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We measure the branching fraction of the decay B’ — J/ww using data collected with the Belle TT
detector at the SuperKEKB collider. The data contain (387 + 6) x 10° BB meson pairs produced in
energy-asymmetric ete~ collisions at the YT(4S) resonance. The measured branching fraction
B(B® - J/ww) = (2.16 - 0.30 £ 0.14) x 1073, where the first uncertainty is statistical and the second
is systematic, is more precise than previous results and constitutes the first observation of the decay with a

significance of 6.5 standard deviations.

DOI: 10.1103/PhysRevD.111.032012

I. INTRODUCTION

Decays of B mesons into a charmonium state and a light
unflavored meson are predominantly governed by color-
suppressed tree diagrams involving the quark transition
b — ccd. One such decay, B> J /ww, has not been
observed yet. This mode can be used as a control channel
in studies of B decays mediated by the b — d£T¢~
transition at a B factory. Since the quark-level transition
of this decay is the same as that of B® — J/yz", its
measured CP asymmetries can be used in a similar way to
constrain the contributions from loop diagrams in
B — J/wK?", as in Refs. [1,2].

The LHCb experiment reported the first evidence for
B® — J/yww by reconstructing the mode o — 7"z~ z° [3].
They found a significance of 4.6 standard deviations (o)
using the negative log likelihood scan and taking into
account systematic uncertainties related to the fit function.
Furthermore, LHCD studied the resonant structure of the
decay B’ — J/watz~ using an amplitude analysis and
found the branching fraction to be B(B’ — J/yw) =
(1.870:7) x 107> with the @ decaying to 7z~ [4].

We present a measurement of the branching fraction of
the decay B’ — J/ww using a sample of energy-asym-
metric et e~ collisions at the T(4S) resonance provided by
the SuperKEKB accelerator [5] and collected with the
Belle II detector [6]. This sample has an integrated
luminosity of (365.4 + 1.7) fb~! and contains (387 + 6) x
10° BB events [7]. We also use an off-resonance sample
totaling (42.7 +0.2) fb~! recorded 60 MeV below the
Y (4S) resonance to study the background from the
continuum ete” — ¢g events, where g denotes a u, d,
s, or ¢ quark.

We reconstruct B mesons in the J/yw final state using
the subdecays J/w — £7¢~ (with £ being an electron or a
muon), @ — 77z~ 7%, and 7° — yy. We extract the signal

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’.

yields by fitting distributions of signal candidates in a
kinematic observable that discriminates against back-
grounds. We validate our analysis procedure on simulated
samples and correct for differences between collision data
and simulation using control samples. Charge-conjugated
modes are included throughout the paper unless explicitly
stated.

II. EXPERIMENT

The Belle II detector operates at the SuperKEKB
accelerator at KEK, which collides 7 GeV electrons with
4 GeV positrons. The detector is designed to reconstruct the
decay products of heavy-flavor hadrons and 7 leptons. It
consists of several subsystems arranged cylindrically
around the interaction point (IP). The innermost part of
the detector is equipped with a two-layer silicon-pixel
detector (PXD), surrounded by a four-layer double-sided
silicon-strip detector (SVD) [8]. Together, they provide
information about charged-particle trajectories (tracks) and
decay-vertex positions. Of the outer PXD layer, only one-
sixth is installed for the data used in this work. The
momenta and electric charges of charged particles are
determined with a 56-layer central drift chamber (CDC).
Charged-particle identification (PID) is provided by a time-
of-propagation counter and an aerogel ring-imaging
Cherenkov counter, located outside the CDC in the barrel
and forward regions, respectively. The CDC provides
additional PID information through the measurement of
specific ionization. Photons are identified and electrons are
reconstructed by an electromagnetic calorimeter (ECL)
made of CsI(TI) crystals, covering the region outside of
the PID detectors. The tracking and PID subsystems, and
the calorimeter, are surrounded by a superconducting
solenoid, providing an axial magnetic field of 1.5 T. The
central axis of the solenoid defines the z axis of the
laboratory frame, pointing approximately in the direction
of the electron beam. Outside of the magnet lies the muon
and K9 identification system, which consists of iron plates
interspersed with resistive-plate chambers and plastic
scintillators.

