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Abstract
This note describes the rediscovery of B → η′K decays in Belle II data, both in the charged

and neutral final state: B0 → η′K0
S and B± → η′K±. The η′ is searched for in two decay modes:

η′ → ηπ+π− with η → γγ, and η′ → ργ. The analysis uses data collected in 2019 and 2020 at the

SuperKEKB asymmetric e+e− collider, with an integrated luminosity of 62.8 fb−1, corresponding

to 68.2 million of BB pairs produced. The signal yield is obtained via an unbinned maximum

likelihood fit to signal sensitive variables, obtaining branching ratios:

B
(
B± → η′K±

)
=
(

63.4 +3.4
−3.3 (stat)± 3.4 (syst)

)
× 10−6

B
(
B0 → η′K0

)
=
(

59.9 +5.8
−5.5 (stat)± 2.7 (syst)

)
× 10−6

which are consistent with world average.
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I. INTRODUCTION

Charmless hadronic B decays provide a rich ground for studying the mechanisms of B
meson decays and the phenomenon of CP violation. In particular, the decay B → η′K
is a rare charmless hadronic B decay, mediated via hadronic penguin diagram, which is
particularly sensitive to new physics in the hadronic loop. The measurements of CP violation
parameters using time dependent CP violation techniques are the most precise for this kind
of decay, thanks to the relatively large branching fraction. These measurements are also
very clean from the theoretical point of view, thanks to the very limited tree pollution [1].

The B → η′K decay was initially discovered by CLEO [2, 3]. The current best measure-
ments of branching ratio B were obtained by Belle [4] and BaBar [5], using 386 and 467
million BB pairs, respectively. The current Belle II integrated luminosity, collected at the
Υ(4S ) resonance, does not allow, yet, to improve these measurements, but the rediscovery
of these final states is an important benchmark to demonstrate the capability of the Belle II
detector. These B → η′K decays are characterized by complicated final states, with charged
and neutral particles, and intermediate resonances. Moreover, they are affected by a large
contamination due to background coming both from continuum e−e+ → qq (q = u, d , s , c)
events as well as from misreconstructed signal events (self cross feed (SxF)). The continuum
suppression is achieved by a multivariate discriminator CSvar, which is validated on off-
resonance data. The signal yield is extracted with a multidimensional maximum likelihood

fit, using as input variables : Mbc =
√
E∗2beamc

4 − p∗2B c2, ∆E = E∗B − Ebeam (where (p, E)∗B
are momentum and energy of the candidate B computed in the center of mass system, and
Ebeam =

√
s/2), and the output of the continuum suppression discriminator.

Both charged and neutral decays are measured. Two decay modes for η′ are considered:
η′ → η(→ γγ)π+π− and η′ → ρ(→ π+π−)γ, while only the K0

S → π+π− decay has been
used.

II. THE BELLE II DETECTOR AND DATASET

The Belle II detector is described in detail in Ref. [6]. The detector has a cylindrical
structure around the beam pipe, placed partially inside a solenoidal superconducting magnet
providing a 1.5T magnetic field. The innermost sub-detector is the vertex detector (VXD),
formed by two layers of silicon pixel sensors and four layers of silicon strips, devoted to
tracking and vertexing. It is surrounded by a large central drift chamber (CDC), with
small cells and filled with a helium ethane mixture, which provide precise measurement of
momenta of charged tracks as well as particle identification via energy loss measurement
(dE/dx). Two Cherenkov detectors provide additional particle identification: the Time of
Propagation (TOP) counter in the barrel region, and the Aerogel Ring Imaging Cherenkov
(ARICH) in the forward region. The last detector inside the solenoid is the electromagnetic
calorimeter (ECL), based on CsI(Tl) crystals, dedicated to photon and electron identification
and measurement. The return yoke of the magnet is instrumented with scintillator strips
and resistive plate chambers, to provide measurements for K0

L mesons and muons (KLM).
The coordinate system is defined by the z axis, corresponding to the solenoid axis, and
roughly oriented with the electron beam, the polar angle θ defined with respect the z axis,
and the azimuthal angle φ.

The dataset used for this analysis was collected by Belle II in 2019 and 2020 at the
SuperKEKB asymmetric energy e+e− collider [7]. The integrated luminosity collected at
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a centre-of-mass (CM) energy corresponding to the Υ(4S ) resonance is 62.8 fb−1, with an
additional 9.2 fb−1 collected about 60 MeV below the resonance (off-resonance dataset). This
corresponds to n(BB ) = 68.21× 106 produced pairs of BB [8].

