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Abstract

We present recent results obtained using the data sample from the Belle detector at the KEKB
asymmetric-energy ete™ collider in Tsukuba, Japan.
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1 Introduction

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detec-
tor (SVD), a 50-layer central drift chamber (CDC),
an array of aerogel threshold Cherenkov coun-
ters (ACC), a barrel-like arrangement of time-of-
flight scintillation counters (TOF), and an electro-
magnetic calorimeter comprised of CsI(T1) crystals
(ECL) located inside a super-conducting solenoid
coil that provides a 1.5 T magnetic field. An iron
flux-return located outside of the coil is instru-
mented to detect K mesons and to identify muons
(KLM). The detector is described in detail else-
where [1].

The Belle experiment successfully operated for
more than a decade until 2010 at the asymmetric-
energy ete” collider KEKB [2] in various T(nS)
resonances, having collected a world-record sample
of data over 1ab™!.

We present recent selected results from the Belle
experiment, using the full data sample.

2 Search for the Decay B? — ¢~y

In the Standard Model (SM), the decay B° — ¢
proceeds through electroweak and gluonic b — d
penguin annihilation processes These amplitudes
are proportional to the small Cabibbo-Kobayashi-
Maskawa [3] matrix element V4 and thus are highly
suppressed. The branching fraction has been esti-
mated based on naive QCD factorization [4] and
perturbative QCD [5] and found to be in the range
10712 to 10~ !!. However, the internal loop can also
be mediated by non-SM particles such as a charged
Higgs boson or supersymmetric squarks, and thus
the decay is sensitive to new physics (NP). It is es-
timated that such NP could enhance the branching
fraction to the level of 1072 to 10~® [4]. Experimen-
tally, no evidence for this decay has been found. We
present a search for this decay using the full Belle
data set of 711 fb~! recorded on the Y(4S) reso-
nance.

Candidate ¢ mesons are reconstructed via ¢ —
K+tK~ decays. The K™K~ invariant mass is re-
quired to be in the range [1.000,1.039] GeV/c?,
which corresponds to 4.5¢ in resolution around
the ¢ mass [6]. Candidate B mesons are identi-
fied using a modified beam-energy-constrained mass

2 am — |Ppcl?/c?, and the energy differ-
ence AFE = Eg — FEpeam, where Eyeam is the beam
energy and pp and Ep are the momentum and en-
ergy, respectively, of the BY candidate. All quanti-
ties are evaluated in the CM frame. To improve the

M, resolution, the momentum pp is calculated as
Py + (05/1p4 D)/ (Eveam — Eg)? /¢, where p. is the
photon momentum, and Fg and ]5'¢ are the energy
and momentum of the ¢ candidate. We require that
events satisfy 5.25 GeV/c? < My, < 5.29 GeV/c?
and —0.30 GeV < AF < 0.15 GeV. The signal
yield is calculated in a smaller region 5.27 GeV /c? <
Mye < 5.29 GeV/c? and —0.20 GeV < AE <
0.10 GeV.

Charmless hadronic decays suffer from large
backgrounds arising from continuum ete” —
qq (¢ = wu,d,s,c) production. To suppress this
background, we use a multivariate analyzer based
on a neural network (NN) [7]. The NN generates
an output variable Cny, which ranges from —1 for
background-like events to +1 for signal-like events.
We require Cxn > 0.3, which rejects 89% of con-
tinuum background while retaining 85% of the sig-
nal. We then translate Cnn to Cly, defined as

! — CNN_Cmin . —
Cyy =In (mechN where Cppin = 0.3 and Chax

= 1.0. After the above selections, 961 events re-
main. The remaining background consists of con-
tinuum events and rare charmless b-decay processes.
We calculate signal yields using an unbinned ex-
tended maximum likelihood fit to the observables
My, AE, C{y, and cosfy. The helicity angle 6, is
the angle between the K momentum and the op-
posite of the B flight direction in the ¢ rest frame.
The resulting branching fraction is calculated as

}/Sig

0 —
B(B =) = Ny e Blo—s K K-)

(1)

where Yiq = 3.4 758 is the signal yield in the sig-
nal region, Ny = (772 £ 11) x 10° is the num-
ber of BB events, ¢ = 0.296 & 0.001 is the signal
efficiency as calculated from MC simulation, and
B(¢p - KTK~) = (48.9 + 0.5)% is the branching
fraction for ¢ — KK~ [6].

