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We report the first search for the penguin-dominated process B0
s → η0Xss̄ using a semi-inclusive method.

A 121.4 fb−1 integrated luminosity ϒð5SÞ data set collected by the Belle experiment, at the KEKB

asymmetric-energy eþe− collider, is used. We observe no statistically significant signal and, including all

uncertainties, we set a 90% confidence level upper limit on the partial branching fraction at 1.4 × 10−3 for

MðXss̄Þ ≤ 2.4 GeV=c2.

DOI: 10.1103/PhysRevD.104.012007

The study of the decay of B mesons—bound states of

a b antiquark and either a u, d, s, or c quark—has been

fruitful for the interrogation of rare processes, elucidating

the strong and weak interactions of the Standard Model

(SM) of particle physics. According to the SM flavor-

changing neutral currents are forbidden in B decays at

leading-order, but may effectively occur at higher-order

in “penguin” ΔB ¼ 1 processes, where B is the beauty

quantum number [1].

The CLEO collaboration measured a larger than

expected branching fraction (BF) for the charmless decay

(decays whose primary decay products lack a charm quark)

B → η0Xs as BðB→η0XsÞ¼ ½4.6�1.1ðstatÞ�0.4ðsystÞ �
0.5ðbkg:Þ�×10−4, with MðXsÞ<2.35GeV=c2, where the

third uncertainty is due to the background subtraction

[2,3]. BABARmeasured BðB → η0XsÞ ¼ ½3.9� 0.8ðstatÞ �
0.5ðsystÞ � 0.8ðmodelÞ� × 10−4, for the same MðXsÞ
requirement [4]. Here, “model” refers to the fragmentation

uncertainty of the Xs. Belle previously measured the BF for

the related process B → ηXs as BðB→ ηXsÞ ¼ ½26.1�
3.0ðstatÞþ1.9

−2.1ðsystÞþ4.0
−7.1ðmodelÞ�× 10−5 [5].

While the η0 meson itself is interesting [6] as its mass is

higher than is expected from symmetry considerations, it is

the unexpected BF enhancement seen in the B → η0Xs

measurements that has generated considerable interest. In

Ref. [7], for example, the predicted BF for a four-quark

SM prediction for B → η0Xs is 1.3 × 10−4. Explanations for

this apparent enhancement focus on processes such as the

b → sg transition, which is modified to an anomalous

b → sg� process, where g� → gη0, with the gluon coupling

to the η0 singlet [8–14]. Hence, glueball coupling may

provide an explanation for these decays involving the η0.
Inclusive b → sg processes have not yet been inves-

tigated using the B0
s meson. We report the first search for

the decay B0
s → η0Xss̄ using a semi-inclusive method [15]

with data collected at the ϒð5SÞ resonance by the Belle

detector at the KEKB asymmetric-energy eþe− collider in

Japan [16].

To lowest order, the amplitude for B0
s → η0Xss̄ contains

contributions from QCD penguin diagrams [17], the

anomalous gη0 coupling, the tree-level color-suppressed

b → u diagram, and the b → sðγ; ZÞ electroweak penguin

diagrams, shown in Fig. 1. Contributions from penguin

annihilation diagrams are typically omitted as they are

suppressed by a factor of ΛQCD=mb, where ΛQCD is the

quantum chromodynamic scale and mb is the mass of the

beauty quark [18].

The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector

(SVD), a 50-layer central drift chamber (CDC), an array

of aerogel threshold Cherenkov counters (ACC), a barrel-

like arrangement of time-of-flight scintillation counters

(TOF), and an electromagnetic calorimeter comprised of

FIG. 1. Lowest-order diagrams contributing to B0
s → η0Xss̄.
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CsI(Tl) crystals (ECL) located inside a superconducting

solenoid coil that provides a 1.5 T magnetic field. An iron

flux-return located outside of the coil is instrumented to

detect K0

L mesons and to identify muons. For the ϒð5SÞ
data sample, Belle used a 1.5 cm radius beampipe, a 4-layer

SVD, and a small-inner-cell CDC [19].

