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1. Introduction

The weak interaction flavour changing transitions provide the only mechanism that breaks the
CP symmetry within the Standard Model (SM). Such transitions of quarks are described by the
CKM matrix [1]. The hierarchy of the CKM matrix establishes that the most favoured flavour
transitions are those that take place between two consecutive quark families. Charmless decays of
B mesons are among the most interesting probes of physics beyond the SM in flavour-changing
reactions since they can only occur through b→ u tree transitions, that connect the third and first
quark families, and loop mediated b→ s or b→ d transitions.

The presented results have been achieved by the LHCb collaboration analysing all or a sub-
sample of the data provided by proton-proton collisions of the Large Hadron Collider at CERN .
More details of the analyses can be found in Refs. [2], [3] and [4].

The accumulated LHCb data sample amounts to 1 f b−1 integrated luminosity in 2011, at√
s = 7 TeV centre of mass energy, and 2 f b−1 integrated luminosity in 2012 at

√
s = 8 TeV .

The LHCb detector [5] is a single-arm forward spectrometer covering the pseudorapidity range
2 < η < 5, that benefits from the low angle production of b-b pairs in the LHC pp collisions. The
cross section of these pairs is, at

√
s = 7 TeV, 284± 53 mb [13], a factor of 104 higher than the

production rate at the B-factories. The detector includes a high-precision tracking system [6], that
provides a measurement of momentum with a relative uncertainty that varies from 0.4% at low
momentum to 0.6% at 100 GeV/c. and a resolution of (15+29/pt)µm 1 in the impact parameter
resolution. These specifications allow optimal reconstruction of displaced vertexes of heavy par-
ticle decays needed for identification of B meson decays. Different types of charged hadrons are
distinguished using information from two ring-imaging Cherenkov detectors [7]. Photon, electron
and hadron candidates are identified by a calorimeter system and muons are distinguished by a
system composed of alternating layers of iron and multiwire proportional chambers [8].

2. Observation of B0
s → K∗±K∓ and evidence for B0

s → K∗−π+ decays

Direct CP violation is the most evident manifestation of CP violation. This consists of asym-
metries in the partial widths of CP reversed decays with contributions from interfering amplitudes
with different weak and strong phases. Large CP violation asymmetries of O(10%) or more be-
tween the rates of B and B meson decays to CP conjugate final states, have been observed in
B0 → K+π− and B0

s → K−π+ [9] and B+ → π+π−K+, K+K−K+, π+π−π+ and K+K−π+ de-
cays [10]. It is hard to be certain whether these asymmetries originate in the weak interaction
or beyond the SM due to the presence of parameters describing the hadronic interactions that are
difficult to determine either theoretically or from data. An approach to control the hadronic un-
certainties is to study the distribution of kinematic configurations of B0

d → K0
S π+π− decays across

the Dalitz plot [11]. In this way the relative phase between the Pseudoscalar-Vector (PV) K∗+π−

and K0
S ρ0 amplitudes can be determined. This information is not accessible in studies either of

two-body decays, or of the inclusive properties of three-body decays.
Different methods to test the SM with B meson decays to charmless PV (πK∗ and Kρ) states

have been proposed [12] that require the experimental input of the magnitudes and relative phases

1 pt is the component of particle momentum transverse to the beam, in GeV/c.
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of the decay amplitudes. Although the phases can only be obtained from Dalitz plot analyses of B
meson decays to final states containing one kaon and two pions, the magnitudes can be obtained
from simplified approaches. Decays of B mesons to K∗K final states can be studied with similar
methods. This motivates the study of B meson decays into K∗h, where h is either a pion or a kaon.
These proceedings summarise the first measurements of B0

s meson decays to K∗−π+ and K∗±K∓

final states and the B0→ K∗±K∓ rate.
The presented results were obtained with the 2011 LHC data sample, which is too small for a

detailed Dalitz plot analysis, and therefore only branching fractions are measured. A full analysis
will be possible with the larger data samples that will be recorded in the following years. The
K∗± mesons are reconstructed in their decays to K0

S π± with K0
S → π+π−. The event selection is

optimised based on the expected level of background within the allowed K0
S π± mass window. The

singular topology of K0
S meson decays, with their long lifetimes, produces two categories of events:

long, where both tracks from the K0
S → π+π− decay contain hits in the Vertex Locator (VELO) of

LHCb, and downstream, where neither does. Both categories have associated hits in the tracking
detectors downstream of the magnet. Long candidates have better mass and vertex resolution and
consequently, different selection requirements are imposed for the two categories.