We find no evidence for this decay and set an
upper limit on the branching fraction of B(B° —
#y) < 1.0 x 1077 at 90% C.L. This limit is almost
an order of magnitude lower than the previous most
stringent result [8].

3 Angular Analysis of BY — K*(892)%¢*/~

Rare decays of B are an ideal probe to search be-
yond the Standard Model (SM) of particle physics,
since contributions from new particles lead to ef-
fects that are of similar size as the SM predictions.
The rare decay B? — K*(892)%/*¢~ involves the
quark transition b — s¢*¢~, a flavor changing neu-
tral current that is forbidden at tree level in the



Table 1: Fitted yields and statistical error for signal
(nsig) and background (npkg) events in the binning of
¢* for both the combined electron and muon channel.

Bin ¢ range in GeV? /ct Nsig Mbkg
0 1.00 — 6.00 49.54+84 30.3+5.5
1 0.10 — 4.00 309+74 26.4+5.1
2 4.00 — 8.00 49.84+9.3 35.6+6.0
3 10.09 — 12.90 39.6 8.0 19.3+44
4 14.18 — 19.00 56.5 £ 8.7 16.04+4.0

SM. Higher order SM processes such as penguin or
W+W = box diagrams allow for such transitions,
leading to branching fractions of less than one in
a million. Various extensions to the SM predict
contributions from new physics, which can interfere
with the SM amplitudes and lead to enhanced or
suppressed branching fractions or modified angular
distributions of the decay products.

We present an angular analysis, using the de-
cay modes B’ — K*(892)%te” and B° —
K*(892)°u 11~ , in a data sample recorded with the
Belle detector. The LHCDb collaboration reported a
discrepancy in the angular distribution of the decay
BY— K*(892)°u* 11—, corresponding to a 3.40 devi-
ation from the SM prediction [9]. In contrast to the
LHCb measurement here the di-electron channel is
also used in this analysis.

K* candidates are formed in the channel K*° —
K+7~. The large combinatoric background is sup-
pressed by applying requirements on kinematic vari-
ables. Two independent variables in which signal
events features a distinct distribution that can dis-
criminate against background; These variables are
the beam constrained mass, My, and the energy
difference, AE.

Large irreducible background contributions arise
from charmonium decays B — K*).J/¢ and B —
K®)(2S), in which the ¢z state decays into two
leptons. To maximize signal efficiency and purity,
neural networks are developed sequentially from the
bottom to the top of the decay chain, transferring
each time the output probability to the subsequent
step.

Signal and background yields are extracted by
an unbinned extended maximum likelihood fit to
the My, distribution of B®— K*(892)%¢*¢~ candi-
dates. For the angular analysis the number of signal
events ng; and background events nykg in the sig-
nal region My, > 5.27 GeV/c? are obtained by a fit
to My, in bins of ¢2. The extracted yields and the
definition of the bin ranges are presented in Table
1.

We perform an angular analysis of B? —

T
4 This Analysis
LHCb 2013

10} s
LHCb 2015
— — SM from DHMV
05 4
4
\D:'.‘ 0.0 |- T -
—_—
| 1
05} L — |
4l 1
-10 | s
-15 1 L 1
0 5 10 15 20

q* (GeV?/c)

Figure 1: Result for the P} observable compared to SM
predictions from various sources. Results from LHCb
[9, 13] are shown for comparison.

K*(892)%¢*¢~ including the electron and muon
modes. The decay is kinematically described by
three angles 6, 0 and ¢ and the invariant mass
squared of the lepton pair ¢?. The definitions of
the angles and the full angular distribution are de-
tailed in Ref. [10].

The observables P;_, 545, introduced in
Ref. [11], contain information about the short-
distance effects and can be affected by new
physics and are considered to be largely free from
form-factor uncertainties [12]. The statistics in
this analysis are not sufficient to perform an
eight-dimensional fit, therefore a folding technique
is used, detailed in Ref. [13].

All observables Pj ;¢ are extracted from the
data in the signal region using three-dimensional
unbinned maximum likelihood fits in four bins of
¢®> and the additional zeroth bin using the folded
signal PDF, fixed background shapes and a fixed
number of signal events. Each P ; g ¢ is fitted with
the longitudinal polarization, Fr,, and the transverse
polarization asymmetry Ag,? ). A total of 20 mea-
surements are performed.

