the signal.

4 Suppression of background from other b-hadron decays

A small background from B0
s → φφ decays, where one of the kaons from the φ is misidenti-

fied as a pion, is found to contaminate the signal. Candidate B0
s → φK∗0 decays are there-

fore required to be outside of the window defined by 1012.5 < M(K+K−) < 1026.5 MeV/c2

and 5324 < M(K+K−K+K−) < 5424 MeV/c2 in the K+K− and K+K−K+K− invariant

masses when the mass hypothesis for the sole pion of the decay is switched into a kaon. In

simulated events this selection removes 0.12% of the B0
s → φK∗0 signal decays and does

not affect the B0 → φK∗0 decay mode. Other possible reflections, such as B0
s → K∗0K∗0

decays, are found to be negligible.

In order to remove background from B0
s → D∓s (φπ∓)K± decays when the π∓ and the

K± mesons form a
(–)

K∗0 candidate, events with the invariant mass of the K+K−π∓ system

within 1953.5 < M(K+K−π∓) < 1983.5 MeV/c2, consistent with the known D+
s mass [24],

are excluded.

Background from b-hadron decays containing a misidentified proton has also been

considered. For candidate B0
s → φK∗0 decays, the kaon with the largest DLLpK is assigned

the proton mass and the four-body invariant mass recomputed. The largest potential

background contribution arises from Λ
0
b → K+K−pπ+ where the antiproton is misidentified

as the kaon originating from the K∗0 meson, and Λ0
b → K+K−K−p, where the proton is

misidentified as the pion originating from the K∗0 meson. Simulation shows that these

decays produce wide four-body mass distributions which peak around 5450 MeV/c2 and

5500 MeV/c2, respectively. This background contribution is considered in the fit model

discussed below. Other B0
(s) decay modes containing a Λ→ pπ− decay or background from

Λ+
c → pK−π+ decays are found to be negligible.
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5 Fit to the four-body mass spectrum

The sample of 1277 candidates, selected as described in sections 3 and 4, contains many

B0 → φK∗0 decays whereas only a small contribution from B0
s → φK∗0 decays is antici-

pated. Both signals are parametrized with identical shapes, differing only in the mass shift

of 87.13 MeV/c2 between the B0 and B0
s mesons [24] which is fixed in the fit. The signal

shapes are described by the sum of Crystal Ball (CB) [43] and Gaussian functions that

share a common mean. The CB function, which contains most of the signal, is a combi-

nation of a Gaussian function with a power law tail, accounting for the intrinsic detector

resolution and the radiative tail toward low masses, respectively. The Gaussian shape de-

scribes events reconstructed with worse mass resolution, which produce a contamination of

B0 → φK∗0 decays in the region of the B0
s → φK∗0 signal peak. The dependence between

the Gaussian and CB resolutions, σG and σCB, respectively, is found to be

σG =
√
σ2CB + (24.74 MeV/c2)2, (5.1)

from a data sample of 25 × 103 B0 → J/ψK∗0 decays. This channel is topologically

very similar to the signal and is almost background free. The fit to this sample also

provides the power law exponent of the CB function tail, which is subsequently fixed in

the B0
s → (K+K−)(K−π+) and B0 → (K+K−)(K+π−) mass models. The parameter

that governs the transition from the Gaussian shape to the power law function in the CB

function is unrestrained in the fit. The other unrestrained fit parameters include: the

central B meson mass, the width of the CB function, the fractional yield contained in the

Gaussian function and the total signal yield.

In addition to the B0 and B0
s signal shapes, three more components are included. The

first accounts for partially reconstructed B meson decays into φ and K or K∗ excited states

where a pion has been lost. This is described by a convolution of the ARGUS shape [44] with

a Gaussian distribution. The second contribution is due to Λ0
b → K+K−K−p and Λ

0
b →

K+K−pπ+ decays and is modelled with a histogram obtained from simplified simulations.

The third contribution is an exponential function to account for combinatorial background.

