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Measurement of B+→ K+τ+τ−, B→ K∗l+l− and
B→ Kπ+π−γ decays at BABAR
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We present some recent measurements of rare flavor-changing neutral current B decays, using
data collected with the BABAR detector at the PEP-II e+e− collider at SLAC. First, we search for
the rare process B+→K+τ+τ− and we do not find evidence for a signal. The measured branching
fraction is (1.31+0.66

−0.61(stat.)+0.35
−0.25(sys.))× 10−3 with an upper limit, at the 90% confidence level,

of B(B→ K+τ+τ−) < 2.25× 10−3. We then study the lepton forward-backward asymmetry
AFB and the longitudinal K∗ polarization FL in the rare decays B→ K∗l+l−, where l+l− is either
e+e− or µ+µ−. We report results for both the K∗(892)0l+l− and K∗(892)+l+l− final states,
as well as their combination K∗l+l−, in five disjoint dilepton mass-squared bins. Finally, we
measure the time-dependent CP asymmetry in the radiative-penguin decay B0→ K0

S π−π+γ . The
Kππ resonant structure is extracted by an amplitude analysis of the mKππ and mKπ spectra in
B+ → K+π−π+γ decays. We use these results to extract the mixing-induced CP parameters of
the process B0→ K0

S ρ0γ from the time-dependent analysis of B0→ K0
S π+π−γ decays and obtain

SK0
S ρ0γ

=−0.18±0.32(stat.)+0.06
−0.05(syst.).
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1. Introduction

Flavor-changing neutral current (FCNC) B decays of the form B→K(∗)X where X = ll or ππγ

and l = e,µ are highly suppressed in the Standard Model (SM). The lowest-order SM processes
contributing to these decays are the photon and Z penguins and the W+W− box diagrams. These
decays can provide a stringent test of the SM and a fertile ground for New Physics (NP) searches
as virtual particles may enter in the loop and allow us to probe new physics at large mass scales.
Details and references for each of the decay modes covered in this work are given in the following
sections.

We use data recorded by the BABAR detector at the PEP-II asymmetric-energy e+e− storage
rings operated at the SLAC National Accelerator Laboratory. The data sample consists of 424
fb−1 of e+e− collisions recorded at the center-of-mass (CM) energy

√
s = 10.58 GeV. The cross

section for BB̄-pair production at the ϒ(4S) is σBB̄∼ 1.1 nb corresponding to a data sample of about
471×106 BB̄-pairs [1]. A detailed description of the BABAR detector is given elsewhere [2].

2. Search for B+→ K+τ+τ−

The predicted decay rate for B+ → K+τ+τ− in the SM is in the range 1− 2× 10−3 [3, 4].
This decay is the third family equivalent of B+→ K+l+l−, previously measured at BABAR [5] and
other experiments [6], which shows some tension with the SM expectations [7], and may provide
additional sensitivity to new physics due to third-generation couplings and the large mass of the τ

lepton. An important potential contribution to this decay is from neutral Higgs boson couplings,
where the lepton-lepton-Higgs vertices are proportional to the squared mass of the leptons involved
[8]; thus, in the case of the τ lepton, such contributions can be significant and could alter the total
decay rate. We use hadronic B meson tagging techniques, where one of the two B mesons, referred
to as the Btag, is reconstructed exclusively via its decay into one of several hadronic decay modes
[9]. We consider only leptonic decays of the τ , i.e. τ+→ e+νeντ and τ+→ µ+νµντ , which re-
sults in three different final states with an ee , µµ or an eµ pair. Simulated Monte Carlo (MC)
signal and background events, generated with EvtGen [10], are used to develop signal selection
criteria and to study potential backgrounds. We select Btag candidates using ∆E =

√
s/2−E∗Btag

and mES =
√

s−~p∗2B , where E∗Btag
and ~p∗Btag

are the CM energy and three-momentum vector of the
Btag respectively. We require a properly reconstructed Btag to have mES consistent with the mass
of a B meson and −0.12 < ∆E < 0.12 GeV. B+→ K+τ+τ− signal events are required to have a
charged Btag candidate with mES > 5.27 GeV/c2 and a non-zero missing energy, Emiss, given by the
energy component of p∗miss. Continuum events are further suppressed using a multivariate likeli-
hood selector, based on six event-shape variables which removes more than 75% of the continuum
events while retaining more than 80% of (signal and background) BB̄ MC events. Signal can-
didates are then required to possess exactly three charged tracks satisfying particle identification
(PID) requirements consistent with one charged K and an e+e−, µ+µ−, or e+µ− pair. Further-
more, events with 3.00 < ml+l− < 3.19 GeV/c2 are discarded to remove backgrounds from J/Ψ

resonance. The invariant mass of the combination of the K with the oppositely charged lepton must
also lie outside the region of the D0 mass, i.e. mK−l+ < 1.80 GeV/c2 or mK−l+ > 1.90 GeV/c2,
to remove events where a π coming from the D0 decay is misidentified as a muon. At this stage,
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remaining backgrounds are primarily BB̄ events in which a properly reconstructed Btag accompa-
nied by a Bsig→ D(∗)lνl , with D(∗)→ Kl′νl′ which have the same detected final state particles as
signal events. A multi-layer perceptron (MLP) neural network [11], with eight input variables and
one hidden layer, is employed to suppress this background. The MLP is trained and tested using
randomly split dedicated signal MC and B+B− background events, for each of the three channels.
The results are shown in Fig. 1 (left) for the three modes combined. We require the output of the
neural network is > 0.70 for the e+e− and µ+µ− channels and > 0.75 for the e+µ− channel. This
requirement is optimized to yield the most stringent upper limit in the absence of a signal. A Btag

yield correction is determined by calculating the ratio of data to B+B− MC events before the final
MLP requirement. This correction factor is determined to be 0.913± 0.020 and is applied to the
MC reconstruction efficiency for both signal and background events (Fig. 1 (right)). The most
important contributions to the systematic uncertainty include the uncertainty associated with the
theoretical model which is evaluated by comparing signal MC sample based on the LCSR [12]
theoretical model to that of [13] and determining the difference in efficiency, which is found to be
3.0%. Additional uncertainties on εsig and Nbkg arise due to the modeling of PID selectors (4.8%
for e+e−, 7.0% for µ+µ−, and 5.0% for e+µ−) and the π0 veto (3.0%). The level of agreement
between data and MC results in a systematic uncertainty of 2.6%.