We present results of the first angular analysis
of BY — K*(892)%/*¢~ in three dimensions at B
factories, including both the muon and electron
modes. In total 117.6 4+ 12.4 signal candidates for
BY— K*(892)°uT 1~ and 69.4 £ 12.0 signal events
for B — K*(892)%%e~ are observed. The signal
yields are consistent with those expected from pre-
vious measurements. The measurements of Pj 5 g,

Fy,, and Ag? ) are compared with SM predictions
and overall agreement is observed. One measure-
ment is found to deviate by 2.1¢ from the predicted
value into the same direction and in the same ¢
region where the LHCb collaboration reported the
so-called P! anomaly [9, 13].



4 Measurement of the branching ratio
of B —» D*tr~7,. relative to B° —
D*T¢~ 7, decays with a semileptonic tag-
ging method

Semitauonic B meson decays of the type b — crv;
are sensitive probes to search for physics beyond
the Standard Model (SM). Charged Higgs bosons,
which appear in supersymmetry and other models
with at least two Higgs doublets, may contribute
to the decay due to large mass of the 7 lepton and
induce measurable effects in the branching fraction.
Similarly, leptoquarks, which carry both baryon
number and lepton number, may also contribute to
this process. The ratio of branching fractions

B(B — D¥r~1,)
B(E — D(*)Kfvg)

is typically used instead of the absolute branching
fraction of B — D™*77_, to reduce several sys-
tematic uncertainties such as those on the experi-
mental efficiency, the CKM matrix elements |Vg/,
and on the form factors. The SM calculations on
these ratios predict R(D*) = 0.252 £ 0.003 [14]
and R(D) = 0.297 & 0.017 [15, 19] with preci-
sion of better than 2% and 6% for R(D*) and
R(D), respectively. Exclusive semitauonic B de-
cays were first observed by the Belle Collabora-
tion [17], with subsequent studies reported by Belle
[18, 19], BABAR [16], and LHCb [20] Collabora-
tions. All results are consistent with each other,
and the average values of Refs. [19, 16, 20] have
been found to be R(D*) = 0.322 + 0.018 £ 0.012
and R(D) = 0.391 + 0.041 + 0.028 [21], which ex-
ceed the SM predictions for R(D*) and R(D) by
3.00 and 1.70, respectively. The combined analysis
of R(D*) and R(D), taking into account measure-
ment correlations, finds that the deviation is 3.9c
from the SM prediction.

So far, measurements of R(D™)) at the B facto-
ries have been performed either using a hadronic
[19, 16] or an inclusive tagging method [17, 18].
Semileptonic tagging methods have been employed
for use in studies of B~ — 777, decays, and have
been shown to be of similar experimental precision
to that of the hadronic tagging method [22, 23].
In this paper, we report the first measurement of
R(D*) using the semileptonic tagging method. We

R(D™) = (t=ep) (2)

. -0 .
reconstruct signal B'B~ events in modes where one
. . -0 _
B decays semi-tauonically B — D*"7r~ 7. where

7~ — {"Uyv;, and the the other B decays in
. . —0
a semileptonic channel B — D*T¢~w,. To re-
. . -0 .
construct normalization BB~ events, which cor-

respond to the denominator in R(D*), we use both

B mesons decaying to semileptonic decay modes
D*iﬁw.

To separate reconstructed signal and normaliza-
tion events, we employ a neural network. The
most dominant background contribution arises from
events with falsely reconstructed D*) mesons. To
separate signal and normalization events from back-
ground processes, we use the extra energy, Fgcr,
which is defined as the sum of the energies of neutral
clusters detected in the electromagnetic calorimeter
(ECL) that are not associated with reconstructed
particles.

We extract the signal and normalization yields
using a two-dimensional extended maximum-
likelihood fit to the neural network output (NN)
NN and Egcr. The yields of signal and normaliza-
tion events are measured to be 231 + 23(stat) and
2800 + 57(stat), respectively. The ratio R(D*) is
therefore found to be R(D*) = 0.302+£0.030+0.011
where the first and second errors correspond to sta-
tistical and systematic uncertainties, respectively.
Our measurement is 1.60 larger than the SM pre-
diction.

We investigate the compatibility of the data sam-
ples with the type I 2HDM and the R type lepto-
quark model. We find the most favored parameter
points are around tan 8/mg+ = 0.7 GeV~! in the
type II 2HDM and Cr = —0.030 and +0.360 in
the Ro type leptoquark model, although the latter
is disfavored when considering the impact on the
decay kinematics.