We use the 121.4 fb−1 data sample recorded by Belle,

taken at the center-of-mass (CM) energy
ffiffiffi

s
p ¼10.866GeV,

which corresponds to the ϒð5SÞ resonance. The ϒð5SÞ
decays to B0

s pairs with a branching fraction of 0.172�
0.030 and of this fraction the ϒð5SÞ has three channels for
the B0

s decays: ϒð5SÞ → B0�
s B̄0�

s , ϒð5SÞ → B0
sB̄

0�
s and

B0�
s B̄0

s , and ϒð5SÞ → B0
sB̄

0
s . The rates are 87.0%, 7.3%,

and 5.7%, respectively [20]. This corresponds to ð7.11�
1.30Þ × 106 B0

sB̄
0
s pairs, the world’s largest ϒð5SÞ sample

in eþe− collisions. A blind analysis is performed, whereby

the selection criteria are first optimized on Monte Carlo

(MC) simulations before being applied to the data. A signal

MC sample for B0
s → η0Xss̄ is generated using EvtGen [21]

and the detector response is simulated using GEANT3 [22],

with PHOTOS describing final-state radiation [23]. The

MC-generated mass of the Xss̄ system is bounded below

by the two-(charged) kaon mass 0.987 GeV=c2 and has an

upper bound of 3.0 GeV=c2. The Xss̄ mass is generated as a

flat distribution and is fragmented by PYTHIA 6 [24]. The

flat distribution reduces model dependence and allows

for an analysis that does not depend on the Xss̄ mass

distribution.

The B0
sðb̄sÞ and B̄0

sðbs̄Þ candidates are reconstructed

using a semi-inclusive method in which the Xss̄ is recon-

structed as a system of two kaons, either KþK− or

K�K0

Sð→ πþπ−Þ, and up to four pions with at most one

π0, where the π0 decays via the channel π0 → γγ. The η0 is
reconstructed in the channel η0 → ηð→ γγÞπþπ−. The

experimental signature is divided into two classes of decay

modes: without ðB0
s → η0KþK− þ nπÞ and with ðB0

s →

η0K�K0

S þ nπÞ a K0

S. These classes are analyzed separately,

with the weighted average BFs taken at the end. Charge-

conjugate decays are included unless explicitly stated

otherwise.

Charged particle tracks are required to satisfy loose

impact parameter requirements to remove mismeasured

tracks [15], and have transverse momenta pT greater than

50 MeV=c. Separation of the charged kaons and charged

pions is provided by the CDC [25], ACC [26], and the TOF

[27] systems. Information from these subdetectors is

combined to form a likelihood ratio for the charged kaon

hypothesis: PK� ¼ LK�=ðLK� þ Lπ�Þ. For this analysis,

the selections PK� > 0.6 for K� and PK� < 0.6 for π� are

applied. The efficiency to correctly identify a pion (kaon) is

98% (88)%, with a misidentification rate of 4% (12)% [5].

The π0 candidate mass range is MðγγÞ ∈ ½0.089;
0.180� GeV=c2 (�5σ window). The π0 candidates are kine-

matically constrained to the nominal mass [28]. In the ECL,

the photons constituting the π0 are required to have

energies greater than 50 MeV in the barrel region, greater

than 100 MeV in the endcaps, and the ratio of their energy

depositions in a 3 × 3 ECL crystal array to that in a 5 × 5

crystal array around the central crystal, is required to be

greater than 0.9. To further reduce combinatorial back-

ground, a requirement on the π0 laboratory-frame momen-

tum to be greater than 0.2 GeV=c is imposed.

The η is reconstructed in a two-photon asymme-

tric invariant mass window Mη ∈ ½0.476; 0.617� GeV=c2
(4.5σL, 9.2σR, from signal MC samples, after all final

selections are applied), where L and R refer to the left

and right sides of the mean of the mass distribution. The

asymmetry is due to energy leakage in the ECL, causing

the η mass distribution to be asymmetric. Each photon is

required to have Eγ > 0.1 GeV. A requirement on the

photon-energy asymmetry ratio jEγ1 − Eγ2j=ðEγ1 þ Eγ2Þ <
0.6 is applied to further suppress the background. The η0

mesons are reconstructed in a maximally efficient mass

window Mη0 ∈ ½0.933; 0.982� GeV=c2 (approximately

�7.0σ, from signal MC samples, after all final selections

are applied). The η and η0 masses are kinematically fit to

the world average [28]. The mass range of the K0

S isMK0

S
∈

½0.487; 0.508� GeV=c2 (�3σ window).