The yields in the e+e− and µ+µ− channels are consistent with the expected background es-
timate. The signal yield in the e+µ− channel is about twice the expected rate, which corresponds
to an excess of 3.7σ over the background expectation. Kinematic distributions in the e+µ− do not
give any clear hint of signal-like behavior or of systematic problems with background modeling.
When combined with the e+e− and µ+µ− modes, the overall significance of the B+→ K+τ+τ−

signal is less than 2σ , and hence we do not interpret this as evidence of signal. Nevertheless, under
the assumption that the excess observed is signal, the branching fraction for the combined three
modes is B(B+ → K+τ+τ−) = (1.31+0.66

−0.61(stat.)+0.35
−0.25(sys.))× 10−3. The upper limit at the 90%

confidence level is B(B+→ K+τ+τ−)< 2.25×10−3.

ergies greater than 50 MeV, a total CM energy greater
than 100 MeV, and an invariant mass ranging between
100 and 160 MeV/c2, are rejected. Additional calorime-
ter clusters not explicitly associated with Btag daughter
particles may originate from other low-energy particles
in background events. We therefore define E⇤

extra to be
the energy sum of all neutral clusters with individual en-
ergy greater than 50 MeV that are not used in the Btag

reconstruction.

The normalized squared mass of the ⌧+⌧� pair is given
by sB = (pBsig

� pK)2/m2
B , where pBsig

and pK are the
four-momentum vectors of Bsig and of the kaon, respec-
tively, in the laboratory frame. The large mass of the ⌧
leptons in signal events kinematically limits the sB dis-
tribution to large values. A requirement of sB > 0.45 is
applied.

At this point in the selection, remaining backgrounds
are primarily BB events in which a properly recon-
structed Btag is accompanied by Bsig ! D(⇤)`⌫`, with
D(⇤) ! K`0⌫`0 and thus have the same detected final-
state particles as signal events. A multi-layer perceptron
(MLP) neural network [34], with eight input variables
and one hidden layer, is employed to suppress this back-
ground. The input variables are: the angle between the
kaon and the oppositely charged lepton, the angle be-
tween the two leptons, and the momentum of the lep-
ton with charge opposite to the K, all in the ⌧+⌧�

rest frame, which is calculated as pBsig � pK ; the an-
gle between the Bsig and the oppositely charged lepton,
the angle between the K and the low-momentum lep-
ton, and the invariant mass of the K+`� pair, all in the
CM frame. Furthermore, the final input variables to the
neural network are E⇤

extra and the residual energy, Eres,
which here is e↵ectively the missing energy associated
with the ⌧+⌧� pair and is calculated as the energy com-
ponent of p⌧residual = p⌧Bsig

� p⌧K � p⌧`+`� , where p⌧Bsig
,

p⌧K and p⌧`+`� are the four-momenta vectors in the ⌧+⌧�

rest frame of the Bsig, K, and lepton pair in the event,
respectively. Eres has, in general, higher values for sig-
nal events than generic BB and continuum events due
to the higher neutrino multiplicity. A neural network is
trained and tested using randomly split dedicated signal
MC and B+B� background events, for each of the three
channels: e+e�, µ+µ�, and e+µ�. The results are shown
in Fig. 2 for the three modes combined. The last step in
the signal selection is to require that the output of the
neural network is > 0.70 for the e+e� and µ+µ� chan-
nels and > 0.75 for the e+µ� channel. This requirement
is optimized to yield the most stringent upper limit in
the absence of a signal.

The branching fraction for each of the signal modes, i,
is calculated as:

Bi =
N i

obs � N i
bkg

✏isigNBB

, (2)

FIG. 2: (color online) MLP output distribution for the three
signal channels combined. The B+ ! K+⌧+⌧� signal MC
distribution is shown (dashed) with arbitrary normalization.
The data (points) are overlaid on the expected combinatorial
(hatched) plus mES-peaking (solid line) background contribu-
tions.

where NBB = 471⇥ 106 is the total number of BB pairs
in the data sample, assuming equal production of B+B�

and B0B0 pairs in ⌥ (4S) decays, and N i
obs is the number

of data events passing the signal selection. The signal ef-
ficiency, ✏isig, and the background estimate, N i

bkg, are de-
termined for each mode from the signal and background
MC yields after all selection requirements.

For each mode, Nbkg consists of two components:
background events that have a properly reconstructed
Btag and thus produce a distribution in mES which
peaks at the B mass, and combinatorial background
events composed of continuum and BB events with mis-
reconstructed Btag candidates which do not produce a
peaking structure in the mES signal region. After the
MLP output requirement, peaking background events
comprise 84% of the total Nbkg for all three modes. To
reduce the dependence on MC simulation, the combinato-
rial background is extrapolated directly from the yield of
data events in the mES “sideband” region (5.20 < mES <
5.26 GeV/c2), after the full signal selection. The yield of
sideband data events is scaled to the correct normaliza-
tion of the combinatorial background in the mES signal
region.