III. EVENT SELECTION AND CONTINUUM SUPPRESSION

Charged tracks are required to have their point of closest approach within 2 cm (0.5 cm)
of the measured e+e− interaction point along the z axis (in the transverse plane), and to
be inside the CDC acceptance region. Photons candidate clusters are required to have a
minimum energy of 150 MeV, more than 1.5 ECL cells in the cluster, and E9/E21 > 0.9,
where E9 is the energy of the 3 × 3 ECL cells around the photon hit point and E21 is the
energy in the 5× 5 cells excluding the outermost 4 cells at the vertices.

For the η′ → η(→ γγ)π+π− decay mode, the intermediate η resonance is formed with
two photons with an invariant mass 0.5 < Mγγ < 0.57 GeV/c2; the η′ is built from an
η candidate and two oppositely charged tracks having a pion mass hypothesis, and with
0.92 < M

ηπ
+
π
− < 1.0 GeV/c2.

For the η′ → ργ decay mode, the ρ candidate also uses two oppositely charged tracks
each having a pion mass hypothesis, with at least 20 measurements in the CDC, and with
a minimal requirement on particle identification (PID> 0.1), combining information from
all sub-detectors, for a typical efficiency of 90%. The invariant mass of the pion pair is
required to be 0.51 < M

π
+
π
− < 1.0 GeV/c2. The additional γ used to form the η′ candidate

is required to have cos θ > −0.64, corresponding to the barrel and forward region of ECL.
The η′ invariant mass is required to be 0.92 < Mργ < 1.0 GeV/c2

For the charged final state B± → η′K±, the K± is required to have a minimal PID> 0.1,
more than 20 measurements in the CDC, and not lie in the backward part of the acceptance:
cos θ

K
± > −0.5.

The K0
S candidate used for the neutral final state is formed from two charged tracks,

with a pion mass hypothesis, with an invariant mass 0.49 < M
π
+
π
− < 0.51 GeV/c2 and the

cosine of the angle αp,v, between the direction of the π+ π− system and the direction defined

by the e+e− interaction point and the K0
S reconstructed secondary vertex, is required to be

cosαp,v > 0.99.
The full decay chain is reconstructed imposing constraints on the mass of the intermediate

resonances, with the exception of ρ, to be the world average [9].
The candidate multiplicity is around two candidates per event for the η′ → ηπ+π− decay

channel, and about six for η′ → ργ. Only the candidate with the best B vertex probability
is retained: the simulation shows that this selects the correct candidate in about 95% of the
cases. The overall efficiency for this selection is about 31% and 24% for the η′ → ηπ+π−

and η′ → ργ decay channels, respectively. The self cross feed is about 2-3% of the signal.
To reduce the dominant background from random combinations of particles in continuum

events, we use a multivariate approach, combining a set of variables which are sensitive to the
event shape. These includes Kakuno-Super-Fox-Wolfram moments [10], CLEO cones [11],
as well as the angles of the thrust axis of signal B with respect to that the rest of event
and that with respect the beam axis. All variables that exhibit a correlation greater than
10% with Mbc and ∆E are excluded. The classifier (CSvar) used is based on the FastBDT
algorithm [12]. The output of the discriminator is validated using off-resonance data, as
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shown in Fig. 1, where the discrimination against signal is also visible. The discrepancy
in shape between off-resonance data and simulation is covered by a dedicated systematic
uncertainty. No selection is applied to this variable, but it is directly used in the fit to
extract the signal yield, as described below.
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FIG. 1. Distribution of continuum suppression multivariate discriminator for off-resonance data

and continuum MC, normalized to same area, for the four decay channels, after signal selection.

The signal distribution (in red), also normalized to same area, is superimposed.

IV. MAXIMUM LIKELIHOOD FIT

The signal extraction is performed via an extended, unbinned multivariate maximum
likelihood (ML) fit. The likelihood L is defined, for the ith events, with a set of observables
~xi, as:

Li(~x) =
m∑
j=1

njPj(~xi) , (1)

where Pj is the probability density for the component j computed for input variables (ob-
servables) ~xi, and nj is the number of events in the dataset for component j. The input
observables ~xi are Mbc, ∆E, and the continuum suppression discriminator CSvar.
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The probabilities Pj are assumed to be the product of 1-dimensional probability density
functions (pdfs) for each input variable, neglecting correlations. The correlation of the
observables has been tested on simulation, where a small (anti-)correlation (∼ 10%) between
Mbc and ∆E is observed, while the continuum suppression discriminator shows no correlation
with the other two variables.

