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We present a comprehensive study of B’ - ww decays using 772 x 10° BB pairs collected with the
Belle detector at the KEKB e*e™ collider. This process is a suppressed charmless decay into two vector
mesons and can exhibit interesting polarization and CP violation. The decay is observed for the first time
with a significance of 7.9 standard deviations. We measure a branching fraction B = (1.53=+
0.29 £0.17) x 107°, a fraction of longitudinal polarization f; = 0.87 £0.13 £0.13, and a time-

’

’

>

bl

integrated CP asymmetry Acp = —0.44 +0.43 1+ 0.11, where the first uncertainties listed are statistical

and the second are systematic. This is the first observation of B® — @ and the first measurements of f;

and Acp for this decay.
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In the standard model (SM), the decay B’ — ww
proceeds via a b — @ spectator amplitude and a b — d
loop (“penguin’) amplitude [1]. Interference between these
two amplitudes, which have different weak and strong
phases, gives rise to direct CP violation. This CP asym-
metry is sensitive to the internal angle (or phase difference)
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pr=arg[—(V5,V,4)/(Vi,V.a)] of the Cabibbo-Kobayashi-
Maskawa (CKM) unitarity triangle [2—4]. Measuring ¢,
tests the unitarity of the CKM matrix; if the matrix was
found to be nonunitary, that would imply physics beyond
the SM.

Another observable sensitive to new physics is the
fraction of longitudinal polarization (f;). The fraction
fr measured for the vector-vector (VV) decay B — ¢K*
is surprisingly small [5-9]; this triggered much interest in
VV decays. Numerous explanations of this anomaly have
been proposed, e.g., penguin-annihilation amplitudes [10],
enhanced electroweak penguins [11,12], and also new
physics scenarios [13,14]. The fraction f; measured for

Published by the American Physical Society
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the b — (&1, d) decay B® — p°p° [15-19], which is color
suppressed, is also unexplained; measurement of f; for
B = ww, also color suppressed, could give insight into
QCD dynamics and help solve this puzzle.

For B — V'V decays, there are three possible polarization
states: the longitudinal state with amplitude H, and two
transverse states with amplitudes H, and H_. The fraction
of longitudinal polarization is defined as f; = |H|*/
(|Ho|* + |[H,|* + |H_|?). The observables that distinguish
longitudinal from transverse polarization are the helicity
angles of the @ mesons, ¢, and 6,. The helicity angle for
w — ntn~ 7" is defined as the angle in the @ rest frame
between the B momentum and the normal to the decay
plane of the three pions.

The time-integrated CP asymmetry is defined as
I'(B° - ww) —T(B° - ow)
['(B° - ww) +T(B° - ow)’

(1)

Acp =

where I' is the partial decay width. This asymmetry
can differ for each of the helicity states, |Hy|?, |H.|*,
and |H_|.

Theory predictions for the B — @ branching fraction
(B) are in the range (0.5-3) x 107°; predictions for f, are
in the range (0.6-0.94); and Ap could be as large as —70%
[18-23]. Experimentally, B® — ww has been searched for
at CLEO-II [24] and at BABAR [25]. The latter experiment
found evidence for this decay with a significance of 4.46.
No measurement of f; or Acp has been reported. In this
Letter, we report the first observation of B — @ and the
first measurements of f; and Acp.

The data were collected with the Belle detector, which
ran at the KEKB [26] e e~ asymmetric-energy collider. We
analyze the full Belle dataset, which corresponds to an
integrated luminosity of 711 fb=' containing (771.6 &
10.6) x 10° BB pairs (Ngp) recorded at an e*e™ center-
of-mass (c.m.) energy corresponding to the Y(4S) reso-
nance. The Belle detector surrounds the beam pipe and
consists of several components: a silicon vertex detector to
reconstruct decay vertices; a central drift chamber (CDC) to
reconstruct tracks; an array of aerogel threshold Cherenkov
counters (ACC) and a barrel-like arrangement of time-of-
flight scintillation counters (TOF) to provide particle
identification; and an electromagnetic calorimeter (ECL)
consisting of CsI(Tl) crystals to identify electrons and
photons. All these components are located inside a super-
conducting solenoid coil providing a 1.5 T magnetic field.
An iron flux-return located outside the coil is instrumented
to identify muons and detect K mesons. More details of
the detector can be found in Ref. [27].

