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We report a measurement of the B” — y(25)z” branching fraction based on the full Y(4S) data set of
772 x 10° BB pairs collected by the Belle detector at the KEKB asymmetric-energy e e~ collider.
We obtain B(B® — y(25)z°) = (1.17 & 0.17(stat) + 0.08(syst)) x 107 The result has a significance of
7.2 standard deviations and is the first observation of the decay B® — w/(2S)x".

DOI: 10.1103/PhysRevD.93.031101

Violation of the combined charge-parity symmetry (CP ~ This permits a precision test of the CKM mechanism for
violation) in the Standard Model (SM) arises from a single CP violation as well as the search for effects beyond the
irreducible phase in the Cabibbo-Kobayashi-Maskawa  SM. Mixing-induced CP violation in the B sector has
(CKM) quark-mixing matrix [1,2]. A primary objective  been clearly established by the Belle [3] and BABAR [4]
of the Belle experiment is to overconstrain the unitarity  collaborations in the b — cés-induced decays B’ —
triangle of the CKM matrix related to B,, decays. (c¢)’K°.
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While these decays allow access to the C P-violating angle
1 = arg(=V,,V:,)/(V,V5,) at first order (tree), its value
is prone to distortion from suppressed higher-order loop-
induced (penguin) amplitudes containing different weak
phases. Applying SU(3) symmetry arguments, the related
b — ctd-induced channels B® — (c¢)°z° can be used to
quantify the shift in ¢»; caused by these loop contributions
[5]. Thus, this b — ccd decay is a promising place to search
for new physics effects [6]. This paper establishes the B® —
w(28)z° channel, which may be used to constrain the
penguin contamination in B® — y(25)K" in a future meas-
urement of its time-dependent CP asymmetry.

The result presented in this paper is based on the final
Y (4S) data sample, containing 772 x 10% BB pairs col-
lected with the Belle detector at the KEKB asymmetric-
energy e"e” (3.5 on 8 GeV) collider [7]. At the Y(4S)
resonance, corresponding to a center-of-mass energy
V/s = 10.58 GeV, the BB pairs are produced with a
Lorentz boost fy = 0.425 nearly along the +z direction,
which is opposite the positron beam direction.

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) com-
prising CsI(Tl) crystals located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux-return yoke located outside of the coil is instru-
mented to detect K9 mesons and to identify muons
(KLM). The detector is described in detail elsewhere
[8]. Two inner detector configurations were used: a
2.0 cm radius beampipe and a three-layer silicon vertex
detector (SVD1) were used for the first sample of 152 x
10° BB pairs, while a 1.5 cm radius beampipe, a four-
layer silicon vertex detector (SVD2), and a small-cell
inner drift chamber were used to record the remaining
620 x 10° BB pairs [9]. Simulated B decay Monte Carlo
(MC) events are generated by EVTGEN[10], in which
final-state radiation is described with pHOTOS [11]. We use
the GEANT3 [12] toolkit to model the interaction of the
generated particles with the detector and its response in
order to determine the detector acceptance.

We reconstruct w(2S) candidates in the #7¢~ decay
channels (£ = e, u), referred to as leptonic hereinafter,
and the J/wrntz~ decay channel, referred to as had-
ronic. All charged tracks are identified using a loose
requirement on the distance of closest approach with
respect to the interaction point along the beam direction
of under 5.0 cm and in the transverse plane of under
1.5 ecm. The J/w candidates are reconstructed from
£t¢~ pairs. Electron tracks are identified by a combi-
nation of dE/dx in the CDC, shower shape and position
in the ECL, light yield in the ACC, and E/p, where E is
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the energy deposited in the ECL and p is the momen-
tum measured by the SVD and the CDC. To account for
radiative energy losses in the eTe™ decays, we include
the bremsstrahlung photons (y) that are in a cone with
an opening angle of 50 mrad around the et (e™) tracks
[so that the reconstructed J/w or w(2S) candidate is
denoted as e*e™(y)]. For muon tracks, the identification
is based on track penetration depth and hit scatter in
the KLM.

