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We report a search for the decays B~ — K7 7~ and B~ — K~ K~ 7", which are highly suppressed
in the standard model. Using a sample of (467 *+ 5) X 10% BB pairs collected with the BABAR detector, we
do not see any evidence of these decays and determine 90% confidence level upper limits of B(B~ —
K7 77)<9.5%x1077 and B(B- — K K 7") < 1.6 X 1077 on the corresponding branching frac-

tions, including systematic uncertainties.

DOI: 10.1103/PhysRevD.78.091102

The decays B~ — K"~ 7w and B~ — K K~ @' pro-
ceed via b — dds and b — ssd quark transitions, respec-
tively. These are highly suppressed in the standard model
(SM). Compared with the penguin (loop) transitions b —
qqd, and b — qgs they are additionally suppressed by the
small Cabibbo-Kobayashi-Maskawa matrix [1,2] element
factor |V,, V| = 3 X 1074, leading to predicted branching
fractions of only O(107'%) and O(10~'!), respectively
[3,4]. Example SM decay diagrams can be seen in Fig. 1.

These branching fractions can be significantly enhanced
in SM extensions such as the minimal supersymmetric
standard model with or without conserved R parity, or in
models containing extra U(1) gauge bosons. For example,
the branching fraction for the b — dd5 transition B~ —
7~ K*¥ can be enhanced from about 107!¢ in the SM to
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FIG. 1. Example standard model decay diagrams for the de-
cays B- = K7 @ and B~ — K~ K~ 7", respectively.

PACS numbers: 13.25.Hw, 12.60.—1

about 107° in the presence of an extra Z’' boson [4]. The
branching fraction for the b — ssd decay B~ — K~ K*°
can be enhanced from about 7 X 10~ !# in the SM to about
6 X 107 in the minimal supersymmetric standard model
[5].

Observations of the decays B~ — K7~ 7~ and B~ —
K~ K~ 7" would be clear experimental signals for the b —
dds and b — ssd quark transitions [6,7]. These decay
modes have been previously searched for [§—11], and the
most restrictive 90% confidence level experimental upper
limits BB~ —= K 7 77)<1.8%X107° and B(B~ —
K K 7)< 13X 107° [10] were obtained from an
analysis of 81.8 fb~! of BABAR data. Upper limits on b —
ssd transitions have also been set using the decays B~ —
K* K 7" [12], B® - K**K~ 7" [13], and B — K*0K*°
[14].

We report the results of a search for the decays B~ —
K*7n~ 7~ and B~ — K~ K~ 7". Inclusion of the charge
conjugate modes is implied throughout this paper. The data
used in this analysis, collected at the PEP-II asymmetric
energy ete” collider [15], consist of an integrated lumi-
nosity of 426 fb~! recorded at the Y'(4S) resonance. In
addition, 44 fb~! of data were collected 40 MeV below the
resonance and are used for background characterization.
These samples are referred to as on-resonance and off-
resonance data, respectively. The on-resonance data sam-
ple contains (467 * 5) X 10° BB pairs. Beyond the larger
sample size, we utilize improved analysis techniques for
background rejection and signal identification compared
with our previous study [10].

The BABAR detector is described in detail elsewhere
[16]. Charged particles are detected and their momenta
measured with a five-layer silicon vertex tracker and a
40-layer drift chamber (DCH) inside a 1.5 T solenoidal
magnet. Surrounding the DCH is a detector of internally
reflected Cherenkov radiation. Energy deposited by elec-
trons and photons is measured by a CsI(TI) crystal elec-
tromagnetic calorimeter.
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We select B~ — K+ 7~ 7~ candidates by combining a
charged kaon candidate with two charged pion candidates,
each of which has charge opposite to the kaon. Similarly,
B~ — K~ K~ #' candidates are selected by combining
two charged kaon candidates with a charged pion candi-
date. Each track is required to have a minimum transverse
momentum of 50 MeV/c, and to be consistent with having
originated from the interaction region. Identification of
charged pions and kaons is accomplished using energy
loss (dE/dx) information from the silicon vertex tracker
and DCH, and the Cherenkov angle and number of photons
measured in the detector of internally reflected Cherenkov
radiation. The efficiency for kaon selection is approxi-
mately 80% including geometrical acceptance, while the
probability of misidentification of pions as kaons is below
5%. The corresponding efficiency and kaon misindentifi-
cation rate for the pion selection criteria are 95% and less
than 10%, respectively. We require all charged particle
candidates to be inconsistent with the electron hypothesis,
based on a cut-based selection algorithm that uses infor-
mation from dE/dx, shower shapes in the electromagnetic
calorimeter, and the ratio of the shower energy and track
momentum.

