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The first observation of the decay B0
s → K ∗0 K ∗0 is reported using 35 pb−1 of data collected by LHCb in

proton–proton collisions at a centre-of-mass energy of 7 TeV. A total of 49.8±7.5 B0
s → (K +π−)(K −π+)

events are observed within ±50 MeV/c2 of the B0
s mass and 746 MeV/c2 < mKπ < 1046 MeV/c2,

mostly coming from a resonant B0
s → K ∗0 K ∗0 signal. The branching fraction and the CP-averaged K ∗0

longitudinal polarization fraction are measured to be B(B0
s → K ∗0 K ∗0) = (2.81±0.46(stat.)±0.45(syst.)±

0.34( f s/ fd)) × 10−5 and f L = 0.31 ± 0.12(stat.) ± 0.04(syst.).
© 2012 CERN. Published by Elsevier B.V. All rights reserved.
1. Introduction

The decay B0
s → K ∗0 K ∗0 is described in the Standard Model

by loop (penguin) diagrams that contain a b → s transition. The
partial width of the decay arises from three helicity amplitudes
that, assuming no additional contributions from physics beyond
the Standard Model, are determined by the chiral structure of
the quark operators. Predictions obtained within the framework
of QCD factorization [1] are B(B0

s → K ∗0 K ∗0) = (9.1+11.3
−6.8 ) × 10−6

for the branching fraction and 0.63+0.42
−0.29 for the K ∗0 longitudi-

nal polarization fraction. Predictions improve to (7.9+4.3
−3.9) × 10−6

and 0.72+0.16
−0.21, respectively, when experimental input is used from

B → K ∗φ [2,3]. The possibility to use B0
s → K ∗0 K ∗0 for preci-

sion CP-violation studies to determine the phases βs and γ of the
CKM matrix [4] has been emphasized by several authors [5–8].
The U-spin related channel, B0 → K ∗0 K ∗0, a b → d transition,
has been observed by BaBar [9], reporting a branching fraction of
(1.28+0.35

−0.30 ± 0.11) × 10−6 and f L = 0.80+0.10
−0.12 ± 0.06 with a sig-

nal yield of 33.5+9.1
−8.1 events. An upper limit for the B0

s → K ∗0 K ∗0

branching fraction of 1.68 × 10−3 with 90% confidence level was
reported by the SLD experiment [10].

We present in this Letter the first observation of the B0
s →

K ∗0 K ∗0 decay using pp collisions at
√

s = 7 TeV at the LHC. The
data were collected during 2010 and corresponds to 35 pb−1 of in-
tegrated luminosity. LHCb has excellent capabilities to trigger and
reconstruct beauty and charm hadrons, and covers the pseudo-
rapidity region 2 < η < 5. The tracking system consists of a 21
station, 1-metre long array of silicon strip detectors placed within
8 mm of the LHC beams. This is followed by a four layer silicon
strip detector upstream of a 4 Tm dipole magnet. Downstream of
the magnet are three tracking stations, each composed of a four-

✩ © CERN for the benefit of the LHCb Collaboration.

layer silicon strip detector in the high occupancy region near the
beam pipe, and an eight layer straw tube drift chamber composed
of 5 mm diameter straws outside this high occupancy region. Over-
all, the tracking system provides an impact parameter (IP)1 reso-
lution of 16 μm + 30 μm/pT (GeV/c), and a momentum resolution
σp/p below 8 per mille up to 100/mboxGeV /c. Two ring imaging
Cherenkov detectors, one upstream of the magnet, and a second
just downstream of the tracking stations, together provide a typi-
cal kaon identification efficiency of 90%. The pion fake rate, over
the momentum range from 3–100 GeV/c, is between 5 and 10
percent. Further downstream is a Preshower/Scintillating Pad De-
tector, an electromagnetic calorimeter, and a hadronic calorimeter.
The LHCb spectrometer also features a large, five station muon sys-
tem used for triggering on and identifying muons. A more detailed
description of the LHCb detector can be found in [11].