5 Observation of the decay B! — KK’

The two-body decays B? — hth'~, where h®
is either a pion or kaon, have now all been ob-
served [6]. In contrast, the neutral-daughter de-
cays BY — hOh/% have yet to be observed. The

decay B — K 0K’ is of particular interest because
the branching fraction is predicted to be relatively
large. In the Standard model, the decay proceeds
mainly via a b — s loop (or “penguin”) transition
and the branching fraction is predicted to be in the
range (16—27) x 1076 [25]. The presence of non-SM
particles or couplings could enhance this value [26].
It has been pointed out that C'P asymmetries in
BY - K Ure decays are promising observables in
which to search for new physics [27].

The current upper limit on the branching frac-
tion, B(B? — KOFO) < 6.6 x 1075 at 90% confi-
dence level, was set by the Belle Collaboration us-
ing 23.6 fb=! of data recorded at the Y(55) res-
onance [28]. In paper [24] Belle updates this re-
sult using the full data set of 121.4 fb~! recorded
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Figure 2: Projections of the 3D fit to the real data: (a) My in —0.11 GeV < AFE < 0.02 GeV and Cyy > 0.5; (b)
AFE in 5.405 GeV/c? < My, < 5.427 GeV/c? and Cly > 0.5; and (c) Ciy in 5.405 GeV/c® < My, < 5.427 GeV /c?
and —0.11 GeV < AE < 0.02 GeV. The points with error bars are data, the (green) dashed curves show the
signal, (magenta) dotted curves show the continuum background, and (blue) solid curves show the total.

at the Y(5S5). The analysis presented here uses
improved tracking, K° reconstruction, and contin-
uum suppression algorithms. The data set corre-
sponds to (6.53 4 0.66) x 10° BSES pairs [29] pro-
duced in three T(55) decay channels: BEES, B;OE(S)

or BSE:O, and BS‘OPZO. The latter two channels
dominate, with production fractions of f.,z0 =
(7.3 1.4)% and fo.op0 = (87.0+ 1.7)% [30].

Candidate K° mesons are reconstructed via the
decay K, — w7~ using a NN technique. To sup-
press background arising from continuum ete™ —
qq (¢ = u,d, s,c) production, we use a second NN.
The NN has a single output variable (Cny) that
ranges from —1 for background like events to +1 for
signal-like events. We require Cxy > —0.1, which
rejects approximately 85% of ¢g background while
retaining 83% of signal decays. We subsequently
translate Cnn to Cly-

We measure the signal yield by performing an
unbinned extended maximum likelihood fit to the
variables My, AE, and C{y. The results of the
fit are 29.0 752 signal events and 1095.0 T35 con-
tinuum background events.The results of the fit are
29.0 t32 signal events and 1095.0 T35 continuum
background events. The branching fraction is cal-
culated via

_ Y.
BB » K°K") = :
B, ) T AN, e (050)Bh

3)

where Y, is the fitted signal yield; Npg,zo

(6.53 £ 0.66) x 10° is the number of BEES events;
Bro = (69.20 + 0.05)% is the branching fraction
for Ky — 77~ [6]; and € = (46.3 £ 0.1)% is the
signal efficiency as determined from MC simulation.
The factor 0.50 accounts for the 50% probability for
KK’ — KK (since KK is CP even).

The signal significance is calculated as

—2In(Lo/Limax), where Ly is the likelihood

value when the signal yield is fixed to zero, and
Lmax is the likelihood value of the nominal fit. We
include systematic uncertainties in the significance
by convolving the likelihood function with a
Gaussian function whose width is equal to that
part of the systematic uncertainty that affects the
signal yield. We obtain a signal significance of 5.1
standard deviations.

We report the first observation of the decay B? —
K°K". The branching fraction is measured to be
B(B? — K'K’) = (19.6 58 £1.0 £ 2.0) x 105,
where the first uncertainty is statistical, the second
is systematic, and the third reflects the uncertainty
due to the total number of BSES pairs. This value
is in good agreement with the SM predictions [25],
and it implies that the Belle IT experiment [31] will
reconstruct over 1000 of these decays. Such a sam-
ple would allow for a much higher sensitivity search
for new physics in this b — s penguin-dominated
decay.