To avoid a potentially large source of background aris-
ing from decays mediated by the favored b — c transition,
we veto B candidates for which pairs of daughter tracks
have invariant mass combinations in the ranges 1.76 <
mg, <194 GeV/c?, 2.85<mg, <3.25 GeV/c?, and
3.65 < mg, <3.75 GeV/c?. These remove events con-
taining the decays D°— K~ #", J/ — €"€, and
(28) — €€, respectively, where the leptons in the
J/ i and (28) decays are misidentified as pions or kaons.

Continuum e*e™ — ¢gq (¢ = u, d, s, ¢) events are the
dominant background. To discriminate this type of event
from signal, we use a neural network that combines five
variables. The first of these is the ratio of L, to L, with
L; =Y pflcosd|, where p} is the particle momentum,
07 is the angle between the particle and the thrust axis
determined from the B candidate decay products, the sum
is over all tracks and neutral clusters not associated with
the B candidate, and all quantities are calculated in the
e’ e center-of-mass (CM) frame. The other four variables
are the absolute value of the cosine of the angle between
the B direction and the beam axis; the magnitude of the
cosine of the angle between the B thrust axis and the beam
axis; the product of the B candidate’s charge and the output
of a multivariate algorithm that identifies the flavor of the
recoiling B meson [17]; and the proper time difference
between the decays of the two B mesons divided by its
uncertainty. The angles with respect to the beam axis are
calculated in the CM frame. The neural network output
NN, is distributed such that it peaks around O for con-
tinuum background and around 1 for signal. We require
NNy > 0.5 (NNyy >0.4) for B- = K'm 7~ (B~ —
K~ K~ 7") candidates. These requirements retain approxi-
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mately 90% of the signal, while rejecting approximately
80% of the continuum background.

In addition to the neural network output, we distinguish
signal from background events using two kinematic vari-
ables: the difference AE between the CM energy of the B
candidate and \/s/2, and the beam-energy substituted mass

Mpg = Js /4 — p3?, where /s is the total CM energy and

p} is the momentum of the candidate B meson in the CM
frame. The AE distribution peaks near zero with a resolu-
tion of around 19 MeV, while the mgg distribution for
signal events peaks near the B mass with a resolution of
around 2.4 MeV/c?. We select signal candidates that sat-
isfy  5.260 < mpg <5.286 GeV/c?> and |AE| <
0.100 GeV. This region includes a sufficiently large range
of mgg below the signal peak to determine properties of the
continuum distribution.

The efficiency for signal events to pass the selection
criteria is 21.6% (17.8%) for B~ —- K 'w 7 (B~ —
K K~ @), determined with a Monte Carlo (MC) simula-
tion in which the decays are generated uniformly in three-
body phase space. The BABAR detector Monte Carlo simu-
lation is based on GEANT4 [18] and EvtGen [19]. We find
that 8.2% (5.1%) of B~ = K 7w @7~ (B~ — K K 7")
selected events contain more than one candidate, in which
case we choose the one with the highest probability that the
three tracks originate from a common vertex.

We study possible residual backgrounds from BB events
using MC event samples. Backgrounds arise from decays
with topologies similar to the signal but with some mis-
reconstruction. Such effects include kaon/pion misidenti-
fication, the loss of a soft neutral particle, and the
association of a particle from the decay of the other B in
the event with the signal candidate or vice versa. We find
that the backgrounds can be conveniently divided into five
categories for both the K* 7~ 7~ and K~ K~ 7" channels,
each of which is dominated by one or two particular decays
but also includes other decay modes that result in similar
mgg and AE shapes. Table I provides details of the com-
position of the background categories.

In order to obtain the B~ — K*7w 7~ and B~ —
K~ K~ 7" signal yields, we perform unbinned extended
maximum likelihood fits to the candidate events using
three variables: mgg, AE, and NN_,.. For each event hy-
pothesis j (signal, continuum background, or one of the
five BB background categories), we define a probability
density function (PDF)

Pi= P AE) - PNNG), (D)

where i denotes the event index. For the signal, continuum
background, and the BB background categories with small
correlations between mpgg and AE, the PDF is further
factorized

P ((myl, AED) = Pjmys’) - PiAE).  (2)
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TABLE I. Summary of the B background categories, giving the dominant decay mode, numbers of expected and observed events and
the character of the mgg and AE distributions. “Peaking” indicates that the shape is similar to that of the signal. “Broad peak,” “left
peak,” and “‘right peak’ differ from the signal in being wider or shifted to lower or higher values, respectively. The number of expected
and observed events are also given for the continuum background.