The peaking background is determined using B+B�

background MC, while data in the final signal region
is kept blinded to avoid experimentalist bias. Because
of the large uncertainties on the branching fractions of
many of the Btag decay modes as well as their associated
reconstruction e↵ects, there is a discrepancy in the Btag

yield of approximately 10% between MC and data, inde-
pendent of the signal selection. A Btag yield correction is
therefore determined by calculating the ratio of data to
B+B� MC events before the final MLP requirement. The
data sample after this requirement contains a su�ciently
large background contribution after the sB requirement,
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FIG. 3: (color online) Invariant-mass distribution of the
K�⇡+ pair in the B+ ! D0`+⌫`, D

0 ! K�⇡+ samples after
all signal selection criteria are applied, except for the final re-
quirement on the MLP output. The data (points) are overlaid
on the expected combinatorial (hatched) plus mES-peaking
(solid line) background contributions.

which consists mainly of B+B� events (> 96%) according
to MC simulation, to allow for a data-driven correction
without unblinding the final signal-region. This correc-
tion factor is determined to be 0.913 ± 0.020, where the
uncertainty is statistical only, and is applied to the MC
reconstruction e�ciency for both signal and background
events.

The Btag yield is also cross-checked using a B+ !
D0`+⌫`, D0 ! K�⇡+ control sample, which is selected
using the same signal selection discussed above, but with
requiring one track to satisfy pion instead of lepton PID
and reversing the D0 veto, such that 1.80 < mK�⇡+ <
1.90 GeV/c2. These criteria are also applied to the full
background MC and the resulting sample is found to con-
sist mainly of peaking B+B� events, which the MLP neu-
ral network is trained to classify as background. Before
the MLP requirement, good agreement between data and
MC is found in all the distributions of the input variables
of the B+ ! D0`+⌫`, D

0 ! K�⇡+ samples, as shown
in Fig. 3 for the mK�⇡+ distribution. These samples are
then run through the MLP neural network and a detailed
comparison of the MLP output and the input variables,
after the full signal selection, is performed.

The results for each signal channel are then combined
to determine B(B+ ! K+⌧+⌧�). This is done using a
frequentist approach by finding the value of B that maxi-
mizes the product of the Poisson likelihoods of observing
N i

obs in each of the signal channels. Branching fraction
uncertainties and limits are determined using the method
described in Ref. [35], taking into account the statistical
and systematic uncertainties on Nbkg and ✏sig.

Systematic uncertainties associated with the level of
data-MC agreement are determined for most of the vari-
ables used in the signal selection. The determination
of the Btag yield correction is anti-correlated with the

e+e� µ+µ� e+µ�

N i
bkg 49.4±2.4±2.9 45.8±2.4 ±3.2 59.2±2.8 ±3.5

✏i
sig(⇥10�5) 1.1 ±0.2±0.1 1.3±0.2±0.1 2.1±0.2±0.2

N i
obs 45 39 92

Significance (�) �0.6 �0.9 3.7

TABLE I: Expected background yields, N i
bkg, signal e�cien-

cies, ✏i
sig , number of observed data events, N i

obs, and signed
significance for each signal mode. Quoted uncertainties are
statistical and systematic.

extrapolation of the combinatorial background from the
mES sideband, as both use the combinatorial background
shape from MC. Therefore, only one systematic uncer-
tainty on the Btag yield and combinatorial background
estimate is evaluated, using a simulated MC sample com-
posed of background events with the same luminosity as
the data sample. Accounting for the anti-correlation, the
e↵ect of varying the value of the Btag yield correction on
the final signal e�ciency and background estimate is de-
termined to be 1.2% and 1.6%, respectively. The uncer-
tainty associated with the theoretical model is evaluated
by reweighting the sB distribution of the dedicated sig-
nal MC sample to the LCSR [31] theoretical model and
to that of Ref. [36] and determining the di↵erence in sig-
nal e�ciency, which is calculated to be 3.0%. Additional
uncertainties on ✏sig and Nbkg arise due to the model-
ing of PID selectors (4.8% for e+e�, 7.0% for µ+µ�,
and 5.0% for e+µ�) and the ⇡0 veto (3.0%). The level
of agreement between data and MC is evaluated using
the B+ ! D0`+⌫`, D

0 ! K�⇡+ control sample before
and after the MLP requirement. Comparison of both
the overall yields as well as the distributions of the input
and output variable results in a systematic uncertainty of
2.6%. Other potential sources of systematic uncertainties
have been investigated, including those associated with
the assumption that charged and neutral B candidates
are produced at equal rates, the continuum likelihood
suppression, Btag purity, track multiplicity, Emiss and sB

selection criteria, and are all implicitly accounted for in
the Btag yield correction uncertainty. Correlations be-
tween the signal e�ciency and the background estimate
due to common systematic errors are included, but are
found to have a negligible e↵ect on the final branching
fraction results.

The final signal e�ciencies, background estimates and
observed yields of each signal mode are shown in Ta-
ble I, with the associated branching fraction significance.
The yields in the e+e� and µ+µ� channels show con-
sistency with the expected background estimate. The
signal yield in the e+µ� channel is around twice that of
the other two channels, since it also includes the charge
conjugate decay with e� µ+ in the final state. 40 e+µ�

and 52 e�µ+ events are observed in this channel, which

6
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Figure 1: MLP output distribution (left) for the three signal channels combined. The B+ → K+τ+τ−

signal MC distribution is shown (dashed) with arbitrary normalization. The data (points) are overlaid on the
expected combinatorial (hatched) plus mES-peaking (solid line) background contributions. Invariant-mass
distribution (right) of the K−π+ pair in B+→D0l+νl , D0→K−π+ control samples after all signal selection
criteria are applied, except for the final requirement on the MLP output.