To reduce the data rate from the LHC crossing rate to about
2 kHz for permanent storage, LHCb uses a two-level trigger system.
The first level of the trigger, implemented in hardware, searches
for either a large transverse energy (ET) cluster in the calorimeters
(ET > 3.6 GeV is a representative value during the 2010 run), or a
single high transverse momentum (pT) muon or di-muon pair in
the muon stations.

Events passing the hardware trigger are read out and sent to a
large computing farm, where they are analyzed using a software-
based trigger [12]. The first stage of the software trigger relies
on the selection of a single track with IP larger than 125 μm,
pT > 1.8 GeV/c, p > 12.5 GeV/c, along with other track quality
requirements. Events are subsequently analyzed by a second soft-
ware stage, where the event is searched for 2, 3, or 4-particle
vertices that are consistent with originating from b-hadron decays.
The impact parameter χ2 of the selected tracks (IPχ2), defined

1 The impact parameter is the distance of closest approach between a particle’s
trajectory and its assumed production point.
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as the difference between the χ2 of the primary vertex (PV) built
with and without the considered track, is required to be greater
than 16 with respect to any PV. The tracks are also required to
have p > 5 GeV/c and pT > 0.5 GeV/c. The B0

s decay vertex must
have at least one track with pT > 1.5 GeV/c, a scalar pT sum of
at least 4 GeV/c, and a corrected mass2 between 4 and 7 GeV/c2.
Additional track and vertex quality cuts are also applied.

Events with large occupancy are slow to reconstruct and were
suppressed by applying global event cuts to hadronically triggered
decays. These included limits on the number of hits in the tracking
detectors and scintillating pad detector.

2. Selection procedure and signal yield

To search for the decay process B0
s → K ∗0(K +π−)K ∗0(K −π+)

we applied a number of offline selection criteria. When a four-track
secondary vertex is found, the reconstructed momentum of the B0

s
candidate is used to calculate the smallest impact parameter with
respect to all primary vertices in the event. Tracks are required to
have pT > 500 MeV/c, and a large impact parameter (IPχ2 > 9)
with respect to the PV. The difference in the natural logarithm of
the likelihoods of the kaon and pion hypotheses must be greater
than 2 for K + and K − candidates, and less than 0 for π+ and
π− candidates. In addition, the K +π− combinations3 must form
an acceptable quality common vertex (χ2/ndf < 9), where ndf is
the number of degrees of freedom in the vertex fit) and must have
an invariant mass within ±150 MeV/c2 of the nominal K ∗0 mass
(this is around ±3 times its physical width [4]). The K ∗0 and K ∗0

candidates must have pT > 900 MeV/c and the distance of closest
approach between their trajectories must be less than 0.3 mm. The
secondary vertex must be well fitted (χ2/ndf < 5). Finally, the B0

s
candidate momentum is required to point to the PV.

To improve the signal significance, a multivariate analysis
is used that takes into account the properties of the B0

s →
K ∗0(K +π−)K ∗0(K −π+) signal, as well as those of the background.
It is based on a geometrical likelihood (GL) [13,14] that uses the
following set of variables as input:

• B0
s candidate impact parameter with respect to the closest pri-

mary vertex.
• Decay time of the B0

s candidate.
• Minimum impact parameter χ2 of the four tracks with respect

to all primary vertices in the event.
• Distance of closest approach between the two K ∗0 trajectories

reconstructed from the pion and kaon tracks.
• pT of the B0

s candidate.

For a given input sample, the above distributions are converted
into a set of uncorrelated, Gaussian-distributed variables. Two vec-
tors are defined for each event indicating its distance to the signal
{Si} and to the background {Bi} hypotheses by means of χ2

S =∑
S2

i and χ2
B = ∑

B2
i , where the index i runs over the five dis-

criminating variables indicated above. The quantity 	χ2 = χ2
S −χ2

B
is found to be a good discriminant between the two hypotheses
and is used to construct the GL function in such a way that it is
uniformly distributed in the range [0,1] for signal events and tends
to have low values for the background. The signal input is gener-

2 The corrected mass is related to the invariant mass m, as mcorr =√
m2 + |pT miss|2 + |pT miss|, where pT miss is the missing momentum transverse to

the B0
s direction.

