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We report results from a search for the decay B — # using 121.4 fb~! of data collected at the Y(5S)
resonance with the Belle detector at the KEKB asymmetric-energy e e~ collider. We do not observe any
signal and set an upper limit on the branching fraction of 14.3 x 107> at 90% confidence level. This result

represents a significant improvement over the previous most stringent limit.

DOI: 10.1103/PhysRevD.105.012007

Studies of two-body charmless B decays can shed light
on the validity of the various theory approaches which are
used to study them. The decay B? — nu is a neutral
charmless process that can occur through a variety of
amplitudes such as the Cabibbo-suppressed b — u tran-
sition or one loop diagrams with a quark and a virtual W=
boson, as shown in Fig. 1. Contributions can also come
from electroweak “penguin” diagrams. Theoretically, the
decay has been studied within the framework of soft-
collinear effective theory [1], perturbative quantum
chromodynamics (QCD) [2], and QCD factorization [3].
All these approaches predict a branching fraction () in the
range of (7-16) x 107, albeit with large model uncertain-
ties. Thus far, the only experimental result is an upper limit
(UL) on B at 90% confidence level (C.L.) of 1.5 x 1073,
obtained by the L3 experiment [4]. This analysis constitutes
the first attempt to search for this decay using e*e~
collision data recorded by the Belle experiment.

The Belle detector [5,6] is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector, a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter composed of CsI(TI) crystals
(ECL). All these components are located inside a super-
conducting solenoid coil that provides a 1.5 T magnetic
field. The analysis is based on 121.4 fb~! of data collected
by Belle near the Y(5S) resonance, corresponding to
(16.60 £ 2.68) x 10° BY mesons produced.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

The bb production cross section at the Y(5S) center-
of-mass energy is measured to be 0';-}(5”9) = (0.340 +
0.016) nb [7], while the fraction of BE*)B?) in bb events
is £, = 0.201 = 0.031 [8]. The B\ B{") pairs include BB,
BBy, and BB, the fraction of the first two being fp.5. =
(87.0 £ 1.7)% and fp.5 = (7.3 £ 1.4)%, respectively [7].
The B mesons decay to ground-state BY mesons via the
emission of a photon.

To reconstruct B — 5y candidates, we first reconstruct 5
candidates from either n — yy (1,,) or n = 7tz 7° (i3,)
decays. To calculate the experimental acceptance and
reconstruction efficiency, signal Monte Carlo (MC) events
are generated for the BY — n,,n,,, BY = 1,13, and BY —
M3, modes with the EvtGen [9] event generator.
Backgrounds are due to the copious production of
quark-antiquark (u, d, s, ¢) pairs in e*e™ annihilation;
this is referred to as the continuum background. Additional
background arises from B§*’B§*) decays (referred to as
bsbs) and B*B*, B*B, BB, B*B*x, B*Bn, BBn and BBnx
decays (referred to as nonbsbs) from B° and B* near
T (5S) resonance. Dedicated MC samples are generated to

u
5 w- < a2

BY ’ g B Z,y

FIG. 1. Feynman diagrams for B? — n.
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study these background processes. The detector response is
simulated using GEANT3 [10], with beam-related back-
grounds from data being embedded to produce a more
realistic simulated event sample.

Photons are reconstructed by identifying energy deposits
in the ECL that are not associated with any charged
track. We require a minimum energy of 0.1 GeV. The
timing characteristics of energy clusters used in photon
reconstruction must be consistent with the beam collision
time, which is determined at the trigger level for the
candidate event. Daughter photons from z° decays pose
a significant background for # — yy reconstruction. To
suppress this background, we calculate a z° likelihood for
each pair of photons using the energies and polar angles
of the photons as well as the diphoton invariant mass.
This likelihood is optimized using the figure-of-merit,
S/v/S + B to increase the signal significance, where §
and B represents the estimated number of signal and
background events, respectively. The optimized value of
the likelihood is 0.4, which is 90% efficient in selecting the
signal and rejects 62% of backgrounds.