2



P
o
S
(
H
Q
L
 
2
0
1
6
)
0
5
5

Measurement of B+→ K+τ+τ−, B→ K∗l+l− and B→ Kπ+π−γ decays at BABAR Benjamin Oberhof

3. Angular analysis of B→ K∗l+l−

The amplitudes for the decays B→ K∗(892)l+l−, where K∗→ Kπ are expressed in terms of
hadronic form factors and perturbatively-calculable effective Wilson coefficients, Ceff

7 , Ceff
9 and

Ceff
10 , which represent the electromagnetic penguin diagram, and the vector part and the axial-vector

part of the linear combination of the Z penguin and W+W− box diagrams, respectively [14, 15].
Non-SM physics may add new penguin and/or box diagrams, as well as possible contributions from
new scalar, pseudoscalar, and/or tensor currents, which can contribute at the same order as the SM
diagrams, modifying the effective Wilson coefficients from their SM expectations [16, 17].

The angular distributions in B→ K∗l+l− decays, as function of squared di-lepton mass q2 =

m2
l+l− , are sensitive to many new physics models, with several measurements presented over the

past few years [18]-[22]. For a given q2 value, the kinematic distribution of the decay products
can be expressed as a triply differential cross-section in three angles: θK , the angle between the
K and the B directions in the K∗ rest frame; θl , the angle between the l+ and the B direction in
the l+l− rest frame; and φ , the angle between the l+l− and Kπ decay planes in the B rest frame.
From the distribution of the angle θK obtained after integrating over φ and θl , we determine the
K∗ longitudinal polarization fraction FL using a fit to cosθK of the form

1
Γ(q2)

dΓ

d(cosθK)
=

3
2

FL(q2)cosθK +
3
4
(1−FL(q2))(1− cos2

θK) (3.1)

while, integrating over φ and θK we extract the forward-backward asymmetry AFB from a fit to
cosθl

1
Γ(q2)

dΓ

d(cosθl)
=

3
4

FL(q2)(1− cos2
θl)+

3
8
(1−FL(q2))(1+ cos2

θl)+AFB(q2)cosθl. (3.2)

We determine FL and AFB in the five disjoint bins of q2 (Fig. 2). We also present results in a
q2 range 1.0 < q2

0 < 6.0 GeV2/c4, the perturbative window away from the q2 → 0 photon pole
and the cc̄ resonances at higher q2, where theory uncertainties are considered to be under good
control. We reconstruct signal events in 5 different final states: B+ → K∗+(→ K0

S π+)µ+µ−,
B0 → K∗0(→ K+π−)µ+µ−, B+ → K∗+(→ K+π0)e+e−, B+ → K∗+(→ K0

S π+)e+e− and B0 →
K∗0(→ K+π−)e+e−; we do not include other modes as their signal/background ratio is seen to be
very poor. We require K∗ candidates to have an invariant mass 0.72 < mKπ < 1.10 GeV/c2. We
reconstruct K0

S candidates in the π+π− final state, requiring an invariant mass consistent with the
nominal K0 mass, and a flight distance from the e+e− interaction point that is more than three times
the flight distance uncertainty. Neutral pion candidates are formed from two photons with Eγ > 50
MeV, and an invariant mass between 115 and 155 MeV/c2. In each final state, we use the kinematic
variables mES and ∆E as defined in the previous section. We reject events with mES < 5.2 GeV/c2.

Random combinations of leptons from semileptonic B and D decays are the predominant
source of backgrounds; these combinatorial backgrounds occur in both BB̄ events and e+e−→ qq̄
continuum events (where q = u,d,s,c), and are suppressed using eight bagged decision trees
(BDTs) [23] depending on the background class, final state (ee or µµ), and q2 region.

We extract the angular observables FL and AFB from the data using a series of likelihood (LH)
fits which proceed in several steps:

3
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• In each q2 bin, for each of the five signal modes separately and using the full mES > 5.2
GeV/c2 dataset, an initial unbinned maximum LH fit of mES, mKπ and a likelihood ratio that
discriminates against random combinatorial BB̄ backgrounds is performed. After this first
fit, all normalizations and the probability density function (pdf) shapes are fixed.

• Second, in each q2 bin and for each of the five signal modes, mES, mKπ and LR pdfs and
normalizations are defined for mES > 5.27 GeV/c2 events (the “mES angular fit region”) using
the results of the prior three-dimensional fits. Only mES angular fit region events and pdfs
are subsequently used in the fits for FL and AFB.

• Next, cosθK is added as fourth dimension to the likelihood function, and four-dimensional
likelihoods with FL as the only free parameter are defined for mES angular fit region events.
Each q2 bin and each of the five signal modes has its own separate LH function. Thus, it
becomes possible to extract FL and AFB for arbitrary combinations of the five final states. In
particular, we quote results using three different sets of our five signal modes: the charged
mode B+→ K∗+l+l−, the neutral mode B0→ K∗0l+l−, and the inclusive mode.

• In the final step, we use the fitted value of FL from the previous fit step as input to a similar
4-d fit for AFB, in which cosθl replaces cosθK as the fourth dimension in the LH function.
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FIG. 7: FL (top) and AFB (bottom) results in disjoint q2 bins, along with those of other experiments and the SM expectations
(blue dashed lines, which also define the extent of each individual q2 bin): (black filled star) Belle [19], (black filled circle)
CDF [20], (black open square) LHCb [21], (black open circle) CMS [22], (black open star) ATLAS [23], (blue filled square) BABAR

B → K∗ℓ+ℓ−, (red filled down-pointing triangle) B0 → K∗0ℓ+ℓ− , (magenta filled up-pointing triangle) B+ → K∗+ℓ+ℓ−. The
BABAR q2

5 results are drawn in the 14 <∼ q2 < 16 GeV2/c4 region, however, they are valid for the entire q2 >∼ 14 GeV2/c4 region.
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FIG. 8: q2
0 FL (left) and AFB (right) results, along with those of other experiments [19–23] and the SM expectation (vertical

lines) [1–5, 7].

