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We review the recent BABAR measurements of several rare B decays, including vector–axial-vector decays
B±
→ ϕK1(1270)

±, B±
→ ϕK1(1400)

± and B±
→ b∓1 ρ±, vector-vector decays B±

→ ϕK∗(1410)±, B0
→

K∗0K̄∗0, B0
→ K∗0K∗0 and B0

→ K∗+K∗−, vector-tensor decays B±
→ ϕK∗

2 (1430)± and ϕK2(1770)/(1820)
± ,

and vector-scalar decays B±
→ ϕK∗

0 (1430)±. Understanding the observed polarization pattern requires amplitude
contributions from an uncertain source.

1. Introduction

Measurements of polarization in rare vector-
vector B meson decay, such as B → ϕK∗ [1,2],
have revealed an unexpectedly large fraction of
transverse polarization and suggested contribu-
tions to the decay amplitude which were previ-
ously neglected. In the standard model (SM), the
decays are dominated by the b→ s QCD penguin
loop, shown in Fig. 1 (a). Decays to other ex-

cited spin-J kaons K
(∗)
J can also take place. The

differential width for a B → ϕK
(∗)
J decay has

three complex amplitudes AJλ, which describe
the three helicity states λ = 0,±1, except when
J = 0. The hierarchy of the AJλ amplitudes is
sensitive to the (V − A) structure of the weak
interactions, helicity conservation in strong inter-
actions, and the s-quark spin flip suppression in
the penguin decay [3–5], and therefore is sensitive
to physics beyond the SM.

However, all previous studies have been lim-
ited to the two-body K∗

J → Kπ decays, thus
considering only the spin-parity K∗

J states with
P = (−1)J . In this talk, we report on first
time measurements with the three-body final

states K
(∗)
J → Kππ which include P = (−1)J+1

mesons such as axial-vectors K1(1270) and
K1(1400), vector K∗(1410), tensors K2(1770)
and K2(1820) [6]. We complement these measure-

ments with the two-body K
(∗)
J final states in the

B± decays to final states with ϕ and K∗
0 (1430)±

and K∗
2 (1430)±, to be compared with earlier mea-

surements on the corresponding B0 decays [1].
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Figure 1. (a) Feynman diagram describing the
B0 → ϕK∗0 decay; (b) definition of decay angles
given in the rest frames of the decaying parents.

On the other hand, decays proceeding via
electro-weak and gluonic b→ d penguin diagrams
have only been measured in the decays B → ργ [7]
and B → K0K̄0 [8]. The same b → d transi-
tion can also be measured in charmless decays
B0 → K∗0K̄∗0, with upper limits of branch-
ing fractions placed experimentally. The theo-
retical calculated branching fractions cover the
range (0.16-0.96)× 10−6. With enough statistics,
the potential polarization measurement can also
provide insight to the polarization puzzle. The
SM suppressed decay B0 → K∗0K∗0 could ap-
pear via an intermediate heavy boson, while de-
cay B0 → K∗+K∗− is expected to occur through
a b→ u transition via W -exchange, or from final-
state interactions.

In this talk, we also report on vector–axial-
vector (V A) decays B0 → b∓1 ρ±, motivated by
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Cheng and Yang’s recent calculations[9] on V A
decays focusing on the penguin annihilation am-
plitudes. These decays have a similar helicity

structure as the B → ϕK
(∗)
J decays. The branch-

ing fraction of the decay B0 → b−1 ρ+ is expected
to be much larger than the decay B0 → b+

1 ρ−

due to the second-class current rule. We report
the sum of the two. The b1 meson is reconstructed
through its dominant decay to an ωπ state, while
the ρ decays to π±π0.