3 This expression refers hereafter to both charge combinations: K +π− and
K −π+ .

Fig. 1. Fit to the K +π− K −π+ mass distribution of selected candidates. The fit
model (dashed pink curve) includes a signal component that has two Gaussian com-
ponents corresponding to the B0

s and B0 decays. The background is described as an
exponential component (dotted blue) plus the parametrization indicated in the text
(dash-dotted green). (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this Letter.)

ated by EvtGen [15] and Pythia 6.4 [16] for the kinematic spectra,
and the full detector simulation is based on GEANT4 [17].

The GL selection requirement was determined by maximizing
the signal significance. The GL was trained using a fully recon-
structed B0

s → K ∗0 K ∗0 simulation sample for the signal, and a
selected background sample from the first 2 pb−1 of data, which
is not used in the analysis. The requirement GL > 0.24, together
with the above selection criteria, resulted in the mass spectrum in
Fig. 1 for the selected K +π−K −π+ candidates. It is observed that
the events with masses below the signal region have on average
slightly higher GL values than those with masses above. This indi-
cates the presence of a background from partially reconstructed B
decays.

To describe the data, we have used a fit including two Gaus-
sian probability density functions (PDFs) centered at the B0 and
B0

s masses respectively, a decreasing exponential and the following
parametrization for partially reconstructed B-decays

AM ′
(

1 − M ′2

M2
p

)
Θ

(
Mp − M ′)e−kp ·M ′ ⊗ G

(
M − M ′;σp

)
, (1)

where Θ is the Heaviside-step function, ⊗ represents the convo-
lution, M ′ is the variable over which the convolution integral is
calculated, G(M − M ′;σp) is a Gaussian PDF with standard devi-
ation σp and M p and kp are free parameters. The fit results are
given in Table 1.

The measured signal yield in a window of ±50 MeV/c2 around
the B0

s mass is NK +π− K −π+ = 49.8 ± 7.5(stat.). The width of the
B0

s peak is in good agreement with the LHCb resolution measured
in decays with similar kinematics such as B0

s → J/ψφ. The signif-
icance of the B0

s signal was determined to be 10.9σ by comparing
the log of the likelihood between the models with and without
signal. When doing this test, the mass and width of the B0

s and
B0 mesons were fixed to those obtained from independent LHCb
measurements of B0

s → J/ψφ and B0 → J/ψ K ∗0, respectively. The
peak at the B0 mass, though not significant, is compatible with the
B0 → K ∗0 K ∗0 branching fraction measured by BaBar [9].

As the K ∗0 meson is light compared to the B0
s meson, the in-

variant masses of the three-body systems K +K −π± and K +π−π±
are rather high, above those of the charmed hadrons. This kinemat-
ically excludes the possibility of contamination from b → c decays
with very short charm flight distance, in particular B0

s → D−
s π+ .

After subtraction of the non-B0
s component, the K +π− mass

combinations were studied, within a ±50 MeV/c2 window of
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Table 1
Fitted values of the model parameters for the mass spectrum, as
described in the text. Ns and Nd are the number of events for the
B0

s and B0 signals, μs is the fitted mass value for the B0
s signal

and σ is the Gaussian width. The mass difference between B0
s and

B0 was fixed to its nominal value [4]. Nb is the number of back-
ground events in the full mass range (4900–5800 MeV/c2), and cb

is the exponential parameter in the fit. Mp , σp and kp are the pa-
rameters of Eq. (1). Finally, f p is the fraction of the background
associated with Eq. (1).

Parameter Value

Ns 50.1 ± 7.5
Nd 11.2 ± 4.3
μs (MeV/c2) 5362.5 ± 4.8
σ (MeV/c2) 21.2 ± 3.3
Nb 90 ± 10
cb (10−3 (MeV/c2)−1) −3.37 ± 0.55
kp (10−2 (MeV/c2)−1) 5.5 ± 5.3
f p 0.06+0.24

−0.05
Mp (MeV/c2) 5170 ± 170
σp (MeV/c2) 37 ± 23

Fig. 2. Background subtracted K +π− and K −π+ combinations for selected candi-
dates within a ±50 MeV/c2 window of the B0

s mass. The solid blue line shows the
projection of the 2D fit model described in the text, indicating the K ∗0 K ∗0 yield
(dashed–dotted red line) and a nonresonant component (blue dotted line), assumed
to be a linear function times the two-body phase space. The dashed red line indi-
cates the overall B0

s → K ∗0 X contribution. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Letter.)