Figure 2: FL (top) and AFB (bottom) results in disjoint q2 bins, along with those of other experiments and
the SM expectations (blue dashed lines, which also define the extent of each individual q2 bin): (black filled
star) Belle [18], (black filled circle) CDF [19], (black open square) [20], (black open circle) CMS [21],
(black open star) ATLAS [22], (blue filled square) BABAR B→ K∗l+l−, (red filled down-pointing triangle)
B0 → K∗0l+l− , (magenta filled up-pointing triangle) B+ → K∗+l+l−. The BABAR q2

5 results are drawn in
the 14 < q2 < 16 GeV2/c4 region, however, they are valid for the entire q2 > 14 GeV2/c4 region.
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Fig. 2 graphically shows our FL and AFB results [24] in disjoint q2 bins alongside other pub-
lished results and the SM theory expectations, the latter of which typically have 5-10% theory
uncertainties (absolute) in the regions below and above the charmonium resonances.

4. Study of B→ Kπ+π−γ decays

The V-A structure of the SM weak interaction implies that the circular polarization of the
photon emitted in b→ sγ transitions is predominantly left-handed, with contamination by right-
handed photons suppressed by a factor ms/mb. Thus, B0 mesons decay mostly to right-handed
photons while decays of B̄0 mesons produce mainly left-handed photons. Therefore, the mixing-
induced CP asymmetry in B→ fCPγ decays, where fCP is a CP eigenstate, is expected to be small.
This prediction may be altered by new-physics (NP) processes in which opposite helicity photons
are involved. Especially, in some NP models [25], the right-handed component may be comparable
in magnitude to the left-handed component, without affecting the SM prediction for the inclusive
radiative decay rate. Our goal consists of measuring the mixing-induced CP asymmetry parameter,
SK0

S ρ0γ
, in the radiative B decay to the CP eigenstate K0

S ρ0γ , which is sensitive to right-handed pho-
tons. Because of the irreducible background from B0→ K0

S π+π−γ , which is not a CP eigenstate,
we have to measure first the time-dependent CP asymmetry parameters SK0ππγ and CK0ππγ which
are related to SK0

S ρ0γ
by SK0

S ρ0γ
= SK0ππγ/DK0

S ρ0γ
where the dilution factor DK0

S ρ0γ
depends on the

amplitudes of the two-body decays K0
S ρ(770)0, K∗(892)+π− and (Kπ)+0 π− and can be calculated

as shown in [26]. Because of the much higher signal yield for B+→ K+π+π−γ , compared to the
neutral mode, in our work the dilution factor DK0

S ρ0γ
is determined from a study of the charged mode

B+ → K+π+π−γ , which is related to the neutral mode by isospin symmetry. Using an extended
unbinned maximum likelihood fit to mES, ∆E and the Fisher discriminant F [27], we extract the
signal yield for B+→ K+π+π−γ for mKππ < 1.8 GeV/c2. Using the sPlot technique [28], we ex-
tract the mKππ , mKπ and mππ invariant-mass spectra. We model the mKππ invariant-mass spectrum
as coherent sum of five resonances (Fig. 3), each parameterized by a relativistic Breit-Wigner line
shape and from a maximum likelihood fit to the mKππ spectrum we derive the branching fractions
of the individual kaonic resonances shown in Table 4. We measure the B+→ K+π+π−γ branching
fraction to be B(B+→ K+π+π−γ) = (27.2±1.0±1.2)×10−6 [29].

We then perform a further maximum likelihood fit to the mKπ spectrum in which we include
ρ(770)0, K∗(892)0 and a (K+π−)0 non-resonant S-wave contribution. We model the K∗(892)0

with a relativistic Breit-Wigner line shape, the ρ(770)0 with a Gounaris-Sakurai line shape and the
(K+π−)0 with the LASS parameterization [31]. Table 4 lists the branching fraction of the different
resonances decaying to K+π− and π+π−. This is the first observation of the decay B+→ K+ρ0γ

and the B+→ (Kπ)∗00 π+γ S-wave contribution. From the measured two-body amplitudes we obtain
a dilution factor of DK0

S ργ
=−0.78+0.19

−0.17 with mass constraints mKππ < 1.8 GeV/c2, 0.6<mππ < 0.9
GeV/c2, mKπ < 0.845 GeV/c2 and mKπ > 0.945 GeV/c2.

Finally for B0→ K0
S π+π−γ we use a selection similar to B+→ K+π+π−γ and by means of a

maximum likelihood fit we extract signal yield B(B0→ K0π+π−γ) = (24.0±2.4+1.7
−1.8)×10−6 and

CP asymmetry parameters SK0
S π+π−γ

= 0.14±0.25±0.03 and CK0
S π+π−γ

=−0.39±0.20+0.03
−0.02 from

which we finally get SK0
S ρ0γ

=−0.18±0.32+0.06
−0.05 in agreement with the SM.
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Table 1: Branching fractions of the different K+π−π+ resonances extracted from the fit to the mKππ spec-
trum. To correct for the secondary branching fractions, we use the values in PDG [30]. The first uncertainty
is statistical, the second is systematic, and the third, when present, is due to the uncertainties on the sec-
ondary branching fractions. “n/a” indicates that the corresponding branching fraction was not previously
reported.