B = K'm m™

Category 1 2 3 4 5 Continuum
Dominant mode(s) B —Dz7~; B —w otaw B —K wmwm~ B— K #~  Generic BB

D’ — K K* & B"— K7 7’
Number of expected events 80 =3 574 472 = 24 43 + 1 917 £ 19 25552 = 495
Number of observed events 61 =70 —153 94 1116 = 347 —26 = 152 197 £273 25261 = 198
mgg Structure Peaking Peaking Broad peak Broad peak  Continuum-like s
AE Structure Left peak Right peak Broad peak Right peak  Continuum-like
B — K K =w"
Category 1 2 3 4 5 Continuum
Dominant mode(s) B — K K"K~ B — K «#tw~ B~ —Dr; Generic B"B~ Generic B°B°

D — K 7t

Number of expected events 190 £ 9 198 £ 9 61 x4 312 £ 11 173 £ 8 6088 * 241
Number of observed events 213 =41 240 = 37 —34£55 380 £ 117 95 = 107 6953 = 100
mgg Structure Peaking Peaking Broad peak Broad peak  Continuum-like s
AE Structure Left peak Right peak Left peak Continuum-like Continuum-like

The extended likelihood function is

L = exp(—zk:nk)l—[[;nj?;], Q)

i

where n;(n;) is the yield belonging to the event hypothesis
J(h).

The signal mgg and AE shapes are parametrized with the
sum of a Gaussian and a Crystal Ball function [20-22] and
the sum of two Gaussian functions, respectively. We de-
termine the shape parameters by taking the values obtained
from signal MC and correcting for differences between
data and MC seen in a control sample of B~ — D7~ with
D° — K~ 7" decays. The continuum background mpgg

shape is described by the function xv/1 — x?exp[—£&(1 —
x?)], with x = 2mgg/+/s and £ a free parameter [23], while
the continuum AFE shape is modeled with a linear function.
We describe the mgg and AE shapes of each BB back-
ground category using either independent 1D histograms
or a 2D histogram determined from MC samples. The
decision to use 1D or 2D histograms is made based on
the magnitude of the correlations between these variables
for each category and the effect on the signal yield of
neglecting such correlations, discussed below. The PDFs
for categories 1, 2, and 3, for both B~ — K" 7~ 7~ and
B~ — K K 7", are modeled using 2D histograms. We
use 1D histograms to describe all NN, distributions.
These histograms are obtained from MC samples for the
signal and BB background categories, and from a combi-
nation of on-resonance data, in a continuum-dominated
sideband of mpg and AE, and off-resonance data for the
continuum background.

The nine free parameters in our fits are the yields of the
signal, continuum and all five BB background categories,
the & parameter of the continuum mgg shape, and the slope
of the continuum AFE shape.

We test the fitting procedure by applying it to ensembles
of simulated experiments where events are generated from
the PDF shapes described above for all seven categories of
events. We repeat the exercise with ¢g events generated
from the PDF while signal events are randomly extracted
from the MC samples. The BB background events are
either generated from PDF shapes or drawn from MC
samples. In all cases, these tests confirm that our fit per-
forms as expected, with very small biases on the fitted
signal yields, for which we correct the measured yields
and include systematic uncertainties.

We apply the fit described above to the 26478 B~ —
K*7~ 7~ and 7822 B~ — K~ K «* candidate events
selected from the data recorded at the Y'(4S) resonance.
We find 22 * 43 and —26 = 19 signal events, respectively,
(statistical uncertainties only). The yields of continuum
and all BB background categories (shown in Table I) are
generally consistent with expectations. The yields of BB
background categories 3 and 5 from the fit to B~ —
K* 7~ 7~ candidates do not show perfect agreement; how-
ever, the sum of their yields is consistent with the expec-
tation and, owing to the strong negative correlation
between the yields of these categories, the discrepancy
with the expectation is not significant. Such behavior was
seen in the fit validations and has been shown not to effect
the signal yield. The results of the fits are shown in Fig. 2.

We determine the branching fractions for B~ —
K*7 o~ and B~ — K K~ 7" by applying corrections
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FIG. 2 (color online).