The data passing the selection criteria are fitted using an extended unbinned max-

imum likelihood fit. The invariant mass distribution of the candidates, together with

the fit contribution, is shown in figure 2. The yields of B0
s → (K+K−)(K−π+) and

B0 → (K+K−)(K+π−) decays are 30 ± 6 and 1000 ± 32, respectively. The fit model

is validated with 10, 000 pseudo-experiments, generated with simplified simulations, which

show that the signal yields are unbiased. Table 1 summarizes the signal and background

contributions resulting from the fit. A likelihood ratio test is employed to assess the

statistical significance of the B0
s → (K+K−)(K−π+) signal yield. This is performed us-

ing
√

2ln(Ls+b/Lb), where Ls+b and Lb are the maximum values of the likelihoods for

the signal-plus-background and background-only hypotheses, respectively.3 This calcu-

lation results in 6.3σ significance for the B0
s → (K+K−)(K−π+) signal. The fit gives

3The applicability of this method has been verified from the parabolic behaviour of the

B0
s → (K+K−)(K−π+) signal yield profile of −2 lnLs+b about its minimum.
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Figure 2. Four-body K+K−K−π+ invariant mass distribution. The points show the data, the

blue solid line shows the overall fit, the solid dark red shaded region is the B0
s → φK∗0 signal,

the light blue shaded region corresponds to the B0 → φK∗0 signal, the grey dotted line is the

combinatorial background and the green dashed line and magenta dashed-dotted lines are the

partially reconstructed and misidentified Λ0
b backgrounds.

σCB = 15.0 ± 1.1 MeV/c2 for the invariant mass resolution. Integration in a ±30 MeV/c2

mass window yields 26.4 ± 5.7 signal candidates and 8.2 ± 1.3 background events, com-

posed of 5.4 ± 0.2 from B0 → (K+K−)(K+π−), 2.1 ± 1.3 from Λ0
b and 0.7 ± 0.4 from

combinatorial contributions.

In order to explore systematic effects in the signal yield originating in the fit model

two effects were considered. First, the amount of B0 → (K+K−)(K+π−) events under the

B0
s → (K+K−)(K−π+) signal is governed by the 24.74 MeV/c2 factor in eq. (5.1). Simi-

larly, the contamination of misidentified Λ0
b decays under the signal is controlled by a tail

that is parametrized. An extended likelihood is built by multiplying the original likeli-

hood function by Gaussian distributions of these two nuissance parameters with standard

deviations of 20% of their nominal values at which they are centered. The corresponding

systematic uncertainty in the signal yield is obtained by performing a fit that maximizes

this modified likelihood. The systematic contribution is calculated subtracting the statis-

tical uncertainty in quadrature and found to be ±1.2 events. Including this uncertainty

results in a significance of 6.2σ. Effects of other systematic uncertainties, discussed in

section 9, have negiglible impact in the signal significance.

6 Determination of the S-wave contribution

The B0
s → (K+K−)(K−π+) signal is expected to be mainly due to B0

s → φK∗0 decays,

although there are possible non-resonant contributions and K+K− and K−π+ pairs from

other resonances. To estimate the S-wave contributions, it is assumed that the effect is

the same for B0 → φK∗0 and B0
s → φK∗0 decays, therefore allowing the larger sample of

B0 → φK∗0 decays to be used. The effect of this assumption is considered as a source of

systematic uncertainty in section 8.
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Contribution Yield

B0
s → φK∗0 30± 6

B0 → φK∗0 1000± 32

Partially reconstructed background 218± 15

Λ0
b background 13± 8

Combinatorial background 10± 6

Table 1. Results of the fit to the sample of selected candidates.

The K+K− invariant mass distribution for φ candidates within a ±30 MeV/c2 window

of the known B0 mass is described by a relativistic spin-1 Breit-Wigner distribution con-

volved with a Gaussian shape to account for the effect of resolution. A linear term is added

to describe the S-wave contribution. The purity resulting from this fit is 0.95 ± 0.01 in a

±7 MeV/c2 window around the known φ mass.

The K+π− pairs are parametrized by the incoherent sum of a relativistic spin-1 Breit-

Wigner amplitude and a shape that describes non-resonant and K∗0(1430) S-wave con-

tributions introduced by the LASS experiment [13, 45]. The fraction of events from K∗0

decays within a ±150 MeV/c2 window around the K∗0 mass results in a purity of 0.89±0.02.

When combining the K+K− and K+π− contributions, the total φK∗0 purity is found to

be 0.84 ± 0.02. This purity can be translated into a p-value, quantifying the probability

that the entire B0
s → (K+K−)(K−π+) signal is due to decays other than φK∗0. After

combining with the B0
s → (K+K−)(K−π+) significance the B0

s → φK∗0 is observed with

6.1σ significance.