the B0
s signal, by means of a maximum likelihood fit in the

(mK +π− ,mK −π+ ) plane. Three components are included in the
fit, namely a double Breit–Wigner distribution describing B0

s →
K ∗0 K ∗0 production, a symmetrized product of a Breit–Wigner and
a nonresonant linear model adjusted for phase space in the K +π−
mass, and a double nonresonant component. The fit result, as
shown in Fig. 2, gives (62 ± 18)% K ∗0 K ∗0 production. The remain-
der is the symmetrized Breit–Wigner/nonresonant model.

The shape of the background mass distribution was extracted
from a fit to the K +π− mass spectrum observed in two
400 MeV/c2 wide sidebands below and above the B0

s mass. The
number of background events to be subtracted was determined
from the results in Table 1. The sizable K ∗0 contribution present
in this background was taken into account.

A model for B0
s → K ∗0 K ∗0(1430), representing a broad scalar

state interfering with B0
s → K ∗0 K ∗0 was also studied in the avail-

able K +π− mass range of ±150 MeV/c2 around the K ∗0 mass.
The small number of events made it impossible to measure pre-
cisely the size of such a contribution for all values of the interfer-
ing phase. However, for values of the phase away from π/2 and
3π/2 it was determined to be below 12%. Further study of this
issue requires a larger data sample.

Table 2
Selection and trigger efficiencies obtained from simulation. The observed yield
found for the signal and control channels in the full mass range are also indicated.
The efficiency errors are statistical, derived from the size of the simulated samples.

εsel (%) εtrig (%) Yield

B0
s → K ∗0 K ∗0 0.370 ± 0.005 37.12 ± 0.39 42.5 ± 6.7

B0 → J/ψ K ∗0 0.547 ± 0.007 31.16 ± 0.63 657 ± 27

Ratio 0.678 ± 0.013 1.191 ± 0.027 0.065 ± 0.011

Fig. 3. Fit to the mass distribution of selected B0 → J/ψ K ∗0 events. The dashed
red curve is the Gaussian component for the B signal. The green dashed–dotted
line accounts for partially reconstructed B → J/ψ X (see Eq. (2)). The pink hatched
region accounts for a possible B0

s → J/ψφ contamination, parametrized as a sum
of two Crystal–Ball functions [20]. The combinatorial background is parametrized
as an exponential and indicated as a blue dotted line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this Letter.)

3. Selection of the control channel

The branching fraction measurement of B0
s → K ∗0 K ∗0 is based

upon the use of a normalization channel with a well measured
branching fraction, and knowledge of the selection and trigger effi-
ciencies for both the signal and normalization channels. We chose
B0 → J/ψ K ∗0, with J/ψ → μ+μ− , for this purpose. This decay
has a similar topology to the signal, allowing the selection cuts
to be harmonized, and it is copiously produced in the LHCb ac-
ceptance. The presence of two muons in the final state means
that B0 → J/ψ K ∗0 tends to be triggered by a muon rather than
a hadron, leading to a higher efficiency than for B0

s → K ∗0 K ∗0.
The differences in the trigger can be mitigated by only consider-
ing B0 → J/ψ K ∗0 candidates where the trigger decision was not
allowed to be based on muon triggers that use tracks from the de-
cay itself.

The offline selection criteria for B0 → J/ψ K ∗0 were designed
to mimic those of B0

s → K ∗0 K ∗0. In particular, all cuts related to
the B0

s vertex definition were kept the same. We also used the
same GL as for the signal.

The overall detection efficiency was factorized as εselεtrig . The
first factor εsel is the probability of the generated tracks being ac-
cepted in the LHCb angular coverage, reconstructed, and selected.
The second factor εtrig defines the efficiency of the trigger on the
selected events. Both are indicated in Table 2, as calculated from
Monte Carlo simulation, along with the number of selected events.
Note that our measurement depends only on the ratios of efficien-
cies between signal and control channels.