The Xss̄ system is reconstructed as a system of kaons

and pions, which is in turn combined with the η0 to form Bs

candidates. Two variables important in extracting the

signal are the energy difference ΔE, defined as ΔE¼EBs
−

Ebeam and the beam-energy-constrained mass, defined as

Mbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2

beam=c
4 − p2

Bs
=c2

q

, where Ebeam ¼ ffiffiffi

s
p

=2, EBs
is

the energy of theBs, andpBs
is themagnitude of theBs three-

momentum in the CM frame of the colliding eþe− beams.

The dominant nonpeaking background is from con-

tinuum with others coming from generic B
0ð�Þ
s B̄

0ð�Þ
s and

BB̄X decays. An initial reduction in continuum back-

ground ðeþe− → qq̄; q ¼ u; d; s; cÞ is done with a selection
on the ratio of the second to the zeroth order Fox-

Wolfram moments R2 ≤ 0.6 [29]. A neural network

(NN), NeuroBayes [30], is used to further suppress

continuum background, with other backgrounds being

reduced as well. The NN is trained to primarily discrimi-

nate between event topologies using event shape variables

[31]. Signal events have a spherical topology, while

continuum background events are jetlike. The NN is trained

using these variables on independent signal and continuum

background MC simulations. The NN output variable ONN

describes, effectively, the probability that a B0
s candidate

came from an event whose topology is spherical or jetlike.

To obtain a specific ONN selection, the figure-of-merit

(FOM) S=
ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

is optimized as a function ofONN, where

S and B are the fitted signal and background yields from

an MC sample that is passed through the trained net-

work. This MC contains an approximately data-equivalent
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background and an enhanced signal. This was done

assuming BðB0
s → η0Xss̄Þ ¼ 2 × 10−4; this is 1.6 standard

deviations below the BABAR central value for B → η0Xs.

The value of ONN corresponding to the maximum value of

the FOM is selected. Events having ONN values below this

selection are rejected. Separate optimizations are done for

B0
s → η0KþK− þ nπ and B0

s → η0K�K0

S þ nπ, which have

substantially different background levels and efficiencies.

The NN requirement reduces continuum background by

more than 97% in both cases, while preserving 39%

and 53% of signal events for B0
s → η0KþK− þ nπ and

B0
s → η0K�K0

S þ nπ, respectively.

After an initial requirement of Mbc > 5.30 GeV=c2,

jΔEj < 0.35 GeV, and MðXss̄Þ ≤ 2.4 GeV=c2, and after

all final selections are applied, there are an average of 6.4

candidates per event for B0
s → η0KþK− þ nπ and 26.0

for B0
s → η0K�K0

S þ nπ. To select the best candidate per

event, the candidate with the smallest χ2 given by χ2 ¼
χ2vtx=ndf þ ðΔE − μΔEÞ2=σ2ΔE is selected, where ΔE is

calculated on a candidate-by-candidate basis, and μΔE is

the mean energy difference of the ΔE distribution, obtained

through studies of signal MC of individual exclusive B0
s →

η0Xss̄ decay modes; σΔE is the width of these distributions.

Here χ2vtx=ndf is the reduced χ2 from a successful vertex

fit of the primary charged daughter particles of the Xss̄.

From signal MC, the efficiency of the best candidate

selection is 85.5% for B0
s → η0KþK− þ nπ and 43.2%

for B0
s → η0K�K0

S þ nπ, in the signal region. The fraction

of B0
s candidates passing best candidate selection that are

correctly reconstructed is 94.0% for B0
s → η0KþK− þ nπ

and 60.4% for B0
s → η0K�K0

S þ nπ. These numbers are

obtained after all final selections are applied.

Other backgrounds were studied as sources of potential

peaking background. Due to the signal final state, it is

difficult to have backgrounds that will be equivalent in

topology and strangeness, and that are not highly sup-

pressed. However, one such unmeasured mode is

B0
s → η0Dsπ. Reconstruction efficiency is estimated using

MC events and an expected number of peaking events is

determined. For B0
s → η0Dsπ the BF is assumed to be

similar to B0
→ D−πþρ0, for which the world average is

½1.1� 1.0� × 10−3 [28]. After applying all final selections,

the total number of expected peaking events is less than

one. There is a negligible amount of peaking background

based on studies of B0

ðsÞB̄
0

ðsÞ MC samples.