7 Determination of the B0
s → φK∗0 branching fraction

The branching fraction is calculated with the B0 → φK∗0 channel as normalization. Both

decays pass the same selection and share almost identical topologies. However, since the

two decay channels can have different polarizations, their angular distributions may differ

which would cause a difference in their detection efficiencies. A factor

λf0 =
εB

0→φK∗0

εB0
s→φK∗0 =

1− 0.29fB
0→φK∗0

0

1− 0.29f
B0

s→φK∗0

0

is calculated, where εB
0→φK∗0

and εB
0
s→φK∗0

are the efficiencies for the B0 → φK∗0 and

B0
s → φK∗0 decays reconstruction, fB

0→φK∗0

0 and f
B0

s→φK∗0

0 their longitudinal polarization

fractions, determined in section 9 for the B0
s → φK∗0 mode, and the factor 0.29 is obtained

from simulation.

The value of B(B0
s → φK∗0) is computed from

B(B0
s → φK∗0) = λf0 ×

fd
fs
× B(B0 → φK∗0)×

NB0
s→φK∗0

NB0→φK∗0
, (7.1)
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Figure 3. Invariant mass distributions for (left) K+K− and (right) K∓π± pairs in a ±30 MeV/c2

window around the (top) B0
s and (bottom) B0 mass. The solid blue line is the overall fit, the green

dashed line corresponds to B0 cross-feed into the B0
s mass window, the red dotted line is the S-wave

contribution and the light blue is the combinatorial background.

Parameter Value

λf0 1.01± 0.06

NB0→φK∗0 1000± 32

NB0
s→φK∗0 30± 6

B(B0 → φK∗0) (9.8± 0.6)× 10−6 [24]

Table 2. Input values for the branching fraction computation.

where NB0
s→φK∗0 and NB0→φK∗0 are the numbers of B0

s and B0 decays, respectively, and

fd/fs = 3.75 ± 0.29 [46] is the ratio of hadronization factors needed to account for the

different production rates of B0 and B0
s mesons. With the values given in table 2, the result,

B(B0
s → φK∗0) = (1.10± 0.24)× 10−6,

is obtained, where only the statistical uncertainty is shown.

As a cross-check, a different decay mode, B0→ J/ψK∗0, with J/ψ → µ+µ−, has been

used as a normalization channel. Special requirements were imposed to harmonize the

selection of this reference with that for the signal. The obtained result is fully compatible

with the B0 → φK∗0 based value.
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8 Systematic uncertainties on the branching fraction

Four main sources of systematic effects in the determination of the branching fraction are

identified: the fit model, the dependence of the acceptance on the longitudinal polarization,

the purity of the signal and the uncertainty in the relative efficiency of B0
s and B0 detection.

Alternatives to the fit model discussed in section 5 give an uncertainty of ±1.2 in

the signal yield. This results in a relative systematic uncertainty of ±0.04 on the branch-

ing fraction.

The systematic uncertainty in the acceptance correction factor λf0 originates from

the uncertainties of the longitudinal polarization fractions, f0, in the B0
s → φK∗0 and

B0 → φK∗0 channels and is found to be ±0.06.

As described in section 6 an S-wave contribution of 0.16 ± 0.02 was found in the

K+K− and K−π+ mass windows of the B0 → φK∗0 candidates. The uncertainty caused

by the assumption that this fraction is the same in B0 and B0
s decays is estimated to be

50% of the S-wave contribution. This results in a ±0.08 contribution to the systematic

uncertainty. This uncertainty also accounts for uncanceled interference terms between the

K∗0, the φ and their corresponding S-waves. These contributions are linear in the sine

or cosine of polarization angles [13] and cancel after integration. The dependence of the

acceptance on the angles violates this cancellation contributing ±0.04 to the total ±0.08

S-wave uncertainty.

The B0
s → φK∗0 and B0 → φK∗0 final states are very similar and a detector ac-

ceptance efficiency ratio ∼ 1 is expected. However, small effects, such as the mass shift

M(B0
s ) −M(B0), translate into slightly different pT distributions for the daughter par-

ticles. This results in an efficiency ratio of 1.005, as determined from simulation. The

deviation of ±0.005 from unity is taken as a systematic uncertainty that is propagated to

the branching fraction.