We use Monte Carlo (MC) simulated events to optimize
selection criteria, calculate signal reconstruction efficien-
cies, and identify sources of background [28]. MC events
are generated using EVTGEN [29] and pYTHIA [30] and

subsequently processed through a detailed detector simu-
lation using GEANT3 [31]. Final-state radiation from
charged particles is included using pHOTOS [32]. All
analysis is performed using the Belle II software frame-
work [33].

Reconstructed tracks are required to originate from near
the eTe™ interaction point (IP), i.e., have an impact
parameter with respect to the IP of less than 4.0 cm along
the z direction (that opposite the direction of the positron
beam) and of less than 0.5 cm in the transverse (x-y) plane.
Tracks are required to have a transverse momentum of
greater than 100 MeV/c. To identify pion candidates, a
particle identification (PID) likelihood is calculated based
upon energy-loss measurements in the CDC, time-of-flight
information from the TOF, and light-yield measurements
from the ACC [34]. A track is identified as a pion if the
ratio L(z)/[L(K) + L(x)] > 0.4, where L£(K) and L(x)
are the likelihoods that a track is a kaon or pion, respecti-
vely. The efficiency of this requirement is about 97%.

Photons are reconstructed from electromagnetic clusters
in the ECL that do not have an associated track. Such
candidates are required to have an energy greater than
50 MeV (100 MeV) in the barrel (end-cap) region, to
suppress beam-induced background. Candidate z°’s are
reconstructed from photon pairs that have an invariant
mass satisfying M,, €[0.118,0.150] GeV/c?; this range
corresponds to 2.5¢ in mass resolution. In subsequent fits,
the invariant mass of photon pairs from z° candidates are
constrained to the nominal z° mass [35]. To reduce
combinatorial background from low-energy photons,
we require that the z° momentum be greater than
0.25 GeV/c and that the energies of photon pairs satisfy
|E, —E,l|/(E, +E,)<0.9.

We reconstruct @ candidates from the decay chain
w — ntn 7%, requiring that the invariant mass satisfy
M (72~ 7°) €]0.740,0.820] GeV/c?. This range corre-
sponds to 4.0¢ in mass resolution. We reconstruct B® —
ww candidates (Bgig) from pairs of @ candidates that are
consistent with originating from a common vertex, as
determined by performing a vertex fit. The ordering of
the two @’s is chosen randomly for each event, to avoid an
artificial asymmetry in the distribution of helicity angles
arising from momentum ordering in the reconstruction. The
particles that are not associated with the signal B’ — ww
decay are collectively referred as the “rest of the event”
(ROE). We reconstruct a decay vertex for the ROE using
tracks in the ROE [36].

To suppress background arising from continuum
ete” - qq (¢ =u,d,s,c) production, we use a fast
boosted decision tree (FBDT) classifier [37] that distin-
guishes topologically jetlike gg events from more spherical
BB events. The variables used in the classifier consist of
modified Fox-Wolfram moments [38]; CLEO “cones” [39];
the magnitude of the ROE thrust [40]; the cosine of the
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0
sig
the ROE; the cosine of the angle between the thrust axis of
0 . 0
Bg, and the beam axis; the polar angle of the Bg,
momentum in the ete™ c.m. frame; the p value of the

B(s)ig decay vertex fit; and the separation in z between the
Bgig decay vertex and the vertex of the ROE. The classifier
is trained using MC-simulated signal decays and g¢g
background events. The classifier has a single output
variable Cggpr, Which ranges from —1 for unambiguous
backgroundlike events to +1 for unambiguous signal-like
events. We require that Cggpr > 0.75, which rejects
approximately 96% of ¢g background while retaining
78% of signal events. The variable Crgpy is transformed
to a variable C' =log[(Cggpr—0.75)/(1 — Cggpr))>
which is well modeled by a simple sum of Gaussian
functions. The variable C’ is subsequently used when
fitting for the signal yield, as described below.

To identify Bgig candidates, we use two kinematic
variables: the beam-energy-constrained mass My, and
the energy difference AFE, defined as

1
MbC = ; Elz)eam - p%CZ’ (2)

AE = EB - Ebeam' (3)

angle between the thrust axis of B,  and the thrust axis of

Here, Ey.,, is the beam energy, and Ep and pp are the
energy and momentum, respectively, of the Bgig candidate.