The decay B → η0K�0 can contribute to peaking back-

ground if the pion from K�0
→ K−πþ is misidentified. The

world average BF is ½ 2.8� 0.6� × 10−6 [28]. From this and

the pion misidentification rate, we expect the background

contribution from this mode to be negligible.

The color-suppressed, tree-level process B0
s → D̄0η0,

with D0
→ KþK− could potentially contribute to the

peaking background. However, B0
→ D̄0η0 has a measured

BF of BðB0
→ D̄0η0Þ ¼ ½1.38� 0.16� × 10−4. The process

D0
→ KþK− is Cabibbo-suppressed and has a measured

BF of BðD0
→ KþK−Þ ¼ ½4.08� 0.06� × 10−3 [28].

Assuming SUð3Þ symmetry, we expect there to be less

than one event from B0
s → D̄0η0, for this analysis.

For signal extraction, fitting is done in 0.2 GeV=c2 bins

of Xss̄ mass, up to 2.4 GeV=c2, using unbinned maximum-

likelihood fits. All submodes are combined for fitting.

Signal extraction is done by fitting the Mbc distribution in

the regionMbc > 5.30 GeV=c2, −0.12 ≤ ΔE ≤ 0.05 GeV.

The ϒð5SÞ has three channels for B0
s decays: ϒð5SÞ →

B0�
s B̄0�

s , ϒð5SÞ → B0
sB̄

0�
s and B0�

s B̄0
s , and ϒð5SÞ → B0

sB̄
0
s .

The corresponding rates are 87.0%, 7.3%, and 5.7%,

respectively [20]. The low-energy photon from B0�
s →

B0
sγ is not reconstructed. This has the effect of shifting

the mean of the ΔE distribution to a value of approximately

−50 MeV. As a result, there are three signal peaks in the

beam-energy-constrained mass distribution.

The signal in beam-energy-constrained mass is modeled

as the sum of three Gaussian probability density functions

(PDFs) that correspond to the threeϒð5SÞ decays described
above. Their shape parameters (means and widths of the

signal Gaussians) are determined from a B0
s → D−

s ρ
þ data

control sample and are fixed in the fit to data. The

nonpeaking background fit component is an ARGUS

PDF [32] with a fixed shape parameter, determined from

fits to ϒð5SÞ data NN sidebands. The ARGUS endpoint is

fixed at 5.434 GeV=c2, the kinematic limit ofMbc. The full

model is the sum of the signal and background PDFs, with

the signal and background yields allowed to float.

The signal reconstruction efficiency, defined as ϵi ¼
Nrec

i =N
gen
i , is determined from fitting signal MC sample,

in each Xss̄ mass bin i after all selections are applied.

Here, N
gen
i ¼ N

B0
s→η0KþK−þnπ

i þ N
B0
s→η0K�K0

S
þnπ

i þ Nother
i , is

the number of generated B0
s mesons in the signal MC

sample. The quantity Nother
i is the number of generated B0

s

mesons that do not belong to either of the two classes of

signal modes: B0
s → η0KþK− þ nπ and B0

s → η0K�K0

S þ
nπ [33]. The quantity Nrec

i is the number of events found

from the Gaussian signal fit in the ith Xss̄ mass bin.

The BF is calculated as BðB0
s → η0Xss̄Þi ¼ N

sig
i =½2×

N
B
0ð�Þ
s B̄

0ð�Þ
s
ϵ0iBðη → γγÞBðη0 → πþπ−ηÞ�, where i denotes the

mass bins of Xss̄, the ϵ0i are the bin-by-bin MC signal

reconstruction efficiencies ϵi, corrected for data-MC

discrepancies in NN selection, best candidate selection,

particle identification, tracking efficiency, η → γγ recon-

struction, π0 → γγ reconstruction, and K0

S → πþπ− recon-

struction. The quantity N
sig
i is the number of fitted signal

events and the quantity N
B
0ð�Þ
s B̄

0ð�Þ
s

is the total number of

produced B0
sB̄

0
s pairs.