Mode
B(B+→Mode) ×

B(Kres→ K+π+π−)×10−6 B(B+→Mode) ×10−6 Previous world
average (×10−6)

B+→ K+π+π−γ ... 24.5±0.9±1.2 27.6±2.2
K1(1270)+γ 14.5+2.1+1.2

−1.4−1.2 44.1+6.3+3.6
−4.4−3.6±4.6 43±13

K1(1400)+γ 4.1+1.9+1.2
−1.2−1.0 9.7+4.6+2.8

−2.9−2.3±0.6 < 15 at 90% CL
K∗(1410)+γ 11.0+2.2+2.1

−2.0−1.1 27.1+5.4+5.2
−4.8−2.6±2.7 n/a

K∗2 (1430)+γ 1.2+1.0+1.2
−0.7−1.5 8.7+7.0+8.7

−5.3−10.4±0.4 14±4
K∗(1680)+γ 15.9+2.2+3.2

−1.9−2 66.7+9.3+13.3
−7.8−10.0±5.4 < 1900 at 90% CL
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FIG. 4. Distribution of mK⇡⇡ for correctly-reconstructed B+ ! K+⇡�⇡+� signal events (sPlot), extracted from the maximum
likelihood fit to mES, �E, and F . Points with error bars give the sum of sWeights. The blue solid curve is the result of the fit
performed directly to this mK⇡⇡ distribution to extract the contributions from kaonic resonances decaying to K+⇡�⇡+. Below
each bin are shown the residuals, normalized in error units. The parallel dotted and full lines mark the one and two standard
deviation levels, respectively.

TABLE V. Results of the fit to the correctly-reconstructed signal sPlot of mK⇡⇡. The first uncertainty is statistical and the
second is systematic (see Sec. IV D1). The uncertainties on the K1(1270) and K⇤(1680) widths are statistical only. Interferences
for both JP = 1+ and 1� resonances are destructive.

JP Kres Magnitude ↵ Phase � (rad.) Fit fraction

1+
K1(1270) 1.0 (fixed) 0.0 (fixed) 0.61+0.08

�0.05
+0.05
�0.05

K1(1400) 0.72 ± 0.10+0.12
�0.08 2.97 ± 0.17+0.11

�0.12 0.17+0.08
�0.05

+0.05
�0.04

1�
K⇤(1410) 1.36 ± 0.16+0.20

�0.16 3.14 ± 0.12+0.02
�0.04 0.42+0.08

�0.07
+0.08
�0.04

K⇤(1680) 2.10 ± 0.28+0.27
�0.26 0.0 (fixed) 0.40+0.05

�0.04
+0.08
�0.06

2+ K⇤
2 (1430) 0.29 ± 0.09+0.09

�0.11 0.0 (fixed) 0.05+0.04
�0.03

+0.05
�0.06

Sum of fit fractions 1.65+0.18
�0.14

+0.12
�0.08

interference
JP = 1+ : {K1(1270) – K1(1400)} �0.35+0.10

�0.16
+0.05
�0.05

JP = 1� : {K⇤(1410) – K⇤(1680)} �0.30+0.08
�0.11

+0.09
�0.06

Line-shape parameters

Kres Mean (GeV/c2) Width (GeV/c2)

K1(1270) 1.272 (fixed) 0.098 ± 0.006

K⇤(1680) 1.717 (fixed) 0.377 ± 0.050
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FIG. 6. Distribution of mK⇡ for correctly-reconstructed B+ ! K+⇡�⇡+� signal events (sPlot), extracted from the maximum
likelihood fit to mES, �E, and F . Points with error bars give the sum of sWeights. The blue solid curve corresponds to the
total PDF fit projection. The small-dashed red, medium-dashed green and dotted magenta curves correspond to the K⇤(892)0,
⇢(770)0 and (K⇡)⇤00 contributions, respectively. The dashed-dotted gray curve corresponds to the interference between the
two P-wave components, i.e. the K⇤(892)0 and the ⇢(770)0, and the dashed-triple-dotted light blue curve corresponds to the
interference between the (K⇡)⇤00 and the ⇢(770)0. Below the mK⇡ spectrum, we also show the residuals normalized in units of
standard deviations, where the parallel dotted and full lines mark the one and two standard deviation levels, respectively.

is statistical, the second is systematic, and the third812

is due to the uncertainty on the secondary branching813

fraction. Since in this analysis the K⇤
0 (1430)0 con-814

tribution is modeled exclusively in the decay process815

B+ ! K1(1270)+(! K⇤
0 (1430)0⇡+)�, we extract a816

branching fraction of B(K1(1270)+ ! K⇤
0 (1430)0⇡+) =817

(3.34+0.62+0.64
�0.54�0.82)⇥10�2, where the first uncertainty is sta-818

tistical and the second is systematic. This result is in819

good agreement with the measurement performed by the820

Belle collaboration in the analysis of B ! J/ ( 0)K⇡⇡821

decays [34], while it is significantly smaller than the value822

given in Ref. [17]. In the present analysis, the relative823

fraction between the resonant and NR part of the LASS824

is fixed while the overall (K⇡)⇤00 contribution is a free825

parameter in the fit. The NR contribution, described by826

the e↵ective range part of the LASS parametrization, is827

found to be (11.0+1.4
�1.5

+2.0
�2.5) ⇥ 10�6. As in the case of the828

three-body resonance branching fraction measurement,829

we assume a 100% correlation between the fitted signal830

yield and the fit fraction when calculating the statistical831

uncertainty on each branching fraction.832

We compute the dilution factor defined in Eq. (1) by833

inserting the FFs extracted from the fit to the mK⇡ spec-834

trum into the expressions listed in Appendix A, which835

show the relations between amplitudes and the FFs. To836

optimize the sensitivity to SK0
S⇢� , we impose in the di-837

lution factor calculation the mass requirements 600 838

m⇡⇡  900 MeV/c2 and mmin
K⇡  mK⇡  845 MeV/c2 or839

945 MeV/c2  mK⇡  mmax
K⇡ , where mmin

K⇡ and mmax
K⇡ de-840

note the allowed phase-space boundaries in the mK⇡ di-841

mension. The m⇡⇡ mass requirement accounts for the842

distortion of the ⇢(770)0 line shape towards the low in-843

variant mass region due to phase-space e↵ects. Using the844

integration region defined above in the m⇡⇡ and mK⇡ di-845

mensions, we obtain846

Z ���A⇢K0
S

���
2

dm⇡⇡dmK⇡ = 0.269 ± 0.028,

Z ���AK⇤+⇡�

���
2

dm⇡⇡dmK⇡ = 0.078 ± 0.002,

Z ���A(K⇡)⇤+
0 ⇡�

���
2

dm⇡⇡dmK⇡ = 0.141+0.029
�0.027,

Z
2<

⇣
A⇤

⇢K0
S
AK⇤+⇡�

⌘
dm⇡⇡dmK⇡ = �0.090 ± 0.006,

Z
2<

⇣
A⇤

⇢K0
S
A(K⇡)⇤+

0 ⇡�

⌘
dm⇡⇡dmK⇡ = �0.149+0.052

�0.040,

where the uncertainties account for both statistical and847

systematic uncertainties, which are summed in quadra-848

ture. Inserting the above results into Eq. (1), yields849

DK0
S⇢� = �0.78+0.19

�0.17, (34)