Finally, the uncertainty in the knowledge of the B0 → φK∗0 decay branching fraction

of ±0.6 × 10−6 is also accounted for and results in a relative uncertainty of 0.06 in the

B0
s → φK∗0 decay branching fraction.

A summary of the systematic uncertainties is shown in table 3. The final result for

the B0
s → φK∗0 decay branching fraction is

B(B0
s → φK∗0) =

(
1.10± 0.24 (stat)± 0.14 (syst)± 0.08

(
fd
fs

))
× 10−6,

which corresponds to a ratio with the B0 → φK∗0 decay branching fraction of

B(B0
s → φK∗0)

B(B0 → φK∗0)
= 0.113± 0.024 (stat)± 0.013 (syst)± 0.009

(
fd
fs

)
.

9 Polarization analysis

The B0
s → φK∗0 → (K+K−)(K−π+) decay proceeds via two intermediate spin-1 particles.

The angular distribution of the decay is described by three transversity amplitudes A0, A‖
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Source Relative uncertainty in B
Fit model 0.04

f0 0.06

Purity 0.08

Acceptance 0.005

B(B0 → φK∗0) 0.06

Total 0.12

Table 3. Sources of systematic uncertainty in the branching fraction measurement. The total

uncertainty is the addition in quadrature of the individual sources.

−
K

+

K

0

s

−

θK
*0

K
+

B φ

ϕ
12

θ

π

Figure 4. Definition of the angles in B0
s → φK∗0 decays where θ1 (θ2) is the K+ (K−) emission

angle with respect to the direction opposite to the B0
s meson in the φ (K∗0) rest frame and ϕ is

the angle between the K∗0 and φ decay planes in the B0
s rest frame.

and A⊥ [47]. These can be obtained from the distribution of the decay products in three

angles θ1, θ2 and ϕ, defined in the helicity frame. The convention for the angles is shown in

figure 4. A flavour-averaged and time-integrated polarization analysis is performed assum-

ing that the CP -violating phase is zero and that an equal amount of B0
s and B0

s mesons are

produced. Under these assumptions, the decay rate dependence on the polarization angles

can be written as

d3Γ

dcosθ1 dcosθ2 dϕ
∝ |A0|2 cos2 θ1 cos2 θ2 + |A‖|2

1

2
sin2 θ1 sin2 θ2 cos2 ϕ (9.1)

+ |A⊥|2
1

2
sin2 θ1 sin2 θ2 sin2 ϕ+ |A0||A‖| cos δ‖

1

2
√

2
sin 2θ1 sin 2θ2 cosϕ.

Additional terms accounting for the S-wave and interference contributions, as in ref. [13],

are also considered. These terms are set to the values obtained for the B0 → φK∗0 sample.

The polarization fractions are defined from the amplitudes as: fj = |Aj |2/(|A0|2 +

|A‖|2 + |A⊥|2) (with j = 0, ‖,⊥). In addition to the polarization fractions the cosine of the

phase difference between A0 and A‖, cos δ‖, is accessible in this study.

The determination of the angular amplitudes depends on the spectrometer acceptance

as a function of the polarization angles θ1 and θ2. The acceptance was found not to depend

on ϕ. A parametrization of the acceptance as a function of θ1 and θ2 is calculated using
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Figure 5. Result of the fit to the angular distribution of the B0
s → φK∗0 candidates in (left) cos θ1

and (right) cos θ2. The red dotted line corresponds to the combinatorial background under the B0
s

signal, the green dashed line is the B0 → φK∗0 signal in the B0
s region and the grey dotted-dashed

line corresponds to the sum of the S-wave and the interference terms.

simulated data and is used to correct the differential decay rate by scaling eq. (9.1). Addi-

tionally, a small correction for discrepancies in the pT spectrum and the trigger selection

of the B mesons between simulation and data is introduced.

The data in a ±30 MeV/c2 window around the B0
s mass are fitted to the final angular

distribution. The fit accounts for two additional ingredients: the tail of the B0 → φK∗0 de-

cays, that are polarized with a longitudinal polarization fraction of f0 = 0.494 [13], and the

combinatorial background, parametrized from the distributions of events in the high-mass

B sideband 5450 < M(K+K−K−π+) < 5840 MeV/c2 after relaxing the selection require-

ments. The latter accounts for both the combinatorial and misidentified Λ0
b backgrounds.