Figures 2 and 3 show the sum of the fits, whose results

are listed in Tables I and II, respectively, overlaid on the

data. The central value for BðB0
s → η0Xss̄Þ is estimated to be
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the weighted average of the total BF central values for

B0
s → η0KþK− þ nπ and B0

s → η0K�K0 þ nπ. These are

obtained by summing the BFs listed in Tables I and II, for

B0
s → η0KþK− þ nπ and B0

s → η0K�K0 þ nπ, respectively.
The weights for the average central value are obtained from

the statistical uncertainties.

The dominant uncertainties are due to the Xss̄ fragmen-

tation. Other systematic uncertainties include neural net-

work selection, uncertainties related to track finding

and identification, best candidate selection, neutral meson

reconstruction, subdecay branching fractions, ϒð5SÞ pro-

duction models, and the number of B0
sB̄

0
s pairs. A detailed

discussion of the uncertainties is given in the accompany-

ing appendix. Systematic uncertainties are added in quad-

rature; fragmentation model (FM) [34] uncertainties are

added linearly within a class and for the final weighted

average, these class sums are added in quadrature.

The statistical significance in each Xss̄ mass bin is

calculated as S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðL0=LmaxÞ
p

, where L0 is the

likelihood at zero signal yield and Lmax is the maxi-

mum likelihood. No statistically significant excess of

events is observed in any Xss̄ mass bin. We set an upper

limit on the partial BF (a BF with the requirement

MðXss̄Þ ≤ 2.4 GeV=c2) at 90% confidence level by inte-

grating a Gaussian likelihood function whose standard

deviation is estimated by the sum in quadrature of the

positive statistical and systematic uncertainties. The stan-

dard deviation, σ, is approximately 8.6 × 10−4. The integral

is restricted to the physically allowed region above zero,

giving an upper limit on BðB0
s → η0Xss̄Þ. As a result, 1.68σ

is added to the weighted average central value to obtain the

90% confidence level upper limit.

FIG. 2. Sum of the fits to all MðXss̄Þ bins overlaid on the Mbc

distribution, for the decay B0
s → η0ð→ ηπþπ−ÞXss̄ for B0

s →

η0KþK− þ nπ submodes and MðXss̄Þ ≤ 2.4 GeV=c2 and with

all selections applied. The light blue shaded region is the sum of

the background fits, the red shaded region is the sum of the signal

fits, and the black dashed curve is the sum of the two.

TABLE I. Results for the B0
s → η0KþK− þ nπ submodes, from

the 121.4 fb−1 ϒð5SÞ data set; the table contains the MðXss̄Þ bin
in units of GeV=c2, corrected reconstruction efficiency ðϵ0Þ,
number of fitted signal events Nsig, and B, the central value of

the partial BF.

MðXss̄Þ ϵ0 (%) Nsig BðB0
s → η0Xss̄Þ (10−4)

1.0–1.2 3.60� 0.08 0.4þ2.6
−1.9 0.05þ0.30

−0.22 (stat) þ0.004
−0.005 (syst)

1.2–1.4 2.82� 0.08 0.08þ2.4
−1.7 0.01þ0.36

−0.28 (stat) þ0.001
−0.001 (syst)

1.4–1.6 0.90� 0.04 0.7þ2.5
−1.8 0.3þ1.1

−0.8 (stat) þ0.04
−0.05 (syst)

1.6–1.8 0.54� 0.03 0.4þ2.1
−1.4 0.3þ1.6

−1.1 (stat) þ0.05
−0.1 (syst)

1.8–2.0 0.34� 0.03 1.4þ2.6
−2.0 1.7þ3.3

−2.5 (stat) þ0.4
−0.6 (syst)

2.0–2.2 0.22� 0.02 0.3þ3.7
−3.4 0.6þ7.1

−6.4 (stat) þ0.2
−0.2 (syst)

2.2–2.4 0.14� 0.02 −2.3þ3.8
−3.4 −7.0þ11.6

−10.4 (stat) þ1.7
−4.1 (syst)

TABLE II. Results for the B0
s → η0K�K0

S þ nπ submodes, from

the 121.4 fb−1 ϒð5SÞ data set; rows with dashes indicate bins

where no events, background or signal, were found; the table

contains the MðXss̄Þ bin in units of GeV=c2, corrected

reconstruction efficiency ðϵ0Þ, number of fitted signal events

Nsig, and B, the central value of the partial BF.

