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We present measurements of branching fractions for five B-meson decays to two-body charmless final
states. The data, collected with the BABAR detector at the Stanford Linear Accelerator Center, represent
459 X 10° BB pairs. The results for branching fractions are, in units of 10~¢ (upper limits at 90% C.L.),
B(BT—npt)=9.9+12+0.8, B(B"— n'n) =0.5* 0.4 = 0.1(<1.2), B(B* - n7°) =09 04 +
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0.1(<L5), B(B*— 7'7%) = 0.9 * 0.4 + 0.1(<L.5), and B(B° — wn°) = 0.07 = 0.26 * 0.02(<0.5).
The first error quoted is statistical and the second systematic. For the np* mode, we measure the charge

asymmetry A, (BT — npt)=0.13 £ 0.11 = 0.02.

DOI: 10.1103/PhysRevD.78.011107

Measurements of charmless B decays are now routinely
used to test the accuracy of theoretical predictions based
on, for example, QCD factorization [1,2], flavor SU(3)
symmetry [3-5], perturbative QCD [6], or soft collinear
effective theory [7]. We present measurements of the
branching fraction and charge asymmetry for the decay
B* — mp* (charge conjugate reactions are implied
throughout this paper), superseding our previous result
that found a 4.7 o signal for this decay [8] with a luminosity
of about one-half that used in this paper. In addition, we
search for the decays B — n'n, B — nu’, B — n/7°,
and B® — w7°. None of these decays have been observed
previously, though limits have been reported by BABAR
[9], Belle [10], and CLEO [11].

In the standard model (SM) the dominant processes that
contribute to these decays are described by tree amplitudes
and, to a lesser extent, penguin (loop) amplitudes. For
BY — n/7% and B® — n7° the color-suppressed tree dia-
gram is suppressed by approximate cancellation between
the amplitudes for the 77° and for the isoscalar meson that
contains the spectator quark. The approximate ranges of
expectations [1-7] for the branching fraction are ~10 X
10°% for BT — np*, 0.3-2X107° for B"— n'y,
0.2-1.0 X 107® for B® — 5’79 and ~0.1 X 107® for
BY — w7, Direct CP violation could be detected as a
charge asymmetry, defined as Ay, = (" —T)/(T' +
I'"), where the superscript on the width I" corresponds to
the sign of the B* meson; A, for BT — np™ is expected
to be small since the decay is dominated by a single
amplitude.

These B° decays are also of interest in constraining the
expected value of the time-dependent CP-violation asym-
metry parameter Sy in the B decay with final state f =
n'KY [5,12,13]. The leading-order SM calculation gives
the equality Sang =S /4K where the latter has been

precisely measured [14], and equals sin2f in the SM.
The CP asymmetries in the charmless B decays are not
only sensitive to contributions from new physics, but also
to contamination from subleading SM amplitudes. Recent
theoretical calculations of the size of the change in S, K?

from these subleading amplitudes find no more than 0.03
[7,15]. The most stringent constraint from data on such
contamination uses SU(3) and the measured branching
fractions of the decays B’ — n'n, B’ — n#°, B"—
n'7® [5,12,13]. Recently it has also been suggested
[16,17] that B® — 7'7° and B® — n#° can be used to
constrain the contribution from isospin-breaking effects

on the value of sin2a in B — 77~ decays.

PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

The results presented here are based on data collected
with the BABAR detector [18] at the PEP-II asymmetric
e*e” collider located at the Stanford Linear Accelerator
Center. We recorded a data sample at the Y'(4S) resonance
(center-of-mass energy /s = 10.58 GeV) with an inte-
grated luminosity of 418 fb~!, corresponding to (459 =+
5) X 10% BB pairs.

Charged particles from the e*e™ interactions are de-
tected and their momenta measured by a combination of
five layers of double-sided silicon microstrip detectors and
a 40-layer drift chamber, both operating in the 1.5 T mag-
netic field of a superconducting solenoid. Photons and
electrons are identified with a CsI(Tl) electromagnetic
calorimeter (EMC). Further charged particle identification
(PID) is provided by the average energy loss (dE/dx) in
the tracking devices and by an internally reflecting ring
imaging Cherenkov detector (DIRC) covering the central
region.

We establish the event selection criteria with the aid of a
detailed Monte Carlo (MC) simulation of the B production
and decay sequences, and of the detector response [19].
These criteria are designed to retain signal events with high
efficiency. Applied to the data, they result in a sample
much larger than the expected signal, but with well-
characterized backgrounds. We extract the signal yields
from this sample with a maximum likelihood (ML) fit.