We impose asymmetric requirements on the J/y
and y(2S) masses due to energy leakage in the ECL
and bremsstrahlung. The invariant masses of the J/y
candidates must fulfill M+, —my), € (—=0.150, +
0.036) GeV/c?> or M+~ — my,, € (=0.060,40.036)
GeV/c?, where my, denotes the world-average J/y
mass [13], and M+ o~ and M+, are the reconstructed
invariant masses of the e"e™(y) and u*u~ candidates,
respectively. For the y(2S), the invariant masses must
fulfill M+~ () — my s € (=0.150, +0.036) GeV/c? or
M+ —my,25) € (=0.060,40.036) GeV /c?, where m,, s
denotes the world-average w(2S) mass [13]. For the
w(2S) = J/wntx~ candidates, AM = Mgip-())p - —
M+, must fulfill AM € (0.580,0.600) GeV/c?. To
reduce background particle combinations in this channel,
we select z 7~ pairs with an invariant mass above a loose
threshold of 400 MeV/c?. Using information obtained
from the CDC, ACC, and TOF, these pion candidates are
also required to be inconsistent with the kaon mass
hypothesis. This requirement retains 99.8% of the pion
candidates, while 5% of kaons are falsely identified as
pions. To improve the B-meson mass resolution, we apply
a vertex- and mass-constrained kinematic fit to the J/y
and w(2S) candidates. We assign each candidate its
nominal mass and require that its charged daughters
originate from the same vertex.

Photons are identified as isolated ECL clusters that are
not matched to any charged particle track. To suppress
combinatorial background, the photons are required to
have energies above 50 MeV if in the ECL barrel or
above 100 MeV if in the ECL endcaps, where the barrel
region covers the polar angle range 32° < 6 < 130° and
the endcap regions cover the polar angle ranges 12° <
6 <32° and 130° <6 < 157°. Two y candidates are
combined to form a z° candidate that must satisfy
M, —my € (=17,15) MeV/c?, where my is the
world-average mass of the z° [13]. This corresponds
to about 3 times the experimental resolution. The four-
momenta of retained candidates are then adjusted in a
mass-constrained fit wherein the parent mass is con-
strained to m .

We combine the w(2S) and 7° to form a neutral
B meson. The B candidates are identified using two
kinematic variables: a modified beam-energy-con-
strained mass,
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Mi)c = \/(Ebeam)2 -

and the energy difference AE = Ep — Epean, Where p
denotes the three-momentum and Ey.,, the beam energy,
all evaluated in the Y(4S) center-of-mass system. This
definition of M{_ is preferred over the standard form used at
the B factories as it exhibits a lower correlation with AE
when 7° is present in the final state.

A significant background arises from e*e™ — gg (¢ =
u,d, s, c) continuum events. To suppress it, we construct
the ratio of second- to zeroth-order Fox-Wolfram moments
[14], R, = H,/H,, which ranges between zero (spherical)
and one (jet-like). A loose requirement of less than 0.5 is
applied. This removes around 50% of all continuum
background with a negligible loss of signal efficiency.

On average, 1.13 B° candidates are reconstructed per
event and 11.6% of all events have more than one
candidate. In a multicandidate event, we choose the B°
with the lowest y2.¢ = (Mge. —m)?/o%.. per daughter
particle with a reconstructed mass My, a nominal mass m
and a mass resolution og... For the leptonic channels,
;(mdbs = (Z%/ 2s) T ;( 0) /2. For the hadronic channels,

Himass = (71, + Xam +220)/3, where x3,, is defined sim-
ilarly except that the reconstructed and nominal mass
differences between y(2S) and J/y are used in place of
Mpg.. and m, respectively. According to MC simulation,
this procedure has a 75% success rate when more than one
B candidate is reconstructed and the correct B is in the list.
After this best-candidate selection, the detection efficiency,
including a correction for the difference between data and
MC in the particle identification and including the daughter
branching fraction uncertainties and the selection criteria
uncertainties, is (0.43 £ 0.02)% for the leptonic channels
and (0.52 + 0.02)% for the hadronic. Approximately 0.5%
(10%) of the signal candidates are misreconstructed in the
leptonic (hadronic) channels.