6 Measurement of the branching fraction
and CP asymmetry in radiative D — V'~
decays

CP violation in the charm sector has long been a
neglected field of study, gaining a renewed interest
only in recent years. The radiative decays D° — V7,
where V' is a vector meson, could be sensitive to
New Physics via C'P asymmetry. Theoretical stud-
ies [32, 33] predict that in Standard Model (SM)
extensions with chromomagnetic dipole operators,
Acp can rise to several percent for V = ¢, p°, com-
pared to the O(1073) SM expectation.

The radiative decay D°— Vv has been measured
by the Belle and BABAR collaborations [34, 35].

BABAR also observed the decay D° — K" [35],
while CLEO II produced an upper limit for the
DY — py branching fraction [36]. The current



world average values of the branching fractions are
(2.7040.35) x 1075 (¢ mode) and (32.743.4) x 107>

(F*O mode). For the p mode, the upper limit is
B(D® — p%) < 24 x 107 (90% C.L.) [6]. No study
of C'P violation in decays D° — V'~ has been con-
ducted to date.

The D° mesons are required to originate from
the decay D*T — DOt in order to provide a
tag on the D° flavor and to suppress combinatorial
background. The signal decays are reconstructed
in the following decay chains of the vector mesons:
¢ — KTK—, K & K-t and P = ot

Both the branching fraction and Acp are ob-
tained via normalization to other decay channels.
The signal branching fraction B, is given by

Nsig
Nnorm

e
Bsig = Bnorm X o

cg (4)
where N is the extracted yield, € the reconstruction
efficiency and B the branching fraction for signal
and normalization modes, respectively. For Borm
the world-average value [6] is used. The extracted
raw asymmetry

N(D°) — N(D")

Apaw = =
N(D% + N(D")

()

is given by Aaw = Acp + App + AL, Here, App
is the forward-backward production asymmetry [6],
and AT is the asymmetry due to different recon-
struction efficiencies for positively and negatively
charged particles. Both can be eliminated through
a relative measurement of Agp, if the charged
final-state particles are identical. The chosen nor-
malization modes are DY — K+tK~ (¢ mode)
DY — K—nt (F*O mode) and D° — 7t7= (p°
mode). The C'P asymmetry of the signal modes is
AZE = Asle, — Anorm 4 ABOIM where AXE™ is the
nominal value of C' P asymmetry of the normaliza-
tion modes [6].

To extract the signal yield and C'P asymmetry,
a simultaneous two-dimensional unbinned extended
maximum likelihood fit of D® and D" samples is
performed. The fit variables are the invariant-mass
of the reconstructed D° meson and the cosine of
the helicity angle 6y, defined as the angle between
the D° and the positively or negatively charged
hadron in the rest frame of the V meson (for D, we

take KT /K~ /7T for gb/F*O/pO, and the opposite
charged particles for 50)
The extracted signal yields are 524 + 35 (¢

mode), 9104 + 396 (K mode) and 500 = 85 (°
mode).

We report branching fractions of the D — ¢y and
D° —>F*07 modes and the first observation of the
D — p%y mode. The significance of the observation
is greater than 50, including systematic uncertain-

+/—2In(F0)

max

ties. The significance is calculated as

, where L is the likelihood value when the signal
yield is fixed to zero and L. is the likelihood value
of the nominal fit. The systematic uncertainties are
included by convolving the likelihood function with
a Gaussian whose width corresponds to the system-
atic uncertainty that affects the signal yield. The
preliminary branching fractions are

B(D® = ¢7y) = (2.76 £ 0.20 + 0.08) x 107° |
B(D° - K*y) = (4.66 £ 0.21 £ 0.18) x 10~* |
B(D® = p%y) = (1.77+£0.30 £ 0.08) x 1075 |

where the first uncertainty is statistical and the sec-
ond systematic. The result of the ¢ mode is im-
proved compared to the previous Belle result and
is consistent with the world average value [6]. Our
branching fraction of the K™ mode is 3.30 away
from the result of the BABAR analysis. For the p°
mode, the obtained value is close to that of the ¢
mode, which is in accordance with the theoretical
predictions.

We also report the first-ever measurement of Acp
in the decays D° — V. The preliminary values are

Acp(D° = ¢y) = —(0.094 £ 0.066 + 0.001) |,
Acp(D° 5K ) = —(0.003 £ 0.020 £ 0.000)
Acp(D°—p%) = 0.056 & 0.151 & 0.006

We report no observation of C P asymmetry in any
of the D° — V'~ decay modes.
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