The B-daughter candidates are reconstructed through
their decays 7° — yy, n— vy (n,,), n— 7 7 7°
(M3 N = Ny T (M), 0= Py (), @ —
ata 7, p°— 7t7 and pt — 7770, Table 1 lists
the requirements on the invariant masses of these particles’
final states. All requirements are kept loose (> 30) for
later fitting except for the 77° invariant mass which is not
included in the fits. Secondary charged pions in 1, ', and
w candidates are rejected if classified as protons, kaons, or

TABLE I. Selection requirements on the invariant masses of
resonances and the laboratory energies of photons from their
decay.

State Invariant mass (MeV) E(y) MeV)
Prompt 7° 120 < m(yy) < 150 >50
7, 490 < m(yy) < 600 >100
Nar 520 < m(wtaw~ 7%) <570 >30
- 910 < m(art 7w~ n) < 1000 >100
Ny 910 < m(wr* 7~ y) < 1000 >200
13) 735 < m(mwt 7~ wY) < 825 >30
p° 510 <m(mwt 7)< 1000
ot 470 < m(7* %) < 1070 >30

011107-4
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electrons by a combination of their DIRC, dE/dx, and
EMC PID signatures.

We reconstruct the B-meson candidate by combining the
four-momenta of a pair of daughter mesons, with a vertex
constraint if the ultimate final state includes at least two
charged particles. Since the natural widths of the 7, ', and
79 mesons are much smaller than the resolution, we also
constrain their masses to nominal values [20] in the fit of
the B candidate. From the kinematics of the Y'(4S) decay,
we determine the energy-substituted mass mpg =

\is—p} and the energy difference AE = Ep —1./5,

where (Eg, pp) is the B-meson four-momentum vector,
and all values are expressed in the Y'(4S) rest frame. The
resolution in mgg is 3.0 MeV and in AE it is 24-50 MeV,
depending on the decay mode. We require 5.25 GeV <
mps < 5.29 GeV and |AE| <0.25 GeV (< 0.2 GeV for
B’ — n/nand Bt — np™).

Backgrounds arise primarily from random combinations
of particles in continuum e*e™ — ¢g events (¢ = u, d, s,
c). We reduce these with requirements on the angle 6t
between the thrust axis of the B candidate’s decay products
in the Y'(4S) rest frame and the thrust axis of the rest of the
charged tracks and neutral calorimeter clusters in the event.
The distribution is sharply peaked near | cosfp| = 1 for ¢g
jet pairs and nearly uniform for B-meson decays. We
require | cosfp| < 0.7-0.9 depending on the decay mode.

In the ML fit we discriminate against ¢ background
with a Fisher discriminant ‘F that combines five variables
[21]: the polar angles, with respect to the beam axis in the
Y (4S) rest frame, of the B candidate momentum and of the
B thrust axis; the flavor tagging category [22]; and the
zeroth and second angular moments of the energy flow,

TABLE II.
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excluding the B candidate, about the B thrust axis. It
provides about 1 standard deviation of separation between
B decay events and combinatorial background.

We also impose restrictions on decay angles to exclude
the most asymmetric decays where soft-particle back-
grounds concentrate and the acceptance changes rapidly.
We define the decay angle 6% and its cosine H; for a
meson k as the angle between the momenta of a daughter
particle and the meson’s parent, measured in the meson’s
rest frame. We require for the 7/, decays | H ,0 <0.9and
for na® |H 0| < 0.95. For B® — 7,7, we suppress
the background B — K*y by requiring |H | < 0.86.
These distributions are uniform for signal except for
H ,o which has a 1 — 32 distribution.

For the BY — np™ decay, we define 6% as the angle
between the 770 and the negative of the B momentum in the
p rest frame. We require —0.75 < H o+ < 0.95. For the
B — w7 decay, |H | is defined as the cosine of the
angle between the normal to the w decay plane (the plane
of the three pions in the w rest frame) and the flight
direction of the B, measured in the w rest frame. Both of
these quantities have a J{? distribution for signal.

The average number of candidates found per selected
event is in the range 1.06 to 1.47, depending on the final
state. We choose the candidate with the largest probability
for the fit to the B decay tree.

We obtain yields for each channel from a ML fit with the
input observables AE, mgg, F, my, k = 1, 2 (the daughter
invariant mass spectrum of the 1, 7', w, or p* candidate),
and JH ; the helicity of the  or p™ candidate. The selected
sample sizes are given in the second column of Table II.
Besides any signal events, the samples contain combina-

Number of events N in the sample, fitted signal yield Yy in events (ev.) with statistical error, measured bias, detection

efficiency e, daughter branching fraction product ([] B;), and measured branching fraction B with statistical error for each decay
chain, and the measured charge asymmetry A, for the decay B* — mp™. For the combined measurements we give also the
significance S (with systematic uncertainties included), branching fraction with statistical and systematic error, and in parentheses the

90% C.L. upper limits.