The event yield for the selected data was determined from a
fit to the J/ψ K +π− invariant mass spectrum as shown in Fig. 3.
In this fit, a constrained J/ψ mass was used in order to im-
prove the B0 mass resolution and therefore background rejection.
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A component for the particular background source B0
s → J/ψφ,

with φ → K +K − , was included in the fit, with a parametrization
defined from simulation, yielding the result 8±8 events. The com-
plete suppression of this background was subsequently confirmed
using the Armenteros–Podolanski [18] plot for the K ∗0 kinematics.
The fit model also includes a Gaussian signal for the B0 meson,
and a combinatorial background component parameterized with
an exponential function and an additional component to account
for partially reconstructed B → J/ψ X [19]. This partially recon-
structed component can be described as

ρ(M, M,μ,κ) ∝
{

e− 1
2 ( M−M

κ )2
if M > μ,

e
− 1

2 (
μ−M

κ )2+ (M−μ)(M−μ)

κ2 if M � μ,

(2)

where the parameters μ, κ and M are allowed to float. The fitted
signal according to this model is indicated in the third column of
Table 2.

A small fraction of the selected sample contains two alternative
candidates for the reconstructed event, which share three of the
particles but differ in the fourth one. Those events, which amount
to 3.8% (3.7%) in the signal (control) channels, were retained for
the determination of the branching fraction.

4. Analysis of K ∗0 polarization

The four-particle K +π−K −π+ angular distribution describing
the decay of B0

s into two vector mesons (K ∗0 → K +π− and K ∗0 →
K −π+) is determined by three transversity amplitudes AL , A‖
and A⊥ . The relative fraction of these can be determined from
the distribution of the decay products in three angles θ1, θ2 and ϕ .
Here θ1 (θ2) is the K + (K −) emission angle with respect to the
direction opposite to the B0

s meson momentum in the K ∗0 (K ∗0)

rest frame, and ϕ is the angle between the normals to the K ∗0 and
K ∗0 decay planes in the B0

s rest frame [5]. We will refer generically
to the θ angle from now on, unless differences between θ1 and θ2
become relevant for the discussion. In a time-integrated and fla-
vor-averaged analysis, and assuming the B0

s mixing phase βs ≈ 0
as in the Standard Model, the angular distribution is given by [5,
21]

I(θ1, θ2,ϕ) = d3Γ

d cos θ1 d cos θ2 dϕ

=
(

1

ΓL
|AL |2 cos2 θ1 cos2 θ2

+ 1

ΓL
|A‖|2 1

2
sin2 θ1 sin2 θ2 cos2 ϕ

+ 1

ΓH
|A⊥|2 1

2
sin2 θ1 sin2 θ2 sin2 ϕ

+ 1

ΓL
|AL ||A‖| cos δ‖

1

2
√

2
sin 2θ1 sin 2θ2 cosϕ

)
.

(3)

We denote the polarization fractions by

fk = |Ak|2
|AL |2 + |A‖|2 + |A⊥|2 , k = L,‖,⊥, (4)

and consequently f L + f‖ + f⊥ = 1. No CP violation in the mix-
ing or in the decay has been considered. The interference terms
related to the A⊥ amplitude, both proportional to sin φs , have
been neglected. ΓL,H are the total widths of the low and high
mass eigenstates of the B0

s meson, respectively, and δ‖ is the
phase difference between AL and A‖ . The total decay width is

defined as Γ = (ΓL + ΓH )/2 and 	Γ = ΓL − ΓH . Note that as
a consequence of time integration the relative normalization ac-
quired by the CP-even and CP-odd terms is different. The values
	Γ = (0.062+0.034

−0.037) × 1012 s−1 and Γ = (0.679+0.012
−0.011) × 1012 s−1

[4] were used.
The detector acceptance is compatible with being constant in ϕ .

In contrast, it has a significant dependence on the K ∗0 polariza-
tion angle θ . The two-dimensional angular acceptance function
ε(cos θ1, cos θ2) was studied with a full detector simulation. It
drops to nearly zero asymmetrically as cos θ1,2 becomes close to
±1, as a consequence of the minimum p and pT of the tracks im-
posed by the reconstruction.