Projections of the selected events with the fit results overlaid. The top (bottom) set of plots are for B~ —

K 7w~ 7~ (B~ — K~ K~ 7r"). From left to right the plots show the projections onto mgg, AE, and the output of the neural network.
The black points are the data, the solid blue curve is the total fit, the dotted red curve is the continuum background, the dashed green
curve is the total background, and the dash-dotted black curve at the bottom is the signal. The continuum component has been
suppressed in these plots by applying an additional requirement on the ratio of the signal likelihood to the sum of the signal and
continuum likelihoods, calculated without use of the plotted variable. The value of the requirement for each plot is chosen to reject
about 95% of the continuum background while retaining about 55% of the signal.

for the small biases evaluated in the MC studies (3.6 = 2.4
and 0.5 = 1.0 events, respectively) and then dividing by
the selection efficiencies and the total number of BB pairs
in the data sample. We assume equal decay rates of
Y (4S) — B*B~ and B°B°. Systematic uncertainties on
the fitted yields arise from uncertainties in the PDF shapes
(10.0 and 3.5 events, respectively) including possible data/
MC differences in the signal PDF shapes studied using the
B~ — D7~ control samples discussed above. We esti-
mate the uncertainty on the fit bias (3.1 and 1.0 events,
respectively) to be half the value of the correction com-
bined in quadrature with the precision with which the bias
is known. Uncertainties on the efficiency arise from pos-
sible data/MC differences for tracking (1.2%) and particle
identification (4.2%). We consider two sources of uncer-
tainty related to the Dalitz plot distributions of the signal
decays. The first is related to the variation of the efficiency
over the parts of the Dalitz plots that are included in the
analysis: from MC studies, the uncertainties are found to
be 13.0% for B~ — K*#w 7~ and 13.5% for B~ —
K~ K~ 7". The second is due to the correction for the
vetoed parts of the Dalitz plots, which we estimate for
various signal decay distributions. In addition to the nomi-
nal phase-space distribution, we consider decays domi-
nated by the intermediate states K*°(892) or K;°(1430)
(modeled using the LASS [24] shape, as implemented in
our Dalitz plot analysis of Bt — K"#~ 7t [25]). We
mimic a possible enhancement at low 7~ 7~ or K~ K~
invariant mass by employing an ad hoc doubly charged

scalar resonance with mass 1500 MeV/c?> and width
300 MeV/c?. The efficiency of the veto requirement is
larger than that for the phase-space MC in all alternative
models, so we assign asymmetric systematic errors of ffgf%}
for B- — K*7m 7 and 3 for B~ — K~ K 7". The
uncertainty on the number of BB pairs is 1.1%. Including
all systematic uncertainties, we obtain the following results
for the branching fractions: BB~ — K 7 7~ ) = (1.8
43+09)x 1077 and BB~ — K K 7") =
(—3.2 22379 x 1077, where the first uncertainties are
statistical and the second are systematic.

We have also calculated the branching fractions using
event-by-event efficiencies applied to signal weights ob-
tained from the fit result [26,27]. We obtain results con-
sistent with our main results within the efficiency variation
systematic uncertainty. We have also checked that remov-
ing each of the discriminating variables from the fit, in
turn, gives consistent results.

To obtain 90% confidence level upper limits on the
branching fractions, we use the frequentist approach of
Feldman and Cousins [28]. We determine 90% confidence
region bands that relate the true values of the branching
fractions to the measured numbers of signal events. These
bands are constructed using the results of MC studies that
account for relevant biases in the fit procedure and include
systematic uncertainties. The construction of the confi-
dence region bands is shown in Fig. 3. The 90% confidence
level upper limits are found to be B(B~ — K 77 ) <
9.5X1077and B(B~ — K K 7)< 1.6 X 1077. To aid
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Construction of the confidence region bands. The left (right) plotis for B~ — K 77~ (B~ = K K 7).

In each figure the blue dotted line shows the expected central value of Ny, as a function of the true branching fraction, the green solid
(red dashed) lines show the 90% confidence level upper and lower limits including statistical and systematic errors (statistical errors
only), the black dashed horizontal line marks the position of the previous upper limit [10], and the black dash-dotted lines indicate the

results of this study.

comparison with other experiments, we also extract the
sensitivities B, defined as the 90% confidence level upper
limits that would be obtained in the case of zero fitted
signal yield. The sensitivities are By(B~ — K 7 7 ) <
7.4%x 1077 and By(B~ — K K 7wt) <42 X107,

In conclusion, we present searches for the standard
model suppressed B meson decays B~ — K7~ 7~ and
B~ — K K~ 7m". We do not see any evidence of these
decays and obtain improved 90% confidence level upper
limits on the branching fractions. These results supersede
those of our previous publication [10] and can be used to
constrain models of new physics.
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