For a dataset of N events, where N is expected to fluctuate according to Poisson statistics,
the likelihood L is:

L(N ; ~x) =
e−

∑
nj

N !

N∏
i=1

Li , (2)

The components considered for the fit are:

� signal: correctly reconstructed signal;

� signal cross feed (SxF): incorrectly reconstructed signal, namely events where a
signal is present but where the reconstruction fails to assign the correct particles to
form a B ;

� continuum: background from e−e+ → qq (q = u, d , s , c) and e−e+ → ττ ;

� peaking: background from BB, both charged and neutral.

As the signal cross feed component is expected to be small and the observables are
not sensitive to it, the fit is performed considering signal and signal cross feed as a single
component, and the relative fraction (about 9%) is fixed from simulation.

The functional form of the pdfs for all components are modelled from simulation. We use
a double Gaussian for Mbc and ∆E for signal, for SxF a Crystal Ball [13](CB) for Mbc and
CB or Gaussian plus polynomial for ∆E. For continuum, an ARGUS function [14] is used
for Mbc, and a polynomial for ∆E. For peaking background, the sum of an ARGUS and a
Gaussian is used for Mbc and a polynomial is used for ∆E. Finally, a bifurcated Gaussian
is used for CSvar.

The fit to data is performed by varying the yield of signal, continuum, and peaking
background, as well as the mean and width of the Gaussian used to model Mbc for signal,
the slope of the ARGUS for continuum for Mbc, the mean and width of the Gaussian for
∆E for signal, and the parameters for the polynomial model for continuum ∆E.

The minimization is performed using MINUT [15], and the uncertainty computation uses
the MINOS algorithm. The fit was validated and confirmed to be unbiased with pseudo-
experiments. The events in the signal region (defined as Mbc > 5.27 GeV/c2 and −0.07 <
∆E < 0.05 GeV) were not examined until the fit procedure was defined and validated, using
simulation, side bands, and off-resonance data.

V. RESULTS

The results of the ML fit on the 2019-2020 Belle II dataset at the Υ(4S ) are reported in
Table 1 for the four channels analyzed. In Fig. 2-5, the projections of the fit results for the
three observables are shown for data in a signal enriched region, with a selection on signal
versus background likelihood ratio (LR > 0.7). The two dimensional distributions of ∆E vs
Mbc are shown with a selection on the continuum suppression variable CSvar, reported in the
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plots, which optimizes the figure of merit FoM = S/
√
S +B, where S and B are the number

of expected signal and background events in the signal region, respectively. Figure 6 shows
the distribution the η′ invariant mass in the signal-enriched region for the four channels.
This variable has not been used for signal yield extraction.
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FIG. 2. Distributions of Mbc and ∆E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus ∆E with the FoM-optimized CSvar selection

reported on the plot, for the channel B± → η′K± with η′ → ηπ+π−. Superimposed on the 1D

distributions are the results of the extended ML fit as described in the text.

The branching ratio is computed as:

B(B → X) =
Nsig

2 ·N(BB) · f00/+− · εB
, (3)

where Nsig is the yield for signal as returned by the ML fit, N(BB) is the number of BB

pairs in the dataset, f00/+− is the fraction of B0B0 and B+B− [9], respectively, and εB is
the product of the signal reconstruction and selection efficiency and the branching ratios of
the daughter particles for the decay channels considered.
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FIG. 3. Distributions of Mbc and ∆E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus ∆E with the FoM-optimized CSvar selection

reported on the plot, for the channel η′ → ργ. Superimposed on the 1D distributions are the results

of the extended ML fit as described in the text.

TABLE 1. Summary of results for the four decay channels, corresponding to an integrated luminos-

ity of L = 62.8 fb−1. Measured signal yields (Nsig), statistical significances (sig.), efficiencies (ε),

total efficiencies including the secondary branching ratios (εB), and the measured B are reported.

The uncertainties are statistical, the second uncertainty in the last column (B) is the systematic

uncertainty.