All quantities are evaluated in the eTe™ c.m. frame. We
retain  events  satisfying My, €[5.24,5.29] GeV/c?
and AE €[-0.20,0.20] GeV.

Measuring A.p requires identifying the B® or B° flavor
of B, The B°B" pair produced via ee™ — T(4S) —
B°BY are in a quantum-correlated state in which the BY,
flavor must be opposite that of the accompanying B at the
time the first B of the pair decays. The flavor of the
accompanying B is identified from inclusive properties of
the ROE; the algorithm used is described in Ref. [41]. The
algorithm outputs two quantities: the flavor g, where ¢ =
+1(~1) corresponds to By, being B°(B), and a quality
factor r ranging from O for no flavor discrimination to 1 for
unambiguous flavor assignment. For MC-simulated events,
r = 1-2w, where w is the probability of being mistagged.
We do not make a requirement on r but rather divide the
data into seven r bins with divisions 0.0, 0.10, 0.25, 0.50,
0.625, 0.75, 0.875, and 1.0.

The fraction of events having multiple candidates is
approximately 10%. For these events, the average multi-
plicity is 2.2. We retain a single candidate by first choosing
that with the smallest value of y*(z0) + x*(#3), where
2*(7°) is the goodness of fit resulting from the z°-mass-
constrained fit. If multiple candidates remain after this
selection, we choose that with the smallest y> resulting
from the B® — ww vertex fit. According to MC simulation,

these criteria select the correct B%. candidate in 70% of

sig
multiple-candidate events.

After these selections, the dominant source of back-
ground is continuum production, which does not peak in
My, or AE but partially peaks in M(z "z~ z°) at m,, due to
ete” - q§ - wX production. For ete” — BB back-
ground, we find that most of this background does not
peak in My, or AE. From MC simulation, we find a small
background from B® — wb,(1235)°(— wx®) decays, for
which the branching fraction is unmeasured. This back-
ground peaks in My, and at negative values of AE; thus, we
model this background separately when fitting for the
signal yield. Other peaking backgrounds such as B —
oK, BY = wn), B® - wa,(1260)°, and nonresonant
B - wntn 2% BY - ntn 2% 72" decays are negli-
gible [42].

The branching fraction, f; , and Ap are determined from
an extended unbinned maximum likelihood fit to seven
observables. The fitted observables are M., AE, C', the
invariant masses of both @’s [denoted M, (z*7z~2") and
M, (z* 7~ 2°)], and the cosine of the helicity angles of both
@’s (denoted cos®; and cos@,). The fit is performed
simultaneously for ¢ = 1 events and for each of seven
r bins. The likelihood function is given by

Ny

= (o)) o

i=1

where k indicates the r bin, N; denotes the total number of
events in the kth bin, N is the event yield for event category
j (j =signal, gg, nonpeaking BB backgrounds, and
peaking BB backgrounds), f jx 1s the fraction of events
in the kth bin for category j, and P;.k is the corresponding
probability density function (PDF) for event i. The con-
tinuum fractions f,; ; are fixed to values obtained from the
data sideband M. < 5.265 GeV/c?. The BB background
fractions fpp, are fixed to values obtained from MC
simulation.
The PDF for the signal component is

tiex = 1= q" Awi+q' (1=2w) (1= 2x4)Acp]
X Pgo (M AE",C" M M,,cos0,cosb), (5)

where ¢' = %1 is the flavor tag of the ith event, w; is the
mistag fraction for bin k, Aw, is the difference in mistag
fractions between B tags and B° tags, and y, = 0.1858 +
0.0011 [35] is the time-integrated B°-B° mixing parameter.
The fraction of signal events in the kth bin (f g ), along
with w; and Aw,, are determined from data using a control
sample of B - D~(— K*z~n" )zt decays, in which the
final state is flavor specific (and B°-B° mixing is accounted
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for) [41]. The shape of C' depends slightly on r and thus is
parametrized separately for each r bin k.

For longitudinally and transversely polarized signal
decays, separate PDFs are used, as their cos 6, , distribu-
tions differ. We find that 14.6% (17.6%) of longitudinally
(transversely) polarized signal decays have at least one
particle misidentified but pass all selection criteria. To
account for such misreconstructed signal, each PDF in turn
consists of two parts, one for correctly reconstructed signal
(denoted “true”) and one for misreconstructed signal
(denoted “MR”): P = (1 — fur)Puuwe + fMrPumr- The
fraction of MR signal (fyg) is fixed from MC simulation.