A multivariate selection method is trained for the suppression of combinatorial background
and backgrounds from B meson decays with charm or charmonia in the intermediate state and
other hadron decays that can contaminate the signal.

An unbinned maximum likelihood fit in the two dimensions in ranges 5000 < m(K0
S h±π∓)<

5500 MeV/c2 and 650 < m(K0
S π∓) < 1200 MeV/c2 of the B and K∗ candidates invariant masses

is employed to distinguish signal from background of the final selected sample. This approach
allows the resonant B0→ K∗±h∓ decay to be separated from other B meson decays to the K0

S π±h∓

final state. However, it does not account for interference effects between the K∗±h∓ component
and other amplitudes contributing to the Dalitz plot; possible biases due to this assumption are
considered as a source of systematic uncertainty.

The B meson candidate mass spectrum accounts for the following contributions: B0 and B0
s

signal, B0 and B0
s non-resonant components, misidentified B0 → K∗±h∓ cross-feed, backgrounds

from charmless decays with missing particles: Λ0
b → K∗−p and B+ → D0(→ K0

S π+π−)h+ and
combinatorial background.

The yields for the different signal channels are summarised in Table 1 and the downstream
spectra are shown in Figure 2. These yields translate into the measurement of the decay modes
B0

s → K∗±K∓ with 12.5 and B0
s → K∗−π+ with 3.9 standard deviations significance. The observed

signal significance for the decay B0→ K∗±K∓ is below 2σ .
With the obtained yields the branching fractions are determined using the B0→K∗±π∓ mode 2

as a reference:

B(B0
s → K∗±K∓) = (12.7±1.9 stat±1.9 syst)×10−6 ,

B(B0→ K∗±K∓) = (0.17±0.15 stat±0.05 syst)×10−6 ,

< 0.4 (0.5)×10−6 at 90% (95%) CL ,

B(B0
s → K∗−π

+) = (3.3±1.1 stat±0.5 syst)×10−6 .

2The branching fraction of this mode is B(B0→ K∗±π∓) = (8.5±0.7)×10−6 [14].
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Table 1: Yields and relative yields obtained from the fits to K∗±K∓ and K∗±π∓ candidates. The relative
yields of nonresonant (NR) B0

(s) decays are constrained to be identical in long and downstream categories.
Only statistical uncertainties are given.

Yield B0 B0
s

long downstream long downstream
N(K∗±K∓) 0±4 4±3 40±8 62±10
N(K∗±π∓) 80±10 165±16 5±4 23±8
N(K0

S π±K∓NR)/N(K∗±K∓) 0.0±1.0 0.41±0.16
N(K0

S π±π∓NR)/N(K∗±π∓) 0.79±0.14 0.6±0.4
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Figure 1: Results of the fit to K∗±h∓ downstream candidates projected onto (a,b) B candidate and (c,d)
K∗ candidate mass distributions, for (a,c) K∗±K∓ and (b,d) K∗±π∓ candidates. The total fit result (solid
black line) is shown together with the data points. Components for the B0 (pink dash double-dotted line) and
B0

s (red dash dotted line) signals are shown together with the B0
s nonresonant component (dark red falling

hatched area), charmless partially reconstructed and cross-feed background (blue long-dashed line), and
combinatorial background (green long-dash dotted line) components.

3. B0
(s)→VV ′ penguins

Penguin decays of B mesons are dominated by Feynman diagrams in which a virtual t quark,
the heaviest SM elementary particle, is exchanged forming a loop with a W boson. Since the SM
predicts a small CP violating weak phase in the product of CKM matrix elements for loop-induced
b→ s transitions, any observed deviation could indicate physics beyond the SM possibly mediated
by a particle with a mass comparable or higher than that of the t-quark. See few examples in
Ref. [15]. For b→ d transitions the SM branching fraction is suppressed by an order of magnitude
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with respect b→ s processes due to a |Vtd |2/|Vts|2 factor, hence they are sensitive to more subtle
effects.