Mode Nsig sig. ε(%) εB(%) B (10−6)

B± → η′(→ η(→ γγ)π+π−)K± 263 +18
−19 25.7 31.7± 0.03 5.45 63.9 +4.6

−4.4 ± 4.0

B± → η′(ρ(→ π+π−)γ)K± 335 +26
−25 22.2 24.2± 0.04 7.05 62.9 +4.8

−4.8 ± 5.5

B0 → η′(→ η(→ γγ)π+π−)K0
S 80.0 +11.2

−10.4 13.8 31.0± 0.03 1.80 61.6 +8.6
−8.0 ± 3.9

B0 → η′(ρ(→ π+π−)γ)K0
S 99.7 +14.2

−12.7 14.2 23.6± 0.04 2.35 58.5 +7.9
−7.4 ± 4.4
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FIG. 4. Distributions of Mbc and ∆E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus ∆E with the FoM-optimized CSvar selection

reported on the plot, for the channel B0 → η′K0
S with η′ → ηπ+π−. Superimposed on the 1D

distributions are the results of the extended ML fit as described in the text.

VI. SYSTEMATICS UNCERTAINTIES

The systematic uncertainties considered for this analysis are the following:

� tracking efficiency: we add 0.69% for each charged track in the signal final state [16];

� photon efficiency: from a sample of e−e+ → µ−µ+γ events, the systematic uncer-
tainties have been evaluated as a function of photon energy and polar angle θ;

� K0
S reconstruction efficiency: comparing data and simulation, we observed that

the ratio of K0
S reconstruction efficiency changes linearly as a function of the flight

distance, so we applied an uncertainty of 0.31% per cm of the average flight length,
plus a 15% uncertainty for the mis-modeling of material between second and third
layer of SVD (10% of candidates);
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FIG. 5. Distributions of Mbc and ∆E, and continuum suppression discriminator for the signal-

enriched region (LR > 0.7), as well as Mbc versus ∆E with the FoM-optimized CSvar selection

reported on the plot, for the channel B0 → η′K0
S with η′ → ργ. Superimposed on the 1D distribu-

tions are the results of the extended ML fit as described in the text.

� PID: a sample of D∗ → D(→ Kπ)πsoft is used to compute the difference in efficiency
for data and simulation as a function of particle momentum and cos θ for pions and
kaons[17];

� Continuum suppression modelling: we repeat the ML fit using off-resonance data
to obtain the pdf parameters for the continuum suppression discriminator, and use
the difference in yield using the pdf from simulation as the uncertainty;

� SxF fraction: we vary the fraction of SxF to truth matched signal found in simulation
by ±50% and assign the difference in yield as systematic uncertainty;

� N(BB) yield: an overall uncertainty of 1.4% is taken as a systematic uncertainty,
and includes the uncertainty on the cross section, integrated luminosity, and possible
shift of collision energy [8];

The systematic uncertainties for the four channels are summarized in Table 2.
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FIG. 6. Distributions of invariant mass of η′, without any mass constraint, for the four channels

in the signal-enriched region (LR > 0.7).

TABLE 2. Summary of systematics uncertainties (in %) by category and channel.

Channel B± → η′K± B0 → η′K0
S B± → η′K± B0 → η′K0

S

Source η′ → ηπ+π− η′ → ργ

Tracking efficiency 2.1 2.8 2.1 2.8

Photon efficiency 0.5 0.5 0.5 0.5

K0
S efficiency - 4.5 - 4.5

π± PID - - 2.4 2.4

K± PID 2.5 - 2.5 -

Cont. supp. modelling 5.0 1.0 5.5 2.3

SxF fraction 2.6 1.8 5.9 3.2

N(BB) 1.4

Total 6.6 5.9 9.1 7.2

VII. CONCLUSIONS

In this paper, we described the rediscovery of the B → η′K hadronic-penguin mediated
decays, both for charged and neutral B mesons. The full Belle II luminosity collected up to
summer 2020 has been used, corresponding to L = 62.8 fb−1 and 68.2× 106 BB pairs. The
signal yield is extracted via a maximum likelihood fit to the data, and has been validated on
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simulation, as well as on off-resonance data. The results, reported in Table 3, are in good
agreement with world averages [9]. The signal yield per 106 BB is similar to that reported
by BaBar [5], and almost a factor two larger that that of Belle [4], partially thanks to the
absence of selection on continuum suppression variable. The next step will be to use the
future large data sample collected at Belle II for a full time dependent CP violation analysis.

TABLE 3. Summary of results on branching ratios obtained in this analysis, and comparison with

world averages.

This analysis World average [9]

Channel B (×106)

B± → η′K 63.4 +3.4
−3.3(stat)± 3.4(syst) 70.4± 2.5

B0 → η′K0 59.9 +5.8
−5.5(stat)± 2.7(syst) 66± 4
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