For correctly reconstructed signal, the M, distribution is
modeled by a Crystal Ball function [43]. The (AE, M, M,)
distribution is modeled by a three-dimensional histogram
that accounts for correlations among these observables, and
C’ is modeled by the sum of a Gaussian distribution and a
bifurcated Gaussian. The cos 6 , distributions are modeled
by a histogram from MC simulation. For misreconstructed
signal, (M, AE) is modeled by a two-dimensional histo-
gram that accounts for correlations, and C’ is modeled by
the sum of two Gaussian functions. The variables M, , and
cos @, are modeled by histograms from MC simulation.
To account for differences between data and MC simu-
lation, the PDFs for M., AE, C', and M, are adjusted
(means slightly shifted, AE and M;, widths scaled by
~15%) according to data-MC differences observed for a
control sample of B — D°(— K*7~7°)w decays.

For continuum background, correlations among observ-
ables are negligible. The M, distribution is modeled by a
threshold ARGUS [44] function, AE is modeled by a
second-order polynomial, and C’ is modeled by the sum of
two Gaussian functions. The PDFs for M, ,, cos, ,, are
divided into two parts to account for true and falsely
reconstructed (denoted “non-w”) w — zta " x° decays,

P (M, cos0) = f,P,(M)P,(cos0)
+ (1 - fw)Pnon—w(M)Pnon-w(COS 9) (6)

The fraction of gg background containing true @ decays
(f,) is floated in the fit. For these decays, M, and M, are
modeled by a histogram from MC simulation, and the
cos @), distributions are modeled by polynomials. The
PDFs for the non-w component are also taken to be
polynomials. All shape parameters except those for C’
are floated in the fit; the shape for C’ is fixed to that from
MC simulation. The PDFs for C' and M , for true w’s are
adjusted with small calibration factors determined from the
B® - D°(— Kz~ 7°)w control sample.

For nonpeaking BB background, M, is modeled by a
threshold ARGUS function, AE is modeled by a second-
order polynomial, C’ is modeled by the sum of two
Gaussian functions, and M, and cosf,, are modeled
by histograms from MC simulation. For peaking BB
background, all PDF shapes are obtained from histograms
from MC simulation.

There are a total of 16 floated parameters in the fit: the
yields of signal, continuum, peaking BB, and nonpeaking
BB backgrounds, the parameters f; and A.p, and PDF
parameters (except that for C) for gg background. We fit
directly for the branching fraction () using the relation
between B and the signal yields,

Ny =2x Ngogpo x Bx B2 x f1 X €,

@]

Ny =2x Ngogo x Bx B2, x (1= f)xer, (7)

where N; (N7) is the yield of longitudinally (transversely)
polarized signal and N;, + N = N, Npogo is the number
of BYBY pairs, B,, = B(w — n"z~2°) x B(z° — yy), and
g and e are the respective signal reconstruction efficien-
cies for longitudinal and transverse polarization. We take
Npogo to be Npp x fO, where f%° = 0.48440.012 is
the fraction of BYB® production at the Y(4S) [45]. The
efficiencies ¢; and 7 are obtained from MC simulation and
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FIG. 1. Projections of the fit for (a) M., (b) AE, (c) C,

(d) M,(z" 7~ 2°%), (&) My(z* 72~ 7°), (f) cos@,, and (g) cosb;.
Events plotted are in a signal-enhanced region (except for the
variable plotted) of My, € [5.274,5.290] GeV/c?, AE € [-0.080,
0.080] GeV, and C' €2, 10]. The red dashed line shows longi-
tudinally polarized signal; the red-shaded area shows transversely
polarized signal; the blue dash-dotted line shows ¢g background;
the cyan dotted line shows BB background, and the blue solid
curve shows the overall fit result.
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TABLE I. Systematic uncertainties on B, f;, and Acp. Those
listed in the upper part are additive and included in the
significance calculation, as discussed in the text. Those listed
in the lower part are multiplicative.