RAPID COMMUNICATIONS

Mode N (ev)  Ys(ev) Bias(ev) € (%) [1B: (%) S(o) B (1079 A,
npt 9.0 9.9+12+08 0.13 = 0.11 = 0.02
Nyyp " 104609 32674 17+9 167 39.4 102 * 1.4 0.07 +0.12
Namp T 47918 12337 13+7 11.7 22.6 9.1+22 0.28 * 0.21
n'n 14 0.5+04+01 (<12
Mrmr My 2191 88*%  09x05 256 6.9 L0*58
L . 896 32731 02%x02 167 4.0 1.0*}]

Ny Myy 39723 0773 00*05 256 11.6 0.1537

Ny Mam 20672 0.7 20+1.0 182 6.7 -0.2717

na’ 2.2 0.9+04x01 (<15
0,y 9085  18.673}7 4422 205 39.4 0.4+ 0.6

N3 4030  23.3*127 1.7x09 173 22.6 1.3757

n'a’ 31 0.9+04*01 (<15
I 3784 20.6%3% 1809 225 17.5 11793

0y " 19789 122184 27+14 189 29.5 0.437

w’ 39822 24713 05+05 184 89.1 03  0.07=0.26 = 0.02 (<0.5)
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torial background from ¢ (dominant) and BB with b — ¢,
and a component from other charmless BB modes that we
estimate from the simulation to be no more than 2% of the
sample. The latter events have ultimate final states different
from the signal, but with similar kinematics so that broad
peaks near those of the signal appear in some observables,
requiring a separate component in the probability density
function (PDF).
The likelihood function is

L = exp(—;YJ-)

N
X T3P mes) PHAENP (F)P ()

X [P(mb), PH!, )] (1)
where N is the number of events in the sample, and, for
each of the three components j, Y; is the yield of events and
P;(x) the PDF for observable x in event i. For the mode
B® — 7}, M3, we found no need for the charmless BB
background component. For the B — 7..,p" and B —
w7 decays we split the charmless BB PDF into compo-
nents made from backgrounds with and without a p*. The
factored form of the PDF indicated in Eq. (1) is appropriate
since correlations among observables measured in the data
are small. Distortions of the signal yields caused by this

PHYSICAL REVIEW D 78, 011107(R) (2008)

approximation are measured in simulation and included in
the bias corrections and systematic errors discussed below.

We determine the PDFs for the signal and charmless BB
background components from fits to MC simulated events.
Large control samples of B decays to charmed final states
of similar topology [B* — D(K* 7~ #%) 7" and Bt —
DY(K* 7~ 7% p™] are used to verify the simulated resolu-
tions in AE and mgg. Where the control data samples
reveal small differences from MC, we shift or scale the
resolution used in the ML fits. We develop PDFs for the
combinatorial background with fits to the data from which
the signal region (5.27 GeV < mgg <5.29 GeV and
|[AE| < 0.1 GeV) has been excluded.

We use the following functional forms for the PDFs:
sum of two Gaussians for Py, (mgs), P, ps(AE), and the
sharper structures in Ppz(mgs) and P;(my); linear or
quadratic dependences for combinatorial components of
Ppj45(mi) and for P,;(AE); quadratic functions for
ij(I.’]-[wI) and Tj(.’]-[p+); and a Gaussian of different
widths below and above the peak, plus a broad Gaussian,
for P;(F). We describe P,;(mgs) and the nonpeaking part

of Py;(mgs) by the function xv1 — x? exp[—&(1 — x?)],
with x = 2mgg/+/s and parameter £. These are discussed
in more detail in Ref. [23] and can be seen in Fig. 1 for the
BT — np* decay.

We allow the parameters most important for the deter-
mination of the combinatorial background PDFs to vary in
the fit, along with the yields for all components.

6OF . - . . . . . . . . .
2 @7 2, ®] %[ @] %, (M)
p= i =71 p= =
y 40F 1 n o} 1
N P ] N a
-------- .- ~ g - =~
= 20F “+ 1 & 510 T + 1 o
= <l EEEA O = = + R | =]
15 b ‘ N\ [ . ) '; TN\ 15}
= S— i ‘ L R IO I | <R 1, 25 ‘ R
95 92 01 00 o1 o2 925 526 527 528 529 92 01 00 o1 02
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In'400* % “ i %
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Za00 2 g =
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> [ b > 2
| 100F g B g
I @ @
o B
= >
> = Q —
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i} 0.6

8 lfO
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FIG. 1 (color online). Signal-enhanced projections for anJ’ (left) and n5,p* (right) for (a,g) mgg, (b,h) AE, (ci) F, (d,j) my,
(e.k) m,, and (f,]) H »- The total (¢ plus BB) background fit function is shown as a blue dot-dashed line, signal as a magenta
dashed line, and the total as a solid blue line. These plots are made with a minimum requirement on the likelihood that has an efficiency
for signal of 15%-35% while reducing the background by between 2 and 3 orders of magnitude.
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Specifically, the free background parameters are as fol-
lows: ¢ for mgg; linear and quadratic coefficients for AE;
area and slope of the combinatorial component for m;; and
the mean, width, and width difference parameters for F.
Results for the signal yields are presented in the third
column of Table II for each sample.