The B° — w(2S)z° branching fraction, B(B° —
w(28)x°), is extracted from an unbinned extended maxi-
mum likelihood fit to M} and AE. The following catego-
ries are considered in the event model: correctly
reconstructed signal, misreconstructed signal, other b —
(c¢)q transitions, and combinatorial background. Unless
otherwise stated, the probability density function (PDF) is
the product of PDFs for each observable, P (M|, AE)=
P(Mi,.) x P*(AE), in each y(2S) decay mode, m, and in
each category, ¢

We study the distributions of both signal components—
correctly reconstructed and misreconstructed—using an
MC sample that contains only B® — y(2S5)z° events. We
define a correctly reconstructed event as one in which all
charged tracks are correctly associated with the signal B
meson. For such events, we find the distributions of the fit

= 2 2 P |?
Py (29) + (Ebeam - EV/(ZS)) —m_y= s (1)

b4
Dol

I
observables in the

Ifylete

w(2S) > efe and w(25) —
“]ztn~ decay channels to be similar. The distri-
butions in the w(2S)->putu~ and w(2S) —
J/wlpt ]zt r decay modes are also alike. Thus, we
divide the signal MC into an electron and a muon
component and model these separately. The M|  PDF
for both modes consists of a Crystal Ball (CB) function
[15], C, combined with an ARGUS distribution [16], A,
which additionally accounts for the tail towards lower M{_
values due to the photon and electron energy leakage in the
ECL. Due to a correlation between M.  and AE, we
parametrize the M{_ PDF in terms of AE,

G (Mic| AE) = (f" + pl! AE*)C(Miy s ay i e

+ g O Oy + P2 " (AE))

+ (1= [f" + pPAE]) A(M;;a™),  (2)
and a™
CF

where aﬁ,, n,"&‘,y, :“ﬁ’} Uj{},‘
Cc be be

obtained from MC, while u
be

are parameters

and o), are correction

factors obtained from a Bt — J/yK** control sample; p!'
and p4' are correlation factors and ¢"(AE) are functions in

AE determined from MC: ¢¢'¢" = AE? for the electron
component and ¢ # = |AE| for the muon component. For
both types of correctly reconstructed signal events, the AE
PDF is the combination of a CB distribution and a sum of
Chebyshev polynomials up to the first order,

Sig(AE) =

SC(AE; oy g, nf g, uy + S, o8 po5s)

+ (1= f")(1 4+ c"AE), (3)

where o, n{p, Wxg, oAy and ¢ are obtained from MC,
while p§E and 6§E are correction factors obtained from the
control sample.

We omit the misreconstructed signal component in the
leptonic decay modes due to its insignificant contribution.
Each of the two hadronic modes is modeled with a separate
two-dimensional histogram in M| —AE.

The major background contribution originates from b —
(cc)q decays other than the signal. We study this compo-
nent from an MC sample containing all known b — (c¢)q
decays. Since the two leptonic channels have similar
distributions, as do the two hadronic channels, we divide
the b — (c¢)q background events into a leptonic and a
hadronic subsample. We model each of these with a two-
dimensional M{ —AE histogram.

The rest of the background events are a mixture of
ete™ — qq (¢ = u,d, s, ¢) processes and B-meson decays
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into open charm and charmless final states. We refer to
these as combinatorial background. We study their distri-
butions from Y'(4S) data in the dilepton and AM sidebands.
The J/y sideband is defined as M, ,- € (2.60,2.80)U
(3.20,3.40) GeV/c?, the w(2S) sideband as My:,- €
(3.45,3.53)U(3.80,3.90) GeV/c?, and the AM sideband
as AM € (0.49,0.53)U(0.64,0.68) GeV/c>.

In all sidebands, the M} . PDF is an ARGUS distribution.
In the leptonic sidebands, we model the AE combinatorial
background distribution with a sum of Chebyshev poly-
nomials up to the first order. The combinatorial AE PDF in
the AM sideband is a sum of Chebyshev polynomials up to
the second order. We verify that the models in the lower and
upper sidebands are in agreement and thus the combined
model provides a reliable description of the events in the
signal region.