2. Analysis Technique Overview

We use data collected with the BABAR detec-
tor [12] at the PEP-II e+e− collider. A sample
of (465 ± 5) million Υ (4S) → BB events was
recorded at the the e+e− center-of-mass energy√

s = 10.58 GeV. In this talk, we focus on the

analysis description of B → ϕK
(∗)
J , while details

for the other modes are given in reference [10,11].
Momenta of charged particles are measured in
a tracking system consisting of a silicon vertex
tracker with five double-sided layers and a 40-
layer drift chamber, both within the 1.5-T mag-
netic field of a solenoid. Identification of charged
particles is provided by measurements of the en-
ergy loss in the tracking devices and by a ring-
imaging Cherenkov detector. Photons are de-
tected by a CsI(Tl) electromagnetic calorimeter.

We search for B± → ϕK
(∗)±
J decays using three

final states of the K
(∗)±
J decay: K0

Sπ±, K±π0,
and K±π+π−, where K0

S → π+π− and π0 → γγ.
The two helicity angles θi are defined as the an-
gle between the direction of the K or K+ meson
from K∗ → Kπ (θ1) or ϕ→ K+K− (θ2) and the
direction opposite to the B in the K∗ or ϕ rest

frame, shown in Fig. 1 (b). For K
(∗)±
J → Kππ

modes, the normal to the three-body decay plane

for K
(∗)
J → Kππ is chosen as the analyzer of the

K
(∗)
J polarization instead. We define Hi = cos θi.
We identify B meson candidates using two

kinematic variables: mES = (s/4 − p2
B)1/2 and

∆E =
√

s/2 − EB , where (EB ,pB) is the four-
momentum of the B candidate in the e+e−

center-of-mass frame. We require mES > 5.25

GeV and |∆E| < 0.1 (or 0.08 for K
(∗)±
J →

K±π+π−) GeV. We also cut on the invariant

masses to satisfy 1.1 < mKπ < 1.6 GeV 1.1 <
mKππ < 2.1 GeV, and 0.99 < mK+K− <
1.05 GeV. The dominant background comes from
e+e− → light quark we use the angle θT be-
tween the thrust axis of the B-candidate decay
products and that of the rest of the event re-
quiring | cos θT | < 0.8, and a Fisher discriminant
F which combines event-shape parameters [13].
To reduce combinatorial background in the mode

K
(∗)±
J → K±π0, we require H1 < 0.6. When

more than one candidate is reconstructed (7.6% of
events with K0

Sπ±, 2.9% with K±π0, and 14.6%
with K±π+π−), we select the one whose χ2 of
the charged-track vertex fit combined with χ2 of
the invariant mass consistency of the K0

S or π0

candidate, is the lowest.
We use an unbinned extended maximum-

likelihood fit [1] to extract the event yields nj

and the probability density function (PDF) pa-
rameters, denoted by ζ and ξ, to be described be-
low. The index j represents the event categories,
which include the signal modes, continuum back-
ground and several resonant and non-resonant
B-decay background modes. In the B± →
ϕK∗±

J → (K+K−)(Kπ) topology, the follow-
ing event categories are considered: ϕK∗

2 (1430)±,
ϕ(Kπ)∗±0 , and f0(Kπ)∗±0 , where the JP = 0+

(Kπ)∗±0 contribution includes both a nonresonant
component and the K∗

0 (1430)± resonance [17].

In the B± → ϕK
(∗)±
J → (K+K−)(Kππ)

topology, we consider ϕK1(1270)±, ϕK1(1400)±,
ϕK∗

2 (1430)±, ϕK∗(1410)±, ϕK2(1820)±, a non-
resonant ϕK±π+π−, and f0K1(1400)± contribu-

tions. In the B± → ϕK
(∗)±
J → (K+K−)(Kππ),

the mode ϕK2(1770)± is also considered in place
of ϕK2(1820)±. In all cases, the modes with f0

model can account for a possible broad non-ϕ
(K+K−) contributions under the ϕ.

The extended likelihood is L =
exp (−∑

nj)
∏Li. The likelihood Li for candi-

date i is defined as Li =
∑

j,k nk
j Pk

j (xi; ζ, ξ),

where Pk
j is the PDF for variables We use vari-

ables xi = {H1, H2, mKπ(π), mK+K− , ∆E,
mES, F , Q}. The flavor index k corresponds to
the b-quark flavor sign Q, being opposite to the
charge of the B meson candidate. That makes
Pk

j ≡ Pj × δkQ. The ζ are the polarization pa-
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rameters, only relevant for the signal PDF. The
ξ parameters describe the background or the re-
maining signal PDFs, which are left free to vary in
the fit for the combinatorial background and are
fixed to the values extracted from Monte Carlo
(MC) simulation [14] and calibration B → Dπ
decays in other cases.