We test and calibrate the fitting procedure by applying it
to ensembles of simulated experiments composed of gg
events drawn from the PDF, into which we have embedded
the expected number of signal and charmless BB back-
ground events randomly extracted from the fully simulated
MC samples. We find biases of 0—17 events, somewhat
dependent on the signal yield. The bias values obtained for
simulations that reproduce the yields found in the data are
given in the fourth column of Table II. Figure 1 shows
PDFs and projections of subsamples of the data, enriched
with a threshold requirement on the signal likelihood
(computed without the variable plotted) for the B* —
np* decay. Figure 2 shows projections for the other four
modes.

40

20r

l ETE
40

20f N

0 + t —

AT

Events / 2.5 MeV
Events / 25 MeV

20( .

101 q
0 + 4 g !
60 + ++ + ®
t ] ;
401 ] F
0:

02 01 00 01 02
AE (GeV)

325 526 527 528 529
mgg (GeV)

FIG. 2 (color online). Signal-enhanced projections of the
BO-candidate mpg and AE mass for (ab) B?— %'n, (c,d)
B — 7, (e,f) B — '7°, and (g,h) B® — w . Points with
errors represent data, solid curves the full fit functions (both
signal modes combined), dot-dashed curves the background
functions (the peaking BB background component is small),
and dashed curves the fit signal function. These plots are made
with a minimum requirement on the likelihood that has an
efficiency for signal of 45%—75%.

PHYSICAL REVIEW D 78, 011107(R) (2008)

We determine the reconstruction efficiencies, given in
Table II, as the ratio of reconstructed and accepted events
in simulation to the number generated. We compute the
branching fraction for each channel by subtracting the fit
bias from the measured yield, and dividing the result by the
efficiency and the number of produced BB pairs [23]. We
assume that the branching fractions of the Y'(4S) to B*B~
and B°BY are each equal to 50%. Table II gives the num-
bers pertinent to these computations.

Where there are multiple decay channels, we combine
results for the branching fraction B by adding for each
channel the function —2In{[ L(B)/ L(By)] ® G(B;0, ¢')},
where B, is the central value from the fit, ¢’ is the part of
the systematic uncertainty uncorrelated with other chan-
nels, and ® G denotes convolution with a Gaussian func-
tion. The part of the systematic uncertainty common to all
channels is then added in quadrature. We give the resulting
final branching fractions for each mode in Table II with the
significance taken as the square root of the difference
between the value of —21InL(B) (with only additive sys-
tematic uncertainties included) for zero signal and the
value at its minimum. The 90% confidence level (C.L.)
upper limits are taken to be the branching fraction below
which lies 90% of the total of the likelihood integral in the
positive branching fraction region.

The systematic uncertainties on the branching fractions
arising from lack of knowledge of the PDFs have been
included in part in the statistical error since most back-
ground parameters are free in the fit. For the signal, the
uncertainties in PDF parameters are estimated from the
consistency of fits to MC and data in control modes.
Varying the signal-PDF parameters within these errors,
we estimate yield uncertainties of 0.3—7 events, depending
on the decay mode. The uncertainty from fit bias (Table II)
includes the statistical uncertainty from the simulated ex-
periments added in quadrature with one-half of the fit-bias
correction. We estimate the uncertainty from modeling the
charmless BB backgrounds by accounting for the uncer-
tainties in the knowledge of their branching fractions.
These additive errors are the largest systematic errors for
the modes with small signal yield (but not BY — np™).

Uncertainties in our knowledge of the efficiency, found
from auxiliary studies, include 0.4% X N, and 1.5% X N,
where N; and N, are the number of tracks and photons,
respectively, in the B candidate. The uncertainty in the
total number of BB pairs in the data sample is 1.1%.
Published data [20] provide the uncertainties in the
B-daughter product branching fractions (0.7%-3.9%).
The uncertainties in the efficiency from the event selection
are about 0.5%.

We observe the decay Bt — np™* with a significance of
9 standard deviations. The branching fraction (9.9 = 1.2 *
0.8) X 107 and charge asymmetry 0.13 = 0.11 + 0.02 are
in good agreement with the theoretical expectations. We do
not find evidence for the other four decays, though the
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sensitivity of these measurements is now comparable to the
range of the theoretical estimates.
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