The total extended likelihood is given by

SN -
EEHW:[[ZNC'PZI(M{;E’AEV)’ (4)
m o=l ¢

where i indexes the events, ¢ the categories and m the
decay modes.

The B® — y(2S)x° branching fraction is a free param-
eter in the fit to the data and is obtained by transforming the
signal yields according to

NG, = BB’ » y(2S)2)Npsely,  (5)
where N 5 is the number of BB pairs collected by the Belle
detector and €Sig is the detection efficiency, including
daughter branching fractions for each subcategory. The
misreconstructed-signal yields are fixed from MC relative
to the two hadronic-mode signal yields. Only the muonic
hadronic mode’s yield is free in the cc¢ background
category, while the yields of the three remaining decay
modes are fixed from MC relative to it. The four combi-
natorial-background yields are free.

We study the fit performance using pseudoexperiments
in a linearity test covering the region of the expected
branching fraction. There is no bias in experiments where
the events are generated according to the total PDF.
However, a bias at the level of 10% of the statistical error
tending towards higher values is observed in experiments
generated by selecting random events from the MC samples
that have passed the full selection. This indicates that the
bias is not due to a low signal yield but rather to
imperfections in the modeling of correlations. We apply
a fit correction of the full bias and consider half the
correction as a systematic uncertainty.

The contribution of peaking background that originates
from decays to the same final state as the signal is studied in
the J/y, w(2S) and Am sidebands. We define the com-
binatorial background as nonpeaking in M} and AE, while
we assume that a potential peaking background has the

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 93, 031101(R) (2016)

same shape as the correctly reconstructed signal. Using the
combinatorial background and the signal PDFs in a
common fit to the sidebands, we extract two yields: one
for the combinatorial background and the other for the
peaking background. The peaking-background yield is
consistent with zero for all modes except for the muonic
signal mode in the AM sideband, where it has a statistical
significance of 3.7¢. We extrapolate the expected peaking
background yield into the signal region and subtract the
obtained value from the signal yield obtained from the data.

We determine the M} and AE signal model correction
factors from a control sample with a similar decay top-
ology, B* — J/wK*", where the K** candidates are
reconstructed from a K+ and a z° candidate. To ensure
a high momentum of the 7%, replicating the kinematic
conditions of B® — (2S5)z", we require the angle between
the 7° momentum vector and the vector opposite the B
flight direction in the K** rest frame to be smaller than
1.5 rad. For the J/y and 7° candidates, we use the same
selection criteria as for the B® — y(25)7° mode. Only K**+
candidates fulfilling Mg+, € (0.793,0.990) GeV/c? are
retained. Using a model similar to B® — (25)x° for the
control sample, we obtain a Bt — J/wK** signal yield of
3681 £ 71 events and the signal correction factors from the
fit to the data.

From the fit to the data containing 1090 B® — y(25)z°
candidates, we obtain the bias-corrected branching fraction

B(B® - w(28)7°) = (1.17 £ 0.17) x 107, (6)

The branching fraction corresponds to 85+ 12 signal
events, of which 38 £8 are leptonic and 47 +9 are
hadronic, 628 + 65 events originate from other b —
(cc)q decays and 377 £ 103 events belong to the combi-
natorial background. All uncertainties here are statistical.
Fit projections to the data are shown in Fig. 1.
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a @
S o
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o o
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sg . . . 22 . . . . .
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FIG. 1. Projections of the fit to the B® — y(25)z° data in the

entire fit region onto M{_ (left) and AE (right). Points with error
bars represent the data and the solid black curves represent the fit
results. Green hatched curves show the B® — y(28)z" signal
component, blue dash-dotted curves show the cc¢ background
component, and red dotted curves indicate the combinatorial
background.
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TABLE 1. Systematic uncertainties of the B® — y(25)z°
branching fraction.