The systematic uncertainties in the determination of the angular parameters are calcu-

lated modifying the analysis and computing the difference with the nominal result. Three

elements are considered.

• The uncertainty in the S-wave fraction. This is computed modifying the S-wave

contribution by 50% of its value. This covers within 2σ an S-wave fraction from 0

to 30%, consistent with that typically found in decays of B mesons to final states

containing a K∗0 meson.

• The spectrometer acceptance. This contribution is calculated comparing the re-

sults considering or neglecting the above-mentioned pT and trigger corrections to

the acceptance.

• The combinatorial background. The background model derived from the B mass

sideband is replaced by a uniform angular distribution.

The different contributions to the systematic uncertainty are given in table 4 and

the one-dimensional projections of the angular distributions are shown figure 5. Other
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Effect ∆f0 ∆f‖ ∆ cos δ‖

S-wave 0.07 0.02 0.29

Acceptance 0.007 0.005 0.002

Combinatorial background 0.02 0.01 0.01

Total 0.07 0.02 0.29

Table 4. Systematic uncertainties of the angular parameters.

possible systematic sources, such as the uncertainty in the polarization parameters of the

B0 → φK∗0, are found to be negligible.

Considering all the above, the values obtained are

f0 = 0.51± 0.15 (stat)± 0.07 (syst),

f‖ = 0.21± 0.11 (stat)± 0.02 (syst),

cos δ‖ = −0.18± 0.52 (stat)± 0.29 (syst) ,

and f⊥ = 0.28 ± 0.12(stat) ± 0.03(syst). These results for the B0
s → φK∗0 decay are

consistent with the values measured in B0 → φK∗0 decays of f0 = 0.494 ± 0.036, f⊥ =

0.212± 0.035 and cos δ‖ = −0.74± 0.10 [13].

10 Summary and conclusions

A total of 30 ± 6 B0
s → (K+K−)(K−π+) candidates have been observed within the mass

windows 1012.5 < M(K+K−) < 1026.5 MeV/c2 and 746 < M(K−π+) < 1046 MeV/c2. The

result translates into a significance of 6.2σ. The analysis of the K+K− and the K−π+

mass distributions is consistent with (84 ± 2)% of the signal originating from resonant φ

and K∗0 mesons. The significance of the B0
s → φK∗0 resonant contribution is calculated

to be 6.1σ. The branching fraction of the decay is measured to be

B(B0
s → φK∗0) =

(
1.10± 0.24 (stat)± 0.14 (syst)± 0.08

(
fd
fs

))
× 10−6,

using the B0 → φK∗0 decay as a normalization channel. This result is roughly three times

the theoretical expectation in QCD factorization of (0.4 +0.5
−0.3) × 10−6 [21] and larger than

the perturbative QCD value of (0.65 +0.33
−0.23)× 10−6 [28], although the values are compatible

within 1σ. The result is also higher than the expectation of B(B0 → φK∗0)×|Vtd|2/|Vts|2.
Better precision on both the theoretical and experimental values would allow this channel

to serve as a probe for physics beyond the SM.

An angular analysis of the B0
s → φK∗0 decay results in the polarization fractions and

phase difference

f0 = 0.51± 0.15 (stat)± 0.07 (syst),

f‖ = 0.21± 0.11 (stat)± 0.02 (syst),

cos δ‖ = −0.18± 0.52 (stat)± 0.29 (syst).
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The small value obtained for the longitudinal polarization fraction follows the trend of the

b → s penguin decays B0 → φK∗0, B0
s → K∗0K∗0 and B0

s → φφ. The comparison with

the decay B0 → K∗0K∗0, where f0 = 0.80+0.12
−0.13 [25], shows a 2σ discrepancy. This is

very interesting since the loop-mediated amplitudes of each decay differ only in the flavour

of the spectator quark. The result is also compatible with the longitudinal polarization

fraction f0 = 0.40 ± 0.14 measured in B0 → ρ0K∗0 decays [11], the penguin amplitude of

which is related to B0
s → φK∗0 by d↔ s exchange. Finally, the result is smaller than the

prediction of perturbative QCD, f0 = 0.712 +0.042
−0.048, given in ref. [28].
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l Università di Roma La Sapienza, Roma, Italy
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