where the uncertainties are statistical and systematic un-850

certainties added in quadrature. The systematic uncer-851

tainties contribution are discussed in Sec. IV D.852

Figure 3: The mKππ (left) and mKπ (right) spectra for correctly-reconstructed B+→K+π−π+γ signal events
extracted from maximum likelihood fit to mES, ∆E and F using sPlot technique. Points with error bars
give the sum of sWeights. The blue solid curve shows the fit to the mKππ spectrum and the total PDF fit
projection to mKπ , respectively. The small-dashed red, medium-dashed green and dotted magenta curves
correspond to the K∗(892)0, ρ(770)0 and (Kπ)∗0 contributions, respectively. The dashed-dotted gray curve
corresponds to the interference between the two P-wave components, i.e. the K∗(892)0 and the ρ(770)0, and
the dashed-triple-dotted light blue curve corresponds to the interference between the (Kπ)∗0 and the ρ(770)0.
Below each bin are shown the residuals, normalized in units of standard deviations, where the parallel dotted
and full lines mark the one and two standard deviation levels, respectively.

5. Conclusion

In conclusion, we performed the first search for the decay B+→K+τ+τ−; no significant signal
is observed and the upper limit on the final branching fraction is determined to be 2.25×10−3 at the
90% confidence level. We have measured the fraction FL of longitudinally polarized K∗ decays and
the lepton forward-backward asymmetry AFB in bins of dilepton mass-squared in B+→ K∗+l+l−,
B0 → K∗0l+l− and B→ K∗l+l−. Results for the charged mode are presented for the first time
here. Our B0 → K∗0l+l− results are in reasonable agreement with both SM theory expectations
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FIG. 8. Distributions of mES (top left), �E (top right), the Fisher Discriminant (bottom left), and �t (bottom right), showing
the results of the fit to the B0 ! K0

S⇡
+⇡�� data sample. The distributions have their signal/background ratio enhanced by

means of the following requirements: �0.15  �E  0.10 GeV (mES); mES > 5.27 GeV/c2 (�E); mES > 5.27 GeV/c2 , �0.15 
�E  0.10 GeV (Fisher and �t). Points with error bars show the data. The projection of the fit result is represented by
stacked histograms, where the shaded areas represent the background contributions, as described in the legend. Some of the
contributions are hardly visible due to their small fractions. Note that the same order is used for the various contributions in
both the stacked histograms and the corresponding legend.

asymmetry related to the B0 ! K0
S⇢

0� decay and ob-1378

tain SK0
S⇢� = �0.18 ± 0.32+0.06

�0.05. This measurement of1379

time-dependent asymmetries in radiative B decays is in1380

agreement with previously published results [8–10] and is1381

of equivalent precision. In this statistics-limited measure-1382

ment, no deviation from the SM prediction is observed.1383

We have studied the decay B+ ! K+⇡�⇡+� to mea-1384

sure the intermediate resonant amplitudes of resonances1385

decaying to K⇡⇡ through the intermediate states ⇢0K+,1386

K⇤0⇡+ and (K⇡)⇤00 ⇡
+. Assuming isospin symmetry,1387

these results are used to extract SK0
S⇢� from SK0

S⇡+⇡��1388

in the neutral decay B0 ! K0
S⇢

0�. In addition to the1389

time-dependent CP asymmetry, we gain information on1390

the K⇡⇡ system which may be useful for other stud-1391

ies of the photon polarization. We have measured the1392

branching fractions of the di↵erent Kres ! K⇡⇡ states1393

and the overall branching fractions of the ⇢0K+, K⇤0⇡+
1394

and (K⇡)⇤00 ⇡
+ components, listed in Tables VI and VIII,1395

respectively.1396
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FIG. 8. Distributions of mES (top left), �E (top right), the Fisher Discriminant (bottom left), and �t (bottom right), showing
the results of the fit to the B0 ! K0

S⇡
+⇡�� data sample. The distributions have their signal/background ratio enhanced by

means of the following requirements: �0.15  �E  0.10 GeV (mES); mES > 5.27 GeV/c2 (�E); mES > 5.27 GeV/c2 , �0.15 
�E  0.10 GeV (Fisher and �t). Points with error bars show the data. The projection of the fit result is represented by
stacked histograms, where the shaded areas represent the background contributions, as described in the legend. Some of the
contributions are hardly visible due to their small fractions. Note that the same order is used for the various contributions in
both the stacked histograms and the corresponding legend.
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�0.05. This measurement of1379
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Figure 4: Distributions of Fisher discriminant (left) and ∆t (right), showing fit results to the B0→K0
S π+π−γ

data sample with the additional requirements: −0.15 ≤ ∆E ≤ 0.10 GeV (mES), mES > 5.27 GeV/c2 and
−0.15≤ ∆E ≤ 0.10 GeV (∆t). Points with error bars show the data. The projection of the fit result is repre-
sented by stacked histograms, where the shaded areas represent the background contributions, as described
in the legend.