To reject merged y’s and neutral hadrons, the ratio of the
energy deposited in an innermost (3 x 3) array of crystals
compared to that deposited in the (5 x 5) array centered
around the most energetic crystal is required to be greater
than 0.95. Selected photons are combined to form 7,
candidates, with the diphoton invariant mass required to be
in the range (0.50-0.60) GeV/c?. This range corresponds
to 43¢ in resolution around the # mass. The candidate 7°
is required to have a yy invariant mass between
0.117 GeV/c? and 0.149 GeV/c?, which corresponds to
4306 in resolution around the nominal z° mass. For the
reconstruction of both # and z° candidates, we perform
mass-constrained fits to improve the momentum resolution.

Charged tracks must have an impact parameter with
respect to the interaction point of less than 0.3 cm in the r-¢
plane, and less than 3.0 cm along the e beam direction.
The r-¢ plane is perpendicular to the e™ beam direction,
where, r represents the radius of the hit and ¢ measures the
azimuthal angle. The transverse momentum of the selected
tracks is required to be greater than 0.1 GeV/c. Charged
pions are identified using information obtained from the
CDC, the TOF, and the ACC. This information is combined
to form a likelihood (£) for hadron identification. We
require that charged pions satisfy Lx/(Lx + L,) < 0.4,
where Lg(L,) denotes the likelihood for a track to be a
kaon (pion). The efficiency of this requirement is approx-
imately 92%, while the probability for a kaon to be
misidentified as a pion is about 8%. Two oppositely
charged pions are combined with a 7° candidate to
reconstruct an 73, candidate, with the resulting invariant
mass required to lie in the range (0.527-0.568) GeV/c>.
This range corresponds to 3¢ in resolution around the 7
mass. For each such # candidate, a mass-constrained fit is
performed and the y? is required to be less than 20, to reject
backgrounds from low energy photons.

Candidate B — un decays are formed by combining a
pair of 7 mesons, and further selections are applied to their
beam-energy constrained mass (My,.) and the energy differ-
ence (AE). These quantities are defined as

E eam 2 - ﬁreco 2C2
Mbc:\/( b )c2 ( ) (1)

AE = Eieco = Epcam> (2)

where Ep.,, is the beam energy, and P, and E,.,
are the momentum and energy, respectively, of the recon-
structed BY candidate. All quantities are calculated
in the eTe™ center-of-mass frame. Signal candidates are
required to satisfy 5.30 GeV/c? < M,. < 5.44 GeV/c?
and —0.60 GeV < AE < 0.20 GeV.

The dominant source of background is continuum
events. As the outgoing light quarks carry significant
momenta, these events tend to be jetlike and thus topo-
logically different from more spherical Bﬁ*)Bg* events,
in which the BY mesons have small momenta. To suppress
this background, a neural network (NN) based on the
NeuroBayes algorithm [11] is used. The inputs consist of
sixteen event shape variables that include modified Fox-
Wolfram moments [12], and the absolute value of the
cosine of the angle between the thrust axis [13] of the B?
decay products and the rest of the event. The NN output,
Cnns ranges from —1 to +1, with a value near +1 (—1)
being more likely due to a signal (background) event.

To reduce the continuum background, Cyy is required to
be greater than —0.6. This requirement suppresses the
continuum background by a factor of 2.5, with a signal
efficiency of about 95%. The contribution from other
background processes such as bsbs and nonbsbs is
estimated to be less than one event. The Cyy value is
transformed to a new variable, C&N, to facilitate its
modeling with a simple analytical function:

CNN - CNN(min) > (3)

! —
CNN log <CNN(max) - CNN
where CxN(min) = —0.6 and Cnn(may) 18 the maximum value
of Cyy obtained from the NN distribution.

After applying all the selection criteria, about 6% of
events in the n7,,17,, decay mode are found to have more than
one signal candidate, whereas for the 7,13, and 73,73,
decay modes, about 16% and 28% of events, respectively,
have more than one signal candidate. For events with
multiple candidates, we select the candidate having the
smallest value of the sum of y? values from the two mass-
constrained fits. The overall efficiency of the best candidate
selection criteria obtained from a signal MC study is 94%.
The fraction of misreconstructed signal events, referred to
as self-cross-feed (SCF), is found from MC studies to be
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TABLE 1. PDFs used to model the M. AE, and Cyy
distributions. The notations G, CB, CP, and A correspond to
Gaussian, Crystal Ball [14], Chebyshev polynomial, and ARGUS
functions [15], respectively.