MðXss̄Þ ϵ0 (%) Nsig BðB0
s → η0Xss̄Þ (10−4)

1.0–1.2 0.016� 0.006 0.0 � � �
1.2–1.4 0.24� 0.02 0.3þ1.4

−0.8 0.5þ2.5
−1.5 (stat) þ0.1

−0.04 (syst)

1.4–1.6 0.86� 0.04 2.0þ3.0
−2.2 1.0þ1.4

−1.1 (stat) þ0.1
−0.07 (syst)

1.6–1.8 0.65� 0.04 1.2þ3.3
−2.6 0.8þ2.1

−1.6 (stat) þ0.1
−0.1 (syst)

1.8–2.0 0.45� 0.03 4.8þ4.2
−3.4 4.4þ3.9

−3.1 (stat) þ0.9
−0.7 (syst)

2.0–2.2 0.36� 0.03 −2.4þ3.9
−3.2 −2.8þ4.6

−3.8 (stat) þ0.9
−0.7 (syst)

2.2–2.4 0.16� 0.02 −1.1þ3.6
−2.9 −2.6þ8.9

−7.1 (stat) þ0.2
−1.9 (syst)

FIG. 3. Sum of the fits to all MðXss̄Þ bins overlaid on the Mbc

distribution, for the decay B0
s → η0ð→ ηπþπ−ÞXss̄ for B0

s →

η0K�K0

S þ nπ submodes and MðXss̄Þ ≤ 2.4 GeV=c2 and with

all selections applied. The light blue shaded region is the sum of

the background fits, the red shaded region is the sum of the signal

fits, and the black dashed curve is the sum of the two.
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The central value of the BF is BðB0
s → η0Xss̄Þ ¼ ½−0.7�

8.1ðstatÞ � 0.7ðsystÞþ3.0
−6.0ðFMÞ � 0.1ðN

B
0ð�Þ
s B̄

0ð�Þ
s
Þ�× 10−4 for

MðXss̄Þ ≤ 2.4 GeV=c2. The FM uncertainty is obtained

by considering alternate sets of Xss̄ fragmentation para-

meter values in PYTHIA and redetermining the signal

reconstruction efficiency [35].

The corresponding upper limit at 90% confidence level

on the partial BF, including all uncertainties, is 1.4 × 10−3

for MðXss̄Þ ≤ 2.4 GeV=c2. If SUð3Þ symmetry holds, then

the BFs of B → η0Xs and B0
s → η0Xss̄ would be equivalent

and their ratio, Rðη0Þ ¼ BðB0
s → η0Xss̄Þ=BðB → η0XsÞ

would be close to 1 [18]. The measured BF for the decay

B → η0Xs is ½3.9� 0.8ðstatÞ � 0.5ðsystÞ � 0.8ðmodelÞ� ×
10−4 [4]. Using this and the weighted average BF

given previously for B0
s → η0Xss̄;Rðη0Þ is approximately

−0.2 � 2.1ðstatÞ � 0.2ðsystÞ þ0.8
−1.5ðFMÞ � 0.03ðN

B
0ð�Þ
s B̄

0ð�Þ
s
Þ.

Applying the same method as used to calculate the upper

limit on BðB0
s → η0Xss̄Þ, the 90% confidence level upper

limit on Rðη0Þ is 3.5.
As a by-product of the preceding measurement, we

searched for the decay B0
s → η0ϕ, with ϕ → KþK−. This

decay was searched for in the Xss̄ mass subrangeMðXss̄Þ ∈
½1.006; 1.03� GeV=c2 (�3σ window). From MC simula-

tions, the reconstruction efficiency is determined to be

7.90� 0.03%. No statistically significant signal is found

and the upper limit at 90% confidence level is determined

to be 3.6 × 10−5. The result from fitting is shown in Fig. 4.

LHCb determines the upper limit at 90% confidence level

to be 8.2 × 10−7 [36].

To conclude, we set an upper limit on the partial BF

for the decay B0
s → η0Xss̄, for MðXss̄Þ ≤ 2.4 GeV=c2.

Including all uncertainties, the upper limit at 90% confi-

dence level is determined to be 1.4 × 10−3. This is the first

result for the inclusive decay B0
s → η0Xss̄ and should

motivate further studies, both experimental and theoretical,

of inclusive B0
s meson processes and SUð3Þ symmetries.
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APPENDIX: DISCUSSION OF SYSTEMATIC

UNCERTAINTIES

The upper limits at 90% confidence level up to a given

Xss̄ mass bin are given in Table III.