The signal PDF for a given candidate i is a
joint PDF for the helicity angles and resonance
mass, and the product of the PDFs for each of
the remaining variables. The helicity part of the
signal PDF is the ideal angular distribution [15]
multiplied by an empirical acceptance function
G(H1,H2). A relativistic spin-J Breit–Wigner
amplitude parameterization is used for the res-
onance masses [5,16], and the JP = 0+ (Kπ)∗±0
mKπ amplitude is parameterized with the LASS
function [17]. The nonresonant ϕK±π+π− con-
tribution is modeled through K∗(892)π → Kππ
decay. We use a sum of Gaussian functions for
the parameterization of ∆E, mES, and F .

The interference between the J = 2 and 0
(Kπ)± contributions is modeled with the term
2Re(A20A

∗
00), with the three-dimensional angular

and mKπ parameterization. We allow an uncon-
strained flavor-dependent overall shift (δ0+∆δ0×
Q) between the LASS amplitude phase and the
tensor resonance amplitude phase. The polariza-
tion parameters ζ include the fractions of longi-
tudinal polarization fL = |AJ0|2/Σ|AJλ|2 in sev-
eral channels, δ0, and ∆δ0. Similar interference
between the K1(1270)± and K1(1400)± contri-
butions is allowed in the study of systematic un-
certainties but is not included in the nominal fit
due to observed dominance of only one mode and
therefore unconstrained phase of the interference.

Since the K∗
2 (1430)± meson contributes to all

three K0π±, K±π0, and K±π+π− final states
and (Kπ)∗±0 contributes to two Kπ final states in
this analysis, we consider the total L as a prod-
uct of three likelihoods constructed for each of
the three channels. The corresponding yields in
different channels are related by the relative effi-
ciency. We fit the yields in each charge category
k independently and report them in the form of
the total yield nj = n+

j +n−j and direct-CP asym-

metry ACP = (n+
j − n−j )/nj . The combinatorial
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Figure 2. Projections onto the variables mES

(a), and mKK (b) for the signal B+ → ϕ(Kπ)
and B+ → ϕ(Kππ) candidates. Data distribu-
tions are shown with a requirement on the signal-
to-background probability ratio calculated with
the plotted variable excluded. The solid (dotted)
lines show the signal-plus-background (combina-
torial background) PDF projections, while the
dashed lines show the full PDF projections ex-
cluding the signal.

background PDF is the product of the PDFs for
independent variables and is found to describe
well both the dominant quark-antiquark back-
ground and the background from random com-
binations of B tracks. We use polynomials for
the PDFs, except for mES and F distributions
which are parameterized by an empirical phase-
space function and by Gaussian functions, respec-
tively. Resonance production occurs in the back-
ground and is taken into account in the PDF.

3. Results

We observe decays B± → ϕK1(1270)± and
B0 → K∗0K̄∗0, with branching fractions of 6.1±
1.6± 1.1× 10−6 and 1.28+0.35

−0.30± 0.11× 10−6, and
significance of 5.0σ and 6.0σ respectively. The
significance is defined as the square root of the
change in 2 lnL when the yield is constrained to
zero in the likelihood L. The fL of the vector–
axial-vector decays B± → ϕK±

1 is measured as
0.46+0.12 +0.03

−0.13 −0.17, in sharp contrast to the SM pred-
icated longitudinal dominance. The polarization
of the vector-vector decay B0 → K∗0K̄∗0 is mea-
sured as 0.80+0.10

−0.12± 0.06, consistent with the SM
predication. However, as indicated earlier, decays

B → φK
(∗)
J and B → K∗0K̄∗0 proceed through
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similar penguin loop, with the former via b → s
transition, and the latter via b → d transition.
Thus the fL difference between these two vector-
vector decays may help resolve the polarization
puzzle.