The B0
(s)→ VV ′ penguin modes, where V and V ′ are light vector mesons, are ideal channels

to understand the physics of B mesons hadronic decays since they involve three amplitudes as
compared to single amplitude B0

(s) penguin decays into two pseudoescalars. There are five modes in

this category. Three of them: B0→ φK∗0, B0
s → φφ and B0

s → K∗0K∗0 are b→ s penguins whereas
there are two penguin decay modes that correspond to b→ d transition loops: the B0

s → φK∗0

decay, recently discovered [16], and the B0 → K∗0K∗0 decay, that remains controversial to date
since the BaBar collaboration reported its discovery with 6σ significance and a measurement of
its branching fraction of B(B0 → K∗0K∗0) = (1.28+0.35

−0.30± 0.11)× 10−6 [17] whereas the Belle

collaboration established an upper limit of B(B0→ K∗0K∗0) < 0.8×10−6 at the 90% confidence
level [18].

In this document the recent progress achieved by LHCb in the understanding on two of these
channels, the B0→ φK∗0 and B0

s → φφ modes, is presented.

3.1 Angular analysis of the B0→ φK∗0 decay

The decay involves a spin-0 B-meson decaying into two spin-1 vector mesons (B0 → VV ′).
Due to angular momentum conservation there are only three independent configurations of the
final-state spin vectors: a longitudinal component and two transverse components with collinear
and orthogonal polarisations. Previous angular analyses have shown that the longitudinal and trans-
verse components in this decay have roughly equal amplitudes, similarly to other B0

(s)→VV ′ pen-
guin transitions [19]. Naïvely, given the V−A structure of the weak interaction, and as observed
in b→ u tree level processes [20], the longitudinal polarisation should dominate. The different
behaviour of tree and penguin decays has attracted much theoretical attention, with several expla-
nations proposed such as large contributions from penguin annihilation effects [21] or final-state
interactions [22]. More recent calculations based on QCD factorisation [23] are consistent with the
data, although with significant uncertainties.

The selection of events in LHCb 2011 data is structured into a first part of rectangular cuts
followed by a multivariate method. The sensitive variables select groups of four large impact
parameter tracks that define a good quality secondary vertex with positive identification of three
kaons and one pion. The resulting charged particles are combined to form φ and K∗0 meson candi-
dates. The invariant mass of the K+K− (K+π−) pair is required to be within ±15 MeV/c2 (±150
MeV/c2) of the known mass of the φ (K∗0) meson. With these cuts a total of 1852 signal events
are selected.

These data are analysed with a 5-dimensional unbinned maximum likelihood fit in the two-
body masses and the polarisation angles. The angle prescription is described in Figure 3.1. As a
result of the fit a longitudinal polarisation fraction of 0.497± 0.019 stat± 0.015 syst is obtained,
the most precise measurement to date.

This is a self-tagged mode. Thus, the flavor of the b (or b) quark at production is measured
with the charge of the decay products of the K∗0 (K∗0). Therefore, the different yields of B0 and
B0 decays can be determined. The asymmetry between these yields is measured relative to the
B0 → J/ψK∗0 control channel, cancelling detector and production asymmetries, and is found to
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Figure 2: The helicity angles θ1, θ2, Φ for the B0→ φK∗0 decay.

Table 2: Comparison of measurements made by the LHCb, BaBar [24] and Belle [25] collaborations. The
first uncertainty is statistical and the second systematic. The longitudinal and perpendicular polarisation
fractions fL, and f⊥, are displayed, as well as the relative phases of the longitudinal and parallel amplitudes
with respect to the longitudinal δ⊥ and δ‖ and the CP asymmetries of the polarisation amplitude sizes and
phases.

Parameter LHCb BaBar Belle
fL 0.497±0.019±0.015 0.494±0.034±0.013 0.499±0.030±0.018
f⊥ 0.221±0.016±0.013 0.212±0.032±0.013 0.238±0.026±0.008
δ⊥ 2.633±0.062±0.037 2.35 ±0.13 ±0.09 2.37 ±0.10 ±0.04
δ‖ 2.562±0.069±0.040 2.40 ±0.13 ±0.08 2.23 ±0.10 ±0.02
ACP

0 −0.003±0.038±0.005 +0.01 ±0.07 ±0.02 −0.030±0.061±0.007
ACP
⊥ +0.047±0.072±0.009 −0.04 ±0.15 ±0.06 −0.14 ±0.11 ±0.01

δCP
⊥ +0.062±0.062±0.006 +0.21 ±0.13 ±0.08 +0.05 ±0.10 ±0.02

δCP
‖ +0.045±0.068±0.015 +0.22 ±0.12 ±0.08 −0.02 ±0.10 ±0.01

be:
∆ACP = (+1.5±3.2 stat±0.5 syst)% ,

The amplitudes and phases of the angular analysis can be used to calculate triple-product
asymmetries [26]. Non-zero triple-product asymmetries arise either due to a T violating phase or
a CP conserving phase and final-state interactions. Assuming CPT symmetry, a T violating phase
implies that CP is violated.