Additive systematic uncertainties are from the PDF

parameterization and fit bias. The parameters of the

Gaussian signal PDF are allowed to float within their 1σ

errors (determined from the B0
s → D−

s ρ
þ control fit to the

ϒð5SÞ data) and the ϒð5SÞ data are refitted for the signal

yield. The difference in signal yield between the fixed and

floated parameterization is taken as the PDF uncertainty.

The same is done for the background ARGUS PDF.

The fit bias uncertainty is determined by generating and

fitting 5000 MC pseudoexperiments for several assump-

tions of the branching fraction. This is done using RooStats

[37]. The number of fitted signal events versus the number

of generated signal events is fitted with a first-order

polynomial and the offset from zero of the fit along the

y-axis is taken as the uncertainty due to fit bias. The fit bias

uncertainty is less than one event. The PDF and fit bias

uncertainties are added in quadrature for a total additive

systematic uncertainty. This is combined with the statistical

errors and quoted as the first uncertainty in Tables I and II

in the main report. For B0
s → η0K�K0

S þ nπ, an uncertainty

of 1.1 (26% of the fitted, positive statistical uncertainty)

and 1.3 (34%) events are obtained in Xss̄ mass bins

1.8–2.0 GeV=c2 and 2.0–2.2 GeV=c2, respectively. All

others had uncertainties of less than one event. For B0
s →

η0KþK− þ nπ, the 1.6–1.8 GeV=c2, 1.8–2.0 GeV=c2,

2.0–2.2 GeV=c2, and 2.2–2.4 GeV=c2 bins have uncer-

tainties of 1.0 (55%), 1.2 (54%), 3.1 (156%), and 3.0

(132%) events, respectively. All other mass bins each have

an uncertainty of less than one event. Additive systematic

uncertainties are added in quadrature with the asymmetric

fit errors on the signal yield.

Multiplicative systematic uncertainties due to the frag-

mentation model (FM) of Xss̄ by PYTHIA 6 [24] are obtained

by varying a group of PYTHIA parameters—PARJ(1, 2, 3, 4,

11, 12, 13, 25, 26), described in Table IV—which are

varied together away from the standard Belle default to

reduce and enhance the (uncorrected) reconstruction effi-

ciency, giving two sets of parameters for each Xss̄ bin.

These alternative tunings (“AT”) are given in Table V. They

are motivated by the parameter studies in other inclusive B
analyses [5,38–41]. The uncertainty is determined from the

fractional change in efficiency with respect to the Belle

default parameters. This procedure includes the effect of

the change in the proportion of unreconstructed modes. If

no increase or decrease in efficiency is found then an

uncertainty of zero is assigned. Values for the FM uncer-

tainty, in each Xss̄ mass bin, are given in Tables VIII

and IX, obtained from the (uncorrected) efficiencies in

Tables VI and VII.

From the signal MC that is generated and used to

determine signal reconstruction efficiency, the proportion

of unreconstructed modes is determined by searching in the

generated signal MC for modes that contain an Xss̄ decay

submode but fall outside the criteria for a reconstructed

submode, i.e., submodes that contain more than one π0,

TABLE III. B
90%

UL ≤ MðXss̄Þ90% upper limits. Upper limit per

bin corresponds to the upper limit up to and including that bin in

units of MðXss̄Þ.

MðXss̄Þ BðB0
s → η0Xss̄Þ (10−4) B90%

UL (10−4)

1.2 0.05� 0.26 (stat) þ0.01
−0.01 (syst) 0.4

1.4 0.08� 0.40 (stat) þ0.10
−0.04 (syst) 0.7

1.6 0.6� 1.0 (stat) þ0.2
−0.1 (syst) 1.9

1.8 1.1� 1.5 (stat) þ0.3
−0.3 (syst) 3.1

2.0 3.8� 2.7 (stat) þ1.4
−1.3 (syst) 7.6

2.2 3.4� 4.8 (stat) þ2.2
−1.8 (syst) 11.1

2.4 −0.7� 8.1 (stat) þ3.1
−6.0 (syst) 13.8

TABLE IV. JETSET parameter descriptions.