Fit component My, AE CAn
Signal CB CB+G G+G
SCF CB CB + CP G+G
Continuum A CP G
TABLE II.  Summary of fit results. The quoted uncertainties are

statistical only.

Decay mode '17}"777 77]/]/}7311 N33
Signal 39+32 7.7+44 0.2+59
Background 882 430 797 £ 28 1244 £ 36
Efficiency (%) 9.68 £0.09 9.48 £0.09 8.14 + 0.08
B (1077) 1.84 +1.38 6.54 £3.27 1.65 +£9.90
Total B (10.03 +10.52) x 1073

5.5%, 8.9%, and 12.9% for the n,,n,,, 1,13, and n3,73,
decay modes, respectively.

We extract signal yields for the three decay modes by
performing an unbinned maximum likelihood fit to the
variables M., AE, and Cy. We consider signal candidates
originating only from B:B* production. The likelihood
function is defined as

N
L = e_Zj”j H <anpj(M{)cv AE, ﬁNi)>’ (4)
i J

where P;(Mj ., AE",C{\') is the probability density
function (PDF) of the signal or background component
(specified by index j), n; is the yield of this component, and
N is the total number of events in the sample. The signal
and background PDFs are determined from the respective
MC samples, after applying all selection criteria. These
PDFs used for modeling the signal, SCF, and continuum
background are listed in Table I. Correlations among
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FIG. 2. Fit results for the BY — n,,1,, (top), B — 1,173, (middle) and BY — 73,73, (bottom) modes. The projections are shown for
events inside a signal region in My, AE and C\y, except for the variable plotted. The signal region is defined as
539 <M. <543 GeV/cz, —0.27 < AE < 0.12 GeV, and C{ > 2.91. Points with the error bars show the data, solid black curves
show the total fit function, and dotted red (dashed blue) curves show the signal (background) contribution.

012007-5



B. BHUYAN et al.

PHYS. REV. D 105, 012007 (2022)

three-dimensional PDF P; is expressed as the product of
three one-dimensional PDFs,

Pj=P;(My.)P;(AE)P;(Cy)- (5)

The signal PDF parameters and the endpoint of the ARGUS
function for the background M, distribution are fixed to
values obtained from an MC study, while all the other
background PDF parameters are floated. The signal and
background yields are floated in the fit, while the fraction of
SCF events is fixed. The mean and standard deviation of the
signal PDFs are corrected for small data-MC differences.
These corrections are obtained by comparing the shapes of
data and MC distributions for a control sample of B’ — nn
decays, which have the same final-state particles.

From fitting the data, we obtain 3.9 + 3.2, 7.7 4.4, and
0.2 + 5.9 signal events for n,,1,,, 11,113, and 113,173, decay
modes, respectively. The common branching fraction by
taking into account the signal yields of each decay mode
(with index k) is expressed as,

NiE
— rec
Np g X € x [1B,x

hE

B(BY - nn) =

(6)

k=1

where N 5 is the number of B B, pairs; € and N® is the
signal selection efficiency obtained from MC simulation
and number of signal events, respectively, for each of the
decay modes; and | | B, is the product of the two »-decay
branching fractions corresponding to each of the decay
modes [8]. The fit results are summarized in Table II, and
their projections in the signal regions are shown in Fig. 2.

The systematic uncertainties associated with the analysis
are listed in Table III. To investigate possible fit bias, we

TABLE II. Summary of systematic uncertainties. The uncer-
tainties listed in the lower section of the table are external to the
analysis.