We use Monte Carlo (MC) simulated events to model
signal and background distributions, study the detector
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response, and test the analysis procedure. Quark-antiquark
pairs from eTe™ collisions are generated using KKMC [9]
with Pythia8 [10]. Signal and other B-meson decays are
generated with EvtGen [11]. Effects of final-state radiation
are incorporated with Photos [12]. The detector response is
simulated with Geant4 [13]. We use a simulated sample of
generic e'e” collisions, corresponding to an integrated
luminosity of approximately four times that of the exper-
imental dataset. We also use large samples of simulated BB
pairs in which one of the B mesons is forced to decay to the
final state of interest, while the other B meson in the event
decays inclusively. One sample is used to study the signal,
where the B meson decays as B — J/ww. The other
samples are used to study the dominant source of back-
ground, where the B meson decays inclusively into B —
J/wX modes. We process collision data and simulated
samples using the Belle IT analysis software [14,15].

III. EVENT SELECTION

Events containing a BB pair are selected by a hardware
trigger system based on the track multiplicity and total
energy deposited in the ECL. The trigger efficiency is close
to 100% for signal decays.

We reconstruct B® — J/ww candidates using the decay
chain J/yw — ¢t¢~, w - ntzx 2% and 7° — yy. Tracks
are reconstructed using information from the PXD, SVD,
and CDC [16]. Each track must have a polar angle @ within
the CDC acceptance (17° < 0 < 150°) and is also required
to have a distance of closest approach to the IP less than
2.0 cm along the z axis and less than 0.5 cm in the
transverse plane to reduce contamination from misrecon-
structed and beam background-induced tracks. Electron
identification is provided by a boosted decision tree (BDT)
classifier that combines several ECL variables and PID
likelihoods [17]. Muons are identified with the discrimi-
nator P, = L,/(L, + L, + L, + Lx + L, + L), where
the likelihood L; for each charged-particle hypothesis
combines PID information from all subdetectors except
for the SVD and PXD. We classify tracks as electrons or
muons based on a PID requirement that is 91.1% (88.2%)
efficient on signal while rejecting 99.6% (95.1%) of tracks
for electrons (muons). The momenta of electrons are
corrected for energy loss due to bremsstrahlung by adding
the four-momenta of photons detected within 50 mrad
of the initial direction of the electron tracks. Charged pions
are selected by requiring the pion likelihood ratio
L,/(L, + L) to be greater than a certain threshold, which
retains 98.1% of signal pions while rejecting 92.8%
of kaons.

The J/y candidates are formed by combining oppositely
charged lepton pairs having an invariant mass m(e*e™) €
[2.95,3.15] GeV/c* and m(u*u~)€[3.0,3.15] GeV/c?,
where the average J/w invariant mass resolution is
16(13) MeV/c? in the e*e™ (u™pu~) mode.

Photons are identified from ECL energy deposits greater
than 80, 40, and 30 MeV in the forward, backward and
barrel regions, respectively. The corresponding polar-angle
coverages are [12.4, 31.4]°, [130.7, 155.1]°, and [32.2,
128.71°. The ECL energy deposits are required to have no
matched tracks in the CDC. Photon energy corrections are
derived from an e*e™ — utpu"y control sample recon-
structed in data. The z° candidates are formed by combin-
ing pairs of photons with an invariant mass m(yy) €
[0.120,0.145] GeV/c?. The average z° invariant mass
resolution is 8 MeV/c?.

The w candidates are formed by combining z° candi-
dates with two oppositely charged pions with an invariant
mass m(nz"z°) €[0.73,0.83] GeV/c?. The average
invariant mass resolution is 15 MeV/c?.