Parameter Description

PARJ(1) Baryon suppression

PARJ(2) s vs u, d quark suppression

PARJ(3) s quark further suppression

PARJ(4) Spin-1 diquark suppression vs spin-0 diquarks

PARJ(11) Probability of spin-1 light mesons

PARJ(12) Probability of spin-1 strange meson

PARJ(13) Probability of spin-1 meson with c or heavier quark

PARJ(25) η suppression factor

PARJ(26) η0 suppression factor

TABLE V. JETSET parameters used to tune the fragmentation

of the Xss̄ system in PYTHIA. Alternative tunings (AT) AT1 and

AT2 are used to obtain the systematic uncertainties due to

fragmentation.

Parameter Standard Ref. [38] Ref. [39] AT1 AT2

PARJ(1) 0.1 0.073 0.073 0.2 0.1

PARJ(2) 0.3 0.2 1 0.2 0.4

PARJ(3) 0.4 0.94 0.94 0.4 0.4

PARJ(4) 0.05 0.032 0.032 0.264 0.008

PARJ(11) 0.5 0.31 0.01 0.9 0.1

PARJ(12) 0.6 0.4 0.01 0.6 0.6

PARJ(13) 0.75 0.54 0.54 0.75 0.75

PARJ(25) 1 0.63 1 0.1 1

PARJ(26) 0.4 0.12 0.12 0.4 0.12
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modes with a K0
L, or modes with more than six daughter

particles (excluding the η0). The proportion of unrecon-

structed events, defined as NUR=ðNUR þ NRÞ, where NUR

is the number of generated events from unreconstructed

signal modes in signal MC, and NR is the number of

generated events from reconstructed modes. For B0
s →

η0KþK− þ nπ, 1.1% of events are unreconstructed in the

1.4–1.6 GeV=c2 bin, increasing monotonically to 14.5% in

the 2.2–2.4 GeV=c2 bin. For B0
s → η0K�K0 þ nπ modes,

as they are only reconstructed as B0
s → η0K�K0

S þ nπ, there

is a corresponding class of modes that involve a K0
L instead

of a K0

S. This causes the proportion of generated signal

events to be higher. In the 1.0–1.2 GeV=c2 bin, 48.1% of

reconstructable events are unreconstructed, due to unre-

constructed K0

L modes. This increases monotonically to

59.7% in the 2.2–2.4 GeV=c2 bin, of which 84% is due to

unreconstructed K0

L modes. Using the same signal MC, it is

also found that the signal cross-feed efficiency is less than

0.05% in each Xss̄ mass bin and is included in the

multiplicative systematic uncertainties.

The B0
s → D−

s ρ
þ control sample is used to determine the

systematic uncertainty with respect to the neural network

(NN) selection. This uncertainty is obtained by determining

the signal yield with and without the neural network

selection in both MC and data. The double ratio of these

results is determined and its absolute difference from

unity is used as the systematic uncertainty. This gives an

uncertainty of 6.5% for B0
s → η0KþK− þ nπ and 2.1% for

B0
s → η0K�K0

S þ nπ. The control sample B0
s → Dsρ is also

used to obtain the uncertainty for best candidate selection

(BCS). The uncertainty is obtained by determining the

TABLE VI. Comparison of uncorrected reconstruction effi-

ciencies and their associated relative systematic uncertainties (%)

between PYTHIA tunings (Standard, AT1, and AT2) given in

Table V, used in systematic uncertainty estimation; tuning is done

in 0.2 GeV=c2 Xss̄ mass bins for B0
s → η0KþK− þ nπ modes.

MðXss̄Þ Standard AT1 AT2

1.0–1.2 3.76� 0.09 3.99� 0.09 3.75� 0.09

1.2–1.4 2.96� 0.08 3.04� 0.08 2.77� 0.08

1.4–1.6 0.96� 0.05 1.04� 0.05 0.89� 0.04

1.6–1.8 0.58� 0.04 0.78� 0.04 0.49� 0.03

1.8–2.0 0.36� 0.03 0.48� 0.03 0.29� 0.03

2.0–2.2 0.24� 0.02 0.32� 0.03 0.17� 0.02

2.2–2.4 0.15� 0.02 0.23� 0.02 0.11� 0.02

TABLE VII. Comparison of uncorrected reconstruction effi-

ciencies and their associated relative systematic uncertainties (%)

between PYTHIA tunings (Standard