Table 2: Branching fractions of the resonances decaying to Kπ and ππ extracted from the fit to the mKπ

spectrum. R denotes an intermediate resonant state and h stands for a final state hadron: a charged pion
or kaon. To correct for the secondary branching fractions, we use values from [30] and B(K∗(892)0 →
K+π−) = 2. The first uncertainty is statistical, the second is systematic, and the third (when applicable) is
due to the uncertainties on the secondary branching fractions. The last two rows of the table are obtained by
separating the contributions from the resonant and the nonresonant part of the LASS parametrization. “n/a”
indicates that the corresponding branching fraction was not previously reported.

Mode
B(B+→Mode) ×
B(R→ hπ)×10−6 B(B+→Mode) ×10−6 Previous world

average (×10−6)

K∗(892)0π+γ 15.6±0.6±0.5 23.4±0.9+0.8
−0.7 20+7

−6
K+ρ(770)0γ 8.1±0.4+0.8

−0.7 8.2±0.4±0.8±0.02 < 20 at 90% CL
(Kπ)∗00 π+γ 10.3+0.7+1.5

−0.8−2.0 ... n/a
(Kπ)0

0π+γ (NR) ... 9.9±0.7+1.5
−1.9 < 9.2 at 90% CL

K∗0 (1430)0π+γ 0.82±0.06+0.12
−0.16 1.32+0.09+0.20

−0.10−0.26±0.14 n/a

and other experimental results. Similarly, although with relatively larger uncertainties, we observe
broad agreement of the B+→ K∗+l+l− results with those for B0→ K∗0l+l−. However, in the low
dilepton mass-squared region, we observe relatively very small values for FL in B+ → K∗+l+l−,
exhibiting tension with both the B0 → K∗0l+l− results as well as the SM expectations. These
tensions in FL are difficult to interpret because of uncertainties due to form-factor contributions in
the calculation of this observable in both the SM and NP scenarios. We measured the branching
fractions of the decays B+→ K+π+π−γ and B0→ K0

S π+π−γ . For B+→ K+π+π−γ we observed
five different resonances decaying to Kππ state and we measured their branching fractions. We
found first evidence for B→ K1(1400)+γ , B→ K∗(1410)+γ and B→ K∗(1400)+γ decays. We
have calculated the dilution factor DK0

S ρ0γ
from the measurement of B→ K∗(892)0π+γ , B+ →
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Measurement of B+→ K+τ+τ−, B→ K∗l+l− and B→ Kπ+π−γ decays at BABAR Benjamin Oberhof

K+ρ(770)γ and B→ (K+π−)0π+γ decays. We have measured the time-dependent CP asymmetry
parameters SK0

S π+π−γ
and CK0

S π+π−γ
and hence derived SK0

S ρ0γ
for the K0

S ρ(770)0γ CP eigenstate.

References

[1] J. P. Lees et al. [BABAR Collaboration], Nucl. Instrum. Meth. A 726, 203 (2013).

[2] B. Aubert et al. [BABAR Collaboration], Nucl. Instrum. Meth. A 479, 1 (2002); B. Aubert et al. [BABAR

Collaboration], Nucl. Instrum. Meth. A 729, 615 (2013).

[3] C. Bouchard, G. P. Lepage, C. Monahan, H. Na, J. Shigemitsu, Phys. Rev. Lett. 111, 162002 (2013).

[4] J. L. Hewitt, Phys. Rev. D 53, 4964-4969 (1996).

[5] J. P. Lees et al. [BABAR Collaboration], Phys. Rev. D 86, 032012 (2012).

[6] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 111, 191801 (2013).

[7] R. Barbieri, G. Isidori and A. Pattori, Eur. Phys. J. C 76, 67 (2016).

[8] T. M. Aliev, M. Savci and A. Ozpineci, J. Phys. G 24, 49 (1998).

[9] J. P. Lees et al. [BABAR Collaboration], Phys. Rev. D 87, 112005 (2013).

[10] D. J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001).

[11] B. Denby, Neural Computation 5, 505 (1993).

[12] A. Ali, W. Lunghi, C. Greub and G. Hiller, Phys. Rev. D 66, 034002 (2002).

[13] J. P. Lees et al. [BABAR Collaboration], Phys. Rev. D 87, 112005 (2013).

[14] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996).

[15] W. Altmannshofer et al., JHEP 0901, 019 (2009).

[16] G. Burdman, Phys. Rev. D 52, 6400 (1995).

[17] J. L. Hewett and J. D. Wells, Phys. Rev. D 55, 5549 (1997).

[18] J.-T. Wei et al. [Belle Collaboration], Phys. Rev. Lett. 103, 171801 (2009).

[19] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 108, 081807 (2012).

[20] R. Aaij et al. [LHCb Collaboration], JHEP 1308, 131, (2013).

[21] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 727, 77 (2013).

[22] G. Aad et al. [ATLAS Collaboration], ATLAS-CONF-2013-038.

[23] L. Breiman, Mach. Learn. 24, 123 (1996); I. Narsky, physics/0507157 (2005).

[24] J. P. Lees et al. [BABAR Collaboration], Phys. Rev. D 93, 052015, 2016.

[25] K. Fujikawa and A. Yamada, Phys. Rev. D 49, 5890 1558 (1994).

[26] J. Hebinger et al., LAL-15-75; http://publication.lal.in2p3.fr/2015/1550 note-v3.pdf.

[27] R. A. Fisher, Annals Eugen. 7, 179 (1936).

[28] M. Pivk and F.R. Le Diberder, Nucl. Instrum. Meth. A 555, 356 (2005).

[29] P. del Amo Sanchez et al. [BABAR Collaboration], Phys. Rev. D 93, 052013, 2016.

[30] K. A. Olive et al. [Particle Data Group Collaboration], 1584 Chin. Phys. C 38, 090001 (2014).

[31] D. Aston et al., Nucl. Phys. B 296, 493 (1988).

8