The B® — J/yww decay vertex is determined using the
TreeFitter algorithm [18,19]. The J/y invariant mass is
constrained to its known value [20]. We retain B candidates
with a successful vertex fit. The beam-energy constrained
mass My, and energy difference AE are computed for each
B - J/wo candidate as My =/ (E}..../c>)>—(|p3|/c)?
and AE = E} — Ef ., where E}_ s the beam energy, and
E} and pj are the energy and momentum of the B® candidate,
respectively, all calculated in the center-of-mass (c.m.)
frame. Signal B® candidates peak at the known B° mass [20]
in My, and zero in AE. The average M}, and AE resolutions
for correctly reconstructed signal events are 3 MeV/c?
and 20 MeV, respectively. Candidates satisfying M. >
5.27 GeV/c?* and |AE| < 0.25 GeV are retained for further
analysis.

We suppress the contribution from the dominant source
of background B — J/wX decays that do not contain a true
o meson, using BDT classifiers [21] that combine several
variables to discriminate between signal and background.
We use a separate BDT for each J/y decay mode because
the background shapes are mode dependent. The BDTs are
trained on the following six input variables: the momentum
of the z° candidate in the laboratory frame, the invariant
mass of the w candidate, the invariant masses of the 7%z "
and 7'z~ systems, and the invariant masses of the 7"z~
system, calculated by assigning a kaon mass hypothesis to
the positively (negatively) charged pion while retaining a
pion mass hypothesis for the negatively (positively)
charged pion.

To validate the MC modeling of BDT input variables, we
compare their distributions in the M. and AE sidebands in
simulation and data and find them to agree well. The
M, sidebands correspond to the region 5.20 < My, <
5.25 GeV/c?, which excludes 100% of the simulated
signal. The AFE sidebands are chosen so that the central
99.97% of the simulated signal is excluded: AE€
[-0.250, —0.148] U [0.102,0.250] GeV in the e*e™ mode
and [—0.250,—0.147] U [0.094,0.250] GeV in the p*p~
mode. We train the BDTs using signal and background
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samples from simulated data. For each BDT, we choose a
criterion to be applied on its output by optimizing a figure
of merit S/+/S + B, where S and B are the number of
correctly reconstructed signal and background candidates
in the AE region containing the central 95% of the signal.
In the calculation of the figure of merit we use the current
world-average values of the signal and B® — J/yX branch-
ing fractions [20]. The BDT selection retains 62.0%
(59.1%) of the signal while rejecting 90.1% (91.3%) of
the background in the e*e™ (u™p™) mode.

Events with more than one candidate account for
approximately 9% of the events selected in the collision
data. For events with multiple candidates, we retain the one
with the highest BDT score. This requirement selects the
correct signal candidate 68% of the time for events with
multiple candidates in simulation.

To account for data-MC differences in the signal proba-
bility density function, we reconstruct a control mode with
the same final state, B — J/wK*°, with K* — K3x°,
K9 — 7"z, and 7° — yy. We apply the same event selec-
tion, except for the requirements on the pion tracks from the
K9, since the K9 reconstruction is cleaner than the
reconstruction. We also use a different m(z+ 7~ z%) require-
ment. The Kg candidates are formed by combining
oppositely charged tracks and requiring m(zz")€
[0.45,0.55] GeV/c?. The K*° candidates are required to
have an invariant mass m(z* 7~ z°) €[0.817,0.967] GeV/ c?.
We also require the cosine of the angle between the B® and 7°
momenta in the K*° rest frame to be greater than —0.7.

To account for data-MC differences in the efficiency of
the J/y vertex fit, we reconstruct an inclusive J/y control
mode by applying the same J/y selection as in the
signal mode.

To validate the BDT, we reconstruct another control
mode, D’ —» Ko, with @ » 7777 2° and K% — zt7".
Since the BDT input variables depend only on the decay
products of the w, and all but the laboratory-frame 7z°
momentum are Lorentz invariant, we choose a control mode
that has high @ purity in order to calibrate the signal
efficiency of the BDT selection. We apply the same w
selection as in the signal mode and the same K} selection as
in the B® — J/wK* control mode. The D° candidate is
formed by combining the w and K using the TreeFitter
algorithm [18,19]. We require the y? probability of the D°
vertex fit to be greater than 0.1%. A D** candidate is formed
by combining a track with a pion mass hypothesis and the D°
candidate. We suppress background from BB decays by
requiring the momentum of the D** candidates in the Y (45)
c.m. frame to be greater than 2.4 GeV/c. We further
require that the mass difference between the D** and D°
candidates be in the range [0.1445,0.1465] GeV/c?. The
BDT input variables’ distributions in reconstructed D° —
ng decays show good agreement between data and
simulation.