For the P-wave decay, two triple-product asymmetries are calculated from the results of the
angular analysis,

AU =
Γ(sθ1θ2 sinΦ > 0)−Γ(sθ1θ2 sinΦ < 0)
Γ(sθ1θ2 sinΦ > 0)+Γ(sθ1θ2 sinΦ < 0)

and AV =
Γ(sin2Φ > 0)−Γ(sin2Φ < 0)
Γ(sin2Φ > 0)+Γ(sin2Φ < 0)

,

where sθ1θ2 = sign(cosθ1 cosθ2).
The measured values triple-product values of LHCb 2011 data give: AU =−0.007±0.012 stat±

0.002 syst and AV =+0.004±0.014 stat±0.002 syst, compatible with the absence of CP violation.

3.2 Measurement of CP violation in B0
s → φφ decays

This is another loop dominated process (penguin) whose angular analysis can probe new
physics. Additionally, the final state of this mode is shared by B0

s and B0
s mesons and this enables

6
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Table 3: Results of the time dependent analysis
of the B0

s → φφ decay with statistical and sys-
tematic uncertainties.

Parameter Value
φs (rad) −0.17±0.15±0.03
|λ | 1.04±0.07±0.03
fL 0.364±0.012±0.009
f⊥ 0.305±0.013±0.005

Table 4: The triple-product asymmetries found
from the time integrated fit. Systematic uncer-
tainties are also quoted.

Parameter Value
AU −0.003±0.017±0.006
AV −0.017±0.017±0.006

the interference between the decay and the decay after mixing, where mixing means the conversion
of a B0

s into a B0
s (and vice versa) through a box diagram mediated by the exchange of two virtual

W bosons.
This interference permits the access to an observable phase φs = −2βs = ΦM − 2ΦD, where

ΦM is the phase shift accumulated after the mixing and ΦD after the decay. The SM has a small
prediction for φs = 0.01±0.02 [27] due to the cancellation between the decay and mixing phases.
This observable is very sensitive to the presence of new physics that may enter in the mixing
loop. Direct CP violation is also possible in this decay mode since the parameter λ = |pA/qA| is
accessible. 3

The results presented in the Beauty 2014 conference correspond to the whole data sample
of the LHC Run-I, thus 1 f b−1 at

√
s = 7TeV of 2011 data and 1 f b−1 at

√
s = 8TeV of 2012

data. The analysis supersedes the previous results presented with the 2011 data only in [28]. The
signal selection has been re-optimised producing a yield of 3950 signal candidates thus, 4.5 times
as many events as in the previous analysis. This is a clean mode, due to the narrowness of the two
φ resonances, and suffers only little pollution from combinatorial combinations of four kaons and
misidentified Λ0

b→ φ pK and B0→ φK∗0 decays.
The methodology of the study implements a 4-dimension, three polarisation angles plus time,

tagged analysis unbinned maximum likelihood fit of the data. Some of the physical parameters of
the model probability density function are taken from other analyses, such as the decay rate average
Γs and the decay rate difference between the B0

s mass eigenstates ∆Γs from B0
s → J/ψK+K− and

B0
s → J/ψπ+π− decays [29], and the mass difference between these eigenstates ∆ms from the

B0
s → D−s π+ mode [30]. The time resolution is obtained from simulation and calibrated on data,

and found to be σt ∼ 43 f s. The angular acceptance is also obtained from simulation whereas the
time acceptance is modelled using data from the B0

s → D−s π+ decay.
The results from the study, displayed in Table 3, show that no large CP violation is present

in the B0
s −B0

s mixing nor in the b→ sss amplitude λ . The angular parameters demonstrate that
the longitudinal polarisation is low, showing agreement with QCD factorisation predictions and
disfavouring the estimates of perturbative QCD. Finally, an independent time integrated fit allows
the determination of triple products. In this non self-tagged mode non-zero triple products indicate
different CP violating phases for CP even (0, ||) and CP odd (⊥) eigenstates. Also, for this case the
obtained measurement is compatible with zero, as shown in Table 4.

3Here A is the amplitude of the B0
s → φφ decay, A the amplitude of B0

s → φφ and p and q are the coordinates of the
mass eigenstates in the flavor eigenstates basis.
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