The Monte Carlo simulation of the K ∗0 acceptance was exten-
sively cross-checked using the B0 → J/ψ K ∗0 control channel, tak-
ing advantage of the fact that the K ∗0 polarization in this channel
was measured at the B-factory experiments [22,23]. The function
ε(cos θ1, cos θ2) has been projected onto the K ∗0 and K ∗0 axes
separately, showing no appreciable difference, and a small average
correlation, given the size of the simulated sample. We have then
used the one-dimensional acceptance εθ (cos θ) as the basis of our
analysis, and determined it in five bins of cos θ . Since the longi-
tudinal polarization fraction for the B0 → J/ψ K ∗0 channel is well
measured, a comparison between data and simulation is possible.
Agreement was found including variations of the angular distri-
bution with longitudinal and transverse K ∗0 momentum. In the
region cos θ > 0.6 these variations were four times larger than for
lower values of cos θ .

The background cos θ distribution was studied in two
200 MeV/c2 sidebands, defined below and above the B0

s signal
region. Like the signal, it showed a dip close to cos θ = +1 and it
was parameterized as εθ · (1 + β cos θ). A one parameter fit for β

gives the result β = −0.18 ± 0.13.
An unbinned maximum likelihood fit was then performed to

the data in a ±50 MeV/c2 window around the B0
s mass, in the

region cos θ < 0.6, according to the PDF

F (θ1, θ2,ϕ) = (1 − α)εθ (θ1)εθ (θ2)I(θ1, θ2,ϕ)

+ α(1 + β cos θ1)(1 + β cos θ2)εθ (θ1)εθ (θ2). (5)

The background fraction α was determined from the fit to the
B0

s mass spectrum described in Section 2. Only three parameters
were allowed to vary in the fit, namely f L , f‖ and the phase dif-
ference δ‖ .

One-dimensional projections of the fit results are shown in
Fig. 4. The consistency of the measurement in various regions of
the K ∗0 phase space, and of the impact parameter of the daughter
particles, was checked. The experimental systematic error on f L

was estimated from the variation of the measurements amongst
those regions to be ±0.03.

The acceptance for B0
s → K ∗0 K ∗0 is not uniform as a function of

proper decay time due to the cuts made on the IP of the kaons and
pions, and a small correction to the polarization fractions, of order
3%, was applied in order to take into account this effect. It was cal-
culated from the variation in the measured polarization amplitudes
induced by including a parametrization of the time acceptance in
Eq. (5). Note the different correction sign for each polarization frac-
tion, as a consequence of the assumption 	Γ �= 0.

The sensitivity of the f L measurement with respect to small
variations of the cos θ distribution has been tested. These varia-
tions could be attributed to experimental errors not accounted for
in the simulation or to interference with other partial waves in
the Kπ system. A high statistics study using B0 → J/ψ K ∗0 muon
triggers revealed a small systematic difference between data and
simulation in εθ (cos θ) as cos θ approaches +1, which was taken
into account as a correction in our analysis. When this correction
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Fig. 4. cos θ (above) and ϕ (below) acceptance corrected distributions for events in
the narrow window around the B0

s mass. The blue line is the projection of the fit
model given by Eq. (3) for the measured values of the parameters f L , f‖ and δ‖ .
The dotted lines indicate ±1σ variation of the f L central value. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)

in varied by ±100%, f L varies by ±0.02 which we consider as an
additional source of systematic error. The total systematic on f L is
thus ±0.04.

We finally measure the K ∗0 longitudinal polarization fraction
f L = 0.31 ± 0.12(stat.)± 0.04(syst.), as well as the transverse com-
ponents f‖ and f⊥ . In the small sample available, the CP-odd
component f⊥ appears to be sizable f⊥ = 0.38 ± 0.11(stat.) ±
0.04(syst.). A significant measurement of δ‖ could not be achieved
(δ‖ = 1.47 ± 1.85).

As seen in Eq. (3), due to a nonzero 	Γ time integration
changes the relative proportion between the various terms of the
angular distribution, with respect to their values at t = 0. If we
call f 0

k the polarization fractions we would have measured under
the assumption 	Γ = 0, it can be derived from Eq. (3) that our
measured values are

fk = f 0
k

(
1 + ηk

	Γ

2Γ

)
(6)

with CP eigenvalue ηk = +1,+1,−1 for k = L,‖,⊥. Given the cur-
rent knowledge of 	Γ/Γ [4], the magnitude of the correction to
fk amounts to 4.6%, and the associated systematic error related to
	Γ error is 2.6%, which we have neglected in comparison to other
sources.