Source Value (%)
Fit bias +6.0
PDF modeling 8.0
n — yy selection efficiency 3.0
7° = yy selection efficiency 3.0
Pion identification efficiency 32
Tracking efficiency 2.1
Cin requirement 10.6
Calibration factors 3.1
MC statistics 1.8
Ly 1.3
Y(55) 4.7
%pb
B —yy) 0.5
B(n — ztaa°) 1.2
fs 15.4
Total 22.8

perform an ensemble test in which signal MC events are
generated using EVTGEN and subsequently passed
through a detector simulation based on GEANT3. The
background events are generated from the corresponding
PDFs used for fitting. For different numbers of input signal
events, we generate and fit ensembles of 3000 experiments
each. From the pull distributions obtained from these
ensemble tests, we observe an average fit bias of 6%,
which we include as a source of systematic uncertainty.

The uncertainty due to PDF modeling is estimated from
the variation in the signal yield while varying each fixed
parameter by +1o0. The uncertainty in the selection effi-
ciency of the 7 — yy or z° — yy decay is 3.0%, determined
from a comparison of the data and signal MC selection
efficiency ratios for large samples of  — z* 7~ z° and n —
37° decays [16]. The systematic uncertainties due to the
charged pion identification and tracking efficiency
are 3.2% and 2.1% respectively, measured using control
samples of D** — D%z+, D° - K~z*, and D** — Dz,
D° - K%ntn~, Ky — n*n~ decays. The systematic uncer-
tainty due to the Cyy requirement is estimated by compar-
ing the efficiencies in data and MC simulations of a large
BY — i control sample. As mentioned above, the shapes
of the signal PDFs are calibrated using the B® — ## control
sample. The My, mean is found to be consistent within
the statistical uncertainty, while the AE mean is shifted
by 3 MeV. The systematic uncertainty associated with the
small difference in Cyy mean and width as well as M,,. and
AFE width values are evaluated by varying these parameters
by £30, and is measured to be 3.1%. The uncertainty in
the signal reconstruction efficiency due to MC statistics is
1.8%. We also assign a systematic uncertainty of 4.7%
due to the uncertainty in the production cross-section of bb
events at Y(5S) resonance. Systematic uncertainties of
0.5% and 1.2% are assigned due to the branching fractions
of n = yy and n — n 7~ 7" [8]. Lastly, the uncertainty due
to the fraction, f is 15.4% [8].

Using the signal yields obtained from the fits of the three
decay modes, the combined branching fraction for B(B? —
nm) and fy x B(BY — nn) is calculated to be (10.0 +
10.542.3) x 1073 and (2.0 £2.1 £0.3) x 107>, respec-
tively. The first uncertainty is statistical and the second is
systematic. As we do not observe any significant signal
yield, we use a Bayesian approach to set an upper limit(UL)
on the branching fraction by integrating the combined
likelihood function from 0 to 90% of the total area under

TABLE IV. Summary of results on branching fractions and UL
for B(BY — nn) and f, x B(B? — ny).

Value

(10.0 £10.5 £2.3) x 1073
<143 x 107 @ 90% C.L.
(204+2.14+03)x 107
<29%x107° @ 90% C.L.

Quantity
B(BY = )

fs x B(BY = nn)

012007-6



SEARCH FOR THE DECAY B —

PHYS. REV. D 105, 012007 (2022)

the curve for B > 0. The results from the three BY — nn
decay modes are combined by adding the three individual log
likelihoods as a function of branching fraction. Systematic
uncertainties are included by convolving the combined
likelihood curve with a Gaussian function of width equal
to the total systematic uncertainty mentioned in Table III.
We obtain a 90% C.L. UL of 14.3 x 10~ on the branching
fraction. In addition, the 90% C.L. UL on the product f, x
B(BY — nn) is estimated to be less than 2.9 x 1073, The total
fractional systematic uncertainty associated with B(B? —
nn) and £ x B(BY — nn) is 22.8% and 16.8%, respectively.
These results are summarized in Table I'V.

In summary, we have searched for the decay B? — nn
using the complete Y (55) dataset from the Belle experiment.
We do not observe any statistically significant signal for the
decay and set a 90% confidence level upper limit of 14.3 x
1073 on its branching fraction. This is an improvement by
about an order of magnitude over the previous limit [4].
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