TABLE L. Signal efficiencies corrected for data-MC differences
(uncertainties are systematic), signal yields corrected for non-
resonant contribution and background yields (uncertainties are
statistical), as well as statistical significances.

Decay mode £4q [%] n;ig Npke Stat. Sig. [o]
Jw —etem 137407 54+11 206+ 16 4.9
Jw = ptu 132407 61+12 210+ 17 52

The signal efficiencies corrected for differences between
data and simulation are listed in Table L.

IV. SIGNAL EXTRACTION FIT

The sample passing the event selection is populated by
B® — J/yww candidates coming from both signal and back-
grounds. For signal events with multiple candidates, simu-
lation studies show that incorrectly selected signal
candidates, based on their BDT scores, are predominantly
due to misreconstructed @ mesons with a low-momentum
7Y — yy originating from the other B meson decay. The AE
distribution of these incorrectly selected B’ candidates is
centered around zero and resembles the distribution of
correctly reconstructed signal candidates. Consequently,
they are also treated as signal candidates in the measurement.

Among various sources of background, the largest
contribution comes from B — J/wX decays, for which
the J/y is correctly reconstructed but originates from a
different B decay than the signal. There is also a contri-
bution from BB events with misreconstructed J/yw and
continuum backgrounds, which accounts for 4% (15%) of
candidates in the eTe™ (u"u~) mode in simulation. The
uu~ mode has a higher background here since the muon
PID requirement has a higher fake rate than that of the
electron. We validate our suppression of continuum back-
ground by applying the selection criteria to the off-
resonance sample. We find a background yield consistent
with our expectation from simulation.

The selection efficiency in simulation for nonresonant
B® — J/wntnn° decays generated with a phase space
model is less than 1% of our signal selection efficiency. The
branching fraction of these nonresonant decays has not
been measured. From a fit to the AE distribution in the @
invariant mass sidebands, m(z"z"7°) € [0.60,0.73] U
[0.83,1.00] GeV/c?, we expect a contribution from non-
resonant decays of 1.9 + 3.0 (3.6 & 3.1) in the @ invariant
mass signal window in the e*e™ (™) mode. We correct
the fitted signal yields by the central values and take the
statistical uncertainties as a systematic uncertainty. The
interference between the signal and nonresonant decays is
calculated assuming the latter branching fraction to be the
same as that of the signal and its impact on the signal yields
is found to be negligible.

We extract the signal yields from an extended maximum-
likelihood fit to the unbinned AE distributions. The
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probability density function (PDF) of the signal is
described by a double-sided Crystal Ball (Fcg) function
[22,23] with all parameters excluding the mean u deter-
mined from simulation: o, a;, n;, ag, and ny. We account
for the data-MC differences by scaling the width ¢ of the
Gaussian core of Fcg with a scale factor obtained by fitting
the BY — J/wK*? control sample. The difference in AE
shape between the two J/w decay modes is negligible.
Therefore, the parameters of the signal PDF are shared
between J/y — ete” and J/w — utp~ modes. Each
background component has a smooth AE distribution,
enabling us to model the distribution of the sum of all
backgrounds using an exponential PDF (Fy,).