Source B (%) fi Acp
Best-candidate selection 3.0 0.07 0.04
Signal PDF 7.7 0.10 0.10
Fit bias 3.0 0.01 0.01
Background PDF 0.7 0.00 0.01
Tracking efficiency 1.4 0.00 0.00
70 efficiency 4.0 0.00 0.00
PID efficiency 35 0.00 0.00
Continuum suppression 24 e e
Flavor mistagging .- 0.02
Detection asymmetry e e 0.01
NB()B[) 28 cee
Blw - zta= %) x B(z® = yy) 1.6

Total 114 0.13 0.11
found to be (8.82+£0.02)% and (6.54+0.02)%,
respectively.

The projections of the fit are shown in Fig. 1. We
obtain Ny, = 60.3 +10.8, f; = 0.87+0.13, and Acp =
—0.44 + 0.43. The significance of the signal is evaluated
using the difference of the likelihoods for the nominal fit
and for a fit with the signal yield set to zero. In the latter
case, there are three fewer degrees of freedom: the signal
yield, f;, and Acp. Systematic uncertainties are included in
the significance calculation by convolving the likelihood
function with a Gaussian function whose width is equal to
the total additive systematic uncertainty (see Table I). The
signal significance including systematic uncertainties cor-
responds to 7.9¢.

The systematic uncertainties are summarized in Table 1.
The uncertainty due to the reconstruction efficiency has
several contributions: charged track reconstruction (0.35%
per track), 7° reconstruction (4.0% [46]), PID efficiency
(3.5%), and continuum suppression (2.4%). The systematic
uncertainty due to continuum suppression is evaluated
using the B — D°(— K*7z72%) @ control sample: the
requirement on Cgppr iS varied and the resulting change
in the efficiency-corrected yield (2.4%) is assigned as a
systematic uncertainty for 3. The uncertainty due to the
best-candidate selection is evaluated by randomly choosing
a candidate; the resulting changes in B, f;, and Acp are
assigned as systematic uncertainties. The systematic uncer-
tainty due to calibration factors for PDF shapes is evaluated
by varying these factors by their uncertainties and repeating
the fits. The resulting variations in the fit results are
assigned as systematic uncertainties. The correlation
between AE and M, and M, as found from MC simulation
is accounted for in the fit, but there could be differences

between the simulation and data. We thus change this
correlation by 10% (absolute) and refit the data; the
changes in the fit results are assigned as systematic
uncertainties. The fraction of misreconstructed signal is
varied by +30% and the changes from the nominal results
are assigned as systematic uncertainties. From a large “toy”
MC study, small potential biases are observed in the fit
results. We assign these biases as systematic uncertainties.
Finally, we include uncertainties on B arising from
Npogo (2.8%) and intermediate branching fractions
B(w — ntn~7°) x B(z° = yy) (1.6%) [35].

For Acp, there is systematic uncertainty arising from
flavor tagging. We evaluate this by varying the flavor-
tagging parameters &;, wy, and Aw, by their uncertainties;
the resulting change in A.p is taken as a systematic
uncertainty. To account for a possible asymmetry in back-
grounds (arising, e.g., from the detector), we include an
A% term in the continuum background PDF. We float A%L
in the fit and obtain a value 0.008 £ 0.014, which is
consistent with zero. The resulting change in the signal
Acp is assigned as a systematic uncertainty. The total
systematic uncertainties are obtained by combining all
individual uncertainties in quadrature; the results are
11.4% for B, 0.13 for f;, and 0.11 for Acp.

In summary, we report measurements of the decay
B° - ww using 772 x 10 BB pairs produced at the
Belle experiment. The branching fraction, fraction of
longitudinal polarization, and time-integrated CP asym-
metry are measured to be

B =(1.53+029+0.17) x 1075, (8)
fr =0.87+0.13 +0.13, (9)
Acp = —0.44 +0.43 £0.11, (10)

where the first uncertainties are statistical and the second
are systematic. The B® — wa decay is observed for the first
time; the significance including systematic uncertainties is
7.96. Our measurements of f; and A.p are the first such
measurements.

Our results for B and f; agree well with predictions from
next-to-leading-order (NLO) perturbative QCD (PQCD)
[23], but not from leading-order (LO) PQCD [19]. This
indicates that NLO corrections and power-suppressed terms
play an important role in color-suppressed b — (u,d)
decays. Such a role would help clarify the puzzle in
BY — p%9%, where the measured f is significantly higher
than the LO PQCD prediction [19]. Our result for B(B® —
ww) is significantly higher than the prediction from soft
collinear effective theory [22]. Our result for A-p shows no
significant CP violation, consistent within uncertainties
with CKM unitarity.
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