5. Determination of the branching fraction

The results of the previous sections can be brought together
to provide a determination of the branching fraction of the B0

s →
K ∗0 K ∗0 decay based upon the use of the normalization channel
B0 → J/ψ K ∗0 through the expression

B
(

B0
s → K ∗0 K ∗0) = λ f L ×

εsel
B0→ J/ψ K ∗0

εsel
B0

s →K ∗0 K ∗0

×
ε

trig
B0→ J/ψ K ∗0

ε
trig
B0

s →K ∗0 K ∗0

× NB0
s →K ∗0 K ∗0

NB0→ J/ψ K ∗0

× Bvis
(

B0 → J/ψ K ∗0) × fd

fs
× 9

4
, (7)

where Bvis(B0 → J/ψ K ∗0), the visible branching ratio, is the prod-
uct B(B0 → J/ψ K ∗0)×B( J/ψ → μ+μ−)×B(K ∗0 → K +π−). The
numerical value of B(B0 → J/ψ K ∗0) = (1.33 ± 0.06) × 10−3 is
taken from the world average in [4], B( J/ψ → μ+μ−) = 0.0593 ±
0.0006 [4] and B(K ∗0 → K +π−) = 2/3 [4]. The ratio of b-quark
hadronization factors that accounts for the different production
rate of B0 and B0

s mesons is f s/ fd = 0.253 ± 0.031 [24]. The
factor 9/4 is the inverse square of the 2/3 branching fraction of
K ∗0 → K +π− . The number of candidate events in the signal and
control channel data samples are designated by NB0

s →K ∗0 K ∗0 and
NB0→ J/ψ K ∗0 .

The correction factor λ f L is motivated by the fact that the
overall efficiency of the LHCb detector is a linear function of the
K ∗0 longitudinal polarization f L . Taking into account the measured
value and errors reported in Section 4, Monte Carlo simulation was
used to estimate λ f L = 0.812 ± 0.059.

We have considered two sources of systematic uncertainty as-
sociated to the ratio of selection efficiencies. The first source re-
sults from discrepancies between data and simulation in the vari-
ables related to track and vertex quality, and the second is related
to particle identification. A small difference observed in the av-
erage impact parameter of the particles was corrected for by in-
troducing an additional smearing to the track parameters in the
simulation [25]. While the absolute efficiencies vary significantly
as a function of vertex resolution, the ratio of efficiencies re-
mains stable. We have assigned a 2% uncertainty to the ratio, after
comparison between simulation and the B0 → J/ψ K ∗0 data. The
K/π identification efficiency was determined using a sample of
B0 → J/ψ K ∗0 events selected without making use of the RICH
detectors. As the signal channel contains one more kaon than the
control channel, a correction factor of 1.098±0.019 was applied to
the branching fraction, and a 2% error was assigned to it. The ef-
ficiency of muon identification agrees with simulation within 1.1%
[26]. All these factors are combined to produce an overall sys-
tematic uncertainty of 3.4% in the ratio of selection efficiencies.
The uncertainty in the background model in the B0

s mass fit (±2
events) contributes an additional systematic error of 4.7%.

Trigger efficiencies can be determined, for particular trigger
paths in LHCb, using the data driven algorithm described in [26].
This algorithm could be applied for the specific hadronic trig-
gers used for B0 → J/ψ K ∗0, but not for the small B0

s → K ∗0 K ∗0

signal. The efficiency related to cuts on global event properties,
applied during the 2010 data taking, is determined from J/ψ min-
imum bias triggers [26]. The result indicates a trigger efficiency of
(26.8±3.8)%, smaller than the simulation result of (31.16±0.63)%
shown in Table 2. Although these are consistent within uncertain-
ties, we nonetheless apply a −9% correction to the ratio of trigger
efficiencies between B0 → J/ψ K ∗0 and B0

s → K ∗0 K ∗0 channels,
taking into account correlations in the trigger probability. A sys-
tematic error of 11% was assigned to uncertainty on the trigger
efficiency, entirely limited by statistics, both in the signal and
control channels. Detector occupancies, estimated by the average
number of reconstructed tracks, are larger by 10% in the data
than in the simulation. This implies an additional correction of
+4.5% to the ratio of efficiencies, since the control channel is
observed to be more sensitive to occupancy than the signal chan-
nel.