In the fit to the data, we determine the signal and
background yields, ng, and ny,, separately for the J/y —
ete” and J/w — ptu~ modes, the mean u of the signal
PDF, and the exponential decay parameters of the back-
ground PDF, ¢'. In total, the fit has seven free and five fixed
parameters. The likelihood function is

—(ngg+npke) N
e 2 2 . .
TH{nsigFlCB + nbngéxp} (1)

i=1

L=

where i is the index of the candidate, N is the total number
of candidates in the dataset, and F( and F,, are the signal
and background PDFs of the ith candidate, respectively. In
total, we fit 262 (274) candidates in the e*e™ (u* ™) mode.
The data and the fit are shown in Fig. 1. Table I lists the
signal selection efficiencies, fitted yields of signal (cor-
rected for nonresonant contribution) and background, as
well as the statistical significances that are calculated by
dividing the central values by the statistical errors.

From the signal yields, we determine the branching
fraction:

80
= Belle II EEE Background
ﬁ [Ldt =365 b -== B> J/yw
o 60~ — Fit
N ¢ Data
~
()
=40
n
s
<
g
=20
=
3
@)

0

—0.2 —0.1 0.0 0.1 0.2
AFE [GeV]
FIG. 1. Distribution of AE for B® - J/ww candidates (data

points) with fit overlaid (curves and filled area). The background
component includes contributions from B® — J/ywX, other BB
decays, and continuum events.

g e 4G )+ f o o)
By = 77 Blw — nta7%)B(z® — yy)2Ngg
(2)

where &g, are the efficiencies obtained from simulated
signal samples and corrected for data-MC differences
using control samples, B(J/w — £7¢7) is the sum
of B(J/w = eTe™)=(5971+£0.032)% and B(J/y —
up) = (5.961 4 0.033)%, B(w — atn~2°) is (89.2+
0.7)%, B(n° — yy) is (98.823 £0.034)% [20], Ngp =
(387 4 6) x 109 is the number of BB pairs in the dataset,
and f,_/foo = 1.052 & 0.031 [24] is the ratio of branch-
ing fractions for the Y (4S) decays to B*B~ and B°B°. We
obtain B(B® — J/yw) = (2.16 4-0.30) x 107>, where the
uncertainty is statistical only.

V. SYSTEMATIC UNCERTAINTIES

Table II lists contributions from various sources of
systematic uncertainty. Below, we describe each of them
as well as the procedure to estimate their contributions.

In the calculation of the branching fraction, we correct
the signal efficiencies obtained in simulation using control
samples in the data. The statistical and systematic uncer-
tainties associated with the correction factors are propa-
gated together as a systematic uncertainty on the measured
branching fraction.

Tracking efficiencies are measured with ete™ — 777~
events, where one 7 decays as 7~ — e~ ,v, and the other as
T = n ntn v, A difference of 0.27% for each track is
observed between data and simulation, which is propagated
to the uncertainty on the branching fraction.

TABLE II. Relative systematic uncertainties on the branching
fraction B(B® — J/ww) compared with the statistical uncertainty.

Source Relative uncertainty [%]
Tracking efficiency 1.1
7° reconstruction 3.8
Lepton identification ol
J/y vertex fit 0.2
o vertex fit 1.2
® mass window 1.5
BDT selection 1.2
Longitudinal polarization fraction jll:é
Signal model 0.6
Fixed PDF parameters 3.0
Nonresonant background 2.1
Background model 1.4
External inputs 0.9
Ngp 1.5
Fielfoo L5
Total systematic uncertainty 6.6
Statistical uncertainty 14.0
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The 7° reconstruction efficiency is measured in data and
simulation from the ratio of the yields of D*t —
D°(—»K~z*z%)zt and D** — D°(=K~z*)n™, scaled by
the inverse of their branching fractions. The yield ratio in
collision and simulated data is used to obtain correction
factors as a function of the z° momentum and polar angle.
The average correction factor of the z° efficiency in B —
J/ww decays is 0.99 £ 0.04, with the uncertainty dominated
by the knowledge of the D-decay branching fractions [20].

The data-MC difference in electron and muon identifica-
tion performance is calibrated with J/y — £1¢7,
ete” > ¢ (y), and ete” — ete T~ samples. The
average correction factor over the kinematic distribution of
the signal is 0.991 £ 0.009 (0.924 + 0.010) for the e*e™
(ut ™) mode, where the uncertainties are calculated as the
quadrature sum of the statistical and systematic uncertainties.