Category B(w(29)7°) [%]
Ngg 1.4
7° reconstruction 4.0
B(y(2S) - £t¢7) 3.0
B(w(2S) = J/yrtr™) 0.5
B(J/y = ¢1¢7) 0.3
Electron ID 0.7
Muon ID 0.9
Hadron ID 1.3
Tracking 1.7
Misreconstruction 0.3
Parametric shape 0.9
Nonparametric shape 1.4
Peaking b — (c¢)q background in M|, 1.7
Peaking background in M{_ and AE 22
Correction factors 0.9
Fit bias 0.6
Total 6.7

Systematic uncertainties from various sources are
considered. They are estimated with both model-specific
and -independent studies and cross-checks. The
B(BY = w(28)x°) systematic uncertainties are summa-
rized in Table L.

The systematic uncertainty due to the error on the total
number of BB pairs is calculated from the on- and off-
resonance luminosity, taking into account the efficiency
and luminosity scaling corrections [17]. The dominant
systematic uncertainty arises from the 7° reconstruction
and is evaluated by comparing data-MC differences in the
yield ratios between ' — 7°z°z° and ' — zt 7 7°. We
also consider the systematic uncertainties originating from
the knowledge of the w(2S) and J/w decay branching
fractions used to calculate the efficiency. We apply the
percentage error on their world averages [13] as a system-
atic uncertainty. The electron and muon identification
efficiency uncertainties were obtained from separate
Belle studies of the two-photon processes ete™ —
ete ¢T¢~ and of J/y — ¢T¢~, where £ = e,u. The
uncertainty in the reconstruction efficiency due to the
hadron identification is determined using D*t —
DP[K~z"]z" decays, where the hadron identity is unam-
biguously determined by its charge. The uncertainty due to
the tracking efficiency is calculated by comparing data-MC
differences in the reconstruction efficiencies of
D** - DYKY{z*n~}a*z"]x*. The hadron, electron
and muon identification and tracking uncertainties are
weighted by the reconstruction efficiencies of the corre-
sponding B decay modes. The misreconstructed signal
uncertainty is obtained by varying the misreconstructed
fraction by +20% of its value, which is a conservative
estimate. The parametric and nonparametric shapes
describing the background are varied within their
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FIG. 2. B(B° — w(25)2") likelihood scan. The likelihood is
convolved with an additive systematic uncertainty.

uncertainties. For nonparametric shapes (i.e., histograms),
we modify the histogram PDFs bin by bin according to a
Poisson distribution and extract the branching fraction from
a fit to the data. We perform 300 tests with such modified
histogram PDFs and take the width of the resulting
Gaussian branching-fraction distribution as a systematic
uncertainty. We find that the decay B® — w(25)K%[2°7°]
peaks in the signal region of M. The B’ —
w(25)KY[7°2°] yield in the b — (cc)q background sample
is varied by the uncertainty of its world-average branching
fraction and the resulting difference in the B® — y(25)x°
branching fraction is taken as a systematic uncertainty. The
number of peaking background events obtained from the
sideband study is varied by one standard deviation (o), and
the difference in the branching fraction is assigned as a
systematic uncertainty. The same approach is used for the
My and AE correction factors. Half the branching-fraction
fit bias obtained from pseudoexperiments is taken as an
additional systematic uncertainty. The total systematic
uncertainty is 6.5% of the B° — w(25)2° branching
fraction.

We perform a likelihood scan to obtain the statistical
significance of our branching fraction measurement. We
convolve the £ distribution with a Gaussian with a zero
mean and a width equal to the systematic uncertainty. The
change in the —2log £ distribution as a function of the
branching fraction is shown in Fig. 2. The statistical
significance of 7.2¢ is determined from /—2Alog L,
where Alog L is the likelihood difference between zero
and the observed branching fraction. This includes the
systematic uncertainties.

Insummary, wereportameasurementofthe B — y(25)z°
branching fraction based on the full Belle data set collected
at the Y(4S) resonance. We obtain B(B’ — y(25)n°) =
(1.17 £ 0.17(stat) & 0.08(syst)) x 107>. Ourresults are con-
sistent with the naive expectation that the B® — (28)7° to
B® — w(25)KY branching fraction ratio should be similar
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to the B’—J/yn’® to B’—J/yK) ratio. The
B(B® — w(28)x°) result has a significance of 7.2¢, which
indicates the first observation of the decay B® — (25)z".
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