We measure the branching fractions of vector-
scalar decays B(B± → ϕ(Kπ)∗±0 ) = 8.3 ± 1.4 ±
0.8 × 10−6 and vector-tensor decays B(B± →
ϕK∗±

2 ) = 8.4 ± 1.8 ± 0.9 × 10−6 with signif-
icance of 8.2σ and 5.5σ respectively. We ex-
tract the branching fraction of the resonant de-
cays B± → ϕK∗±

0 as 7.0 ± 1.3 ± 0.9 × 10−6,
from the coherent sum of resonant and nonres-
onant JP = 0+ mode B± → ϕ(Kπ)∗±0 . The fL

of vector-tensor decays B± → ϕK∗±
2 is measured

as 0.80+0.09
−0.10 ± 0.03, consistent with the SM pre-

diction. However, its difference from the fL mea-
sured in the vector-vector and vector–axial-vector
decays adds additional flavor to the existing po-
larization puzzle.

Tight upper limits on the branching fractions
at 90% confidence level are placed for the other
decay modes, with significance < 2σ. We mea-
sure the branching fractions in the unit of 10−6:

• B(B± → ϕK±
1 (1400)) < 3.2(0.3±1.6±0.7)

• B(B± → ϕK∗±(1410)) < 4.8(2.4± 1.2+0.8
−1.2)

• B(B± → ϕK±
2 (1770)) < 15.0

• B(B± → ϕK±
2 (1820)) < 16.3

• B(B0 → K∗0K∗0 < 0.41(0.11+0.16
−0.11 ± 0.04)

• B(B0 → K∗+K∗− < 2.0

• B(B0 → b∓1 ρ±) < 1.7(−0.1± 0.9± 0.7).

The numbers in the parenthesis represent the cen-
ter values. In the branching fraction calculations
we assume K2 → K∗

2 (1430)π and B(K∗(1410)→
K∗π) = 0.934± 0.013 [5].

The signal of B± decays is illustrated in the
projection plots in Figs. 2 and 3, where in the
latter we enhance either the ϕK1(1270)± signal
(left) or the ϕK∗

2 (1430)± signal (right). All the
flavor asymmetry ACP measurements are consis-
tent with 0. Comprehensive systematic studies
are performed in all the analysis, please see the
details at the papers [6,10,11].
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Figure 3. Left column: projections onto the vari-
ables mKππ (a), ∆E (b), H1 (c), and H2 (d) for
the signal ϕK1(1270)± candidate. Right column:
projections onto the variables mKπ (e), ∆E (f),
H1 (g), andH2 (h) for the signal ϕK∗

2 (1430)± and
ϕ(Kπ)∗±0 candidates combined. The step in (g)
is due to selection requirement H1 < 0.6 in the
channel with π0. Data distributions are shown
with a requirement on the signal-to-background
probability ratio calculated with the plotted vari-
able excluded. The solid (dotted) lines show
the signal-plus-background (combinatorial back-
ground) PDF projections, while the dashed lines
show the full PDF projections excluding ϕK±

1

(left) or ϕK∗
2 (1430)± (right).
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4. Summary

In summary, we have discussed amplitude anal-
ysis of various rare charmless B decays, focus-

ing on the decays B± → ϕK
(∗±)
J . Observations

are made for decays B± → ϕK1(1270)± and
B0 → K∗0K̄∗0. The polarization measurements
in the vector-tensor B → ϕK∗

2 decay and vector-
vector decay B → K∗K̄∗ are consistent and with
the SM expectation of the longitudinal polariza-
tion dominance. However, our first measurement
of polarization in a vector–axial-vector B meson
decay indicates a large fraction of transverse am-
plitude, similar to polarization observed in the
vector-vector final state B → ϕK∗(892) [1,2].
Both measurements indicate substantial A1+1 (or
still possible A1−1 for vector–axial-vector decay)
amplitude from an uncertain source [3] and may
indicate new amplitude contributions.
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