An ∼8% S-wave contribution under the K ∗0 resonance in the
B0 → J/ψ K ∗0 channel has been observed by BaBar [23], and the
data in a ±70 MeV/c2 mass interval around the K ∗0 mass [27]
yields a (9.0 ± 3.6)% extrapolation to the ±150 MeV/c2 mass win-
dow. The S-wave background doubles for the K ∗0 K ∗0 final state,
and it may certainly have a different coupling for both channels.
Our direct measurement reported in Section 2 of (19 ± 9)% is still
lacking precision to be used for this purpose. When evaluating the
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Table 3
Estimated systematic error sources in the B(B0

s → K ∗0 K ∗0) measurement.

Systematic effect Error (%)

Trigger efficiency 11.0
Global angular acceptance 7.2
S-wave fraction 5.0
Background subtraction 4.7
B0 → J/ψ K ∗0 and J/ψ → μμ BR uncertainty 4.6
Selection efficiency 3.4

Total 15.9

branching fraction, we have assumed a 9% S-wave contribution,
and assigned a systematic error of 50% to this hypothesis. A sum-
mary of the various contributions to the systematic error can be
seen in Table 3.

Our final result is

B
(

B0
s → K ∗0 K ∗0) = (

2.81 ± 0.46(stat.) ± 0.45(syst.)

± 0.34( f s/ fd)
) × 10−5.

As we have seen at the end of Section 4, unequal normaliza-
tion factors arise upon time integration of individual polarization
amplitudes with well-defined CP-eigenvalues. This has the interest-
ing implication that the time-integrated flavor-averaged branching
fraction (B1) as determined above cannot be directly compared
with theoretical predictions solely formulated in terms of the de-
cay amplitudes AL

2 +A‖2 +A⊥2 (B0). Meson oscillation needs to
be taken into account, since two distinct particles with different
lifetimes are involved. Owing to the fact that A⊥ is CP-odd, the
relationship between these quantities reads as follows

B0 = B1

(
1 + 	Γ

2Γ
( f L + f‖ − f⊥)

)
. (8)

According to our measurements of f L + f‖ − f⊥ , the correction is
small (3% if current values are taken for 	Γ ), and we do not apply
it to our measurement.

6. Conclusion

The b → s penguin decay B0
s → K ∗0 K ∗0 has been observed for

the first time. Using 35 pb−1 of pp collisions at 7 TeV centre-
of-mass energy, LHCb has found 49.8 ± 7.5 signal events in the
mass interval ±50 MeV/c2 around the B0

s mass. Analysis of the
K +π− mass distributions shows that most of the signal comes
from B0

s → K ∗0 K ∗0, with some S-wave contribution. The branching
fraction has been measured, with the result B(B0

s → K ∗0 K ∗0) =
(2.81 ± 0.46(stat.) ± 0.45(syst.) ± 0.34( f s/ fd)) × 10−5. The CP-
averaged longitudinal K ∗0 polarization fraction has also been mea-
sured to be f L = 0.31 ± 0.12(stat.) ± 0.04(syst.), as well as the
CP-odd component f⊥ = 0.38 ± 0.11(stat.) ± 0.04(syst.).

When we consider our measurement in association with that
of [9], it is remarkable that the longitudinal polarization of the
K ∗0 mesons seems to be quite different between B0

s → K ∗0 K ∗0

( f L = 0.31 ± 0.12(stat.) ± 0.04(syst.)) and B0 → K ∗0 K ∗0 ( f L =
0.80+0.10

−0.12(stat.) ± 0.06(syst.)), despite the fact that the two decays

are related by a U-spin rotation. However, the ratio of the branch-
ing ratios of B0

s and B0 decays is consistent with 1/λ2 where λ is
the Wolfenstein parameter, as expected.
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