The difference in pion identification performance
between simulation and data is calibrated with samples
of D" - K=" and K% — z*z~ decays. The uncertainty
on the average correction factor over the kinematic dis-
tribution of the signal is negligible.

The vertex fit efficiencies for the J/y and w are deter-
mined by calculating the ratio of signal yields with and
without the vertex constraint for both collision and simulated
events using inclusive J/y and D° — K% control samples.
We fit the invariant mass distributions of the selected J /y and
 candidates from the control samples to extract the signal
yields. The measured efficiencies in data and simulation are
consistent within statistical uncertainties. The statistical
uncertainties on the data-MC ratio of efficiencies are
assigned as the systematic uncertainties due to vertex fit
constraints. Additionally, we measure the efficiency of the @
invariant mass window by fitting the corresponding distri-
bution from the D° — K% control sample. The efficiencies
obtained in data and simulation are statistically consistent,
and the statistical uncertainty on their ratio is taken as the
systematic uncertainty associated with the @ invariant mass
window selection.

The performance of the fake @ suppression BDT is
validated with the control mode D° — Kga). The ratio of
the signal efficiency in data and simulation due to the BDT
requirement is 0.99 +0.01 (0.99 £0.02) in the eTe”
(utu~) mode, where the uncertainty is statistical only.
The uncertainty, including the correlation between correc-
tions for the two J/w decay modes, is propagated to the
uncertainty on the branching fraction.

The signal efficiency depends on the longitudinal polari-
zation fraction of the signal decay. We simulate the signal
decay with EvtGen using helicity amplitudes measured in
Ref. [4]. We take the difference in the signal efficiency
when varying the helicity amplitudes around their uncer-
tainties as a systematic uncertainty.

We consider the following uncertainties associated with
the signal yields obtained from the fit. We assign a
systematic uncertainty due to imperfect signal modeling

using simplified simulated datasets in which the signal is
sampled from simulated data and the background is
generated with the exponential PDFE. The systematic
uncertainty is assigned to be the product of the statistical
uncertainty from the fit and the mean of the distribution of
the difference of the fit yield from its true value divided by
the fit error. To assess the systematic uncertainty associated
with fixing the width parameter in the signal PDF, we
repeat the fit by varying the scale factor determined in the
B® — J/wK*® control sample according to its statistical
uncertainty. We take the width of the variations of fit yields
from the nominal fit divided by fit errors on the signal
yields and propagate it on the branching fraction. We take
the statistical uncertainty on the expected nonresonant
yields determined with a fit to the ® invariant mass
sidebands as a systematic uncertainty.

To test the modeling of the background exponential PDF,
we perform fits using independent subsets composed of
background simulated data and signal generated from the
signal F-z PDF. An average bias on the signal yield is
obtained in the subsets. We take the uncertainty on the
average bias divided by the signal yield as a systematic
uncertainty due to imperfect background modeling and
propagate it on the branching fraction.

We propagate the uncertainty on the branching fractions
ofthe J/w — ¢T¢~,w — n"n~7°, and 7° — yy subdecays
used to reconstruct the signal [20]. The uncertainty on
the number of B® mesons in the sample comes from the
determination of the number of BB pairs and from the
knowledge of the f,_/fy ratio [24].

VI. CONCLUSION

To summarize, we have measured the branching fraction
of B - J/ww decays using data from the Belle II experi-
ment. We find 115 % 16 signal candidates in a sample of
(387 +6) x 10% BB events, corresponding to a decay
branching fraction of

B(B" = J/yw) = (2.16 £ 030 £ 0.14) x 1075 (3)

where the first uncertainty is statistical and the second is
systematic. The total signal significance is 6.5 standard
deviations, constituting the first observation of the decay.
The significance is calculated by adding the statistical and
systematic uncertainties in quadrature. The results are the
most precise to date and consistent with earlier determinations
by LHCD [3,4]. They open up the possibility of conducting a
CP violation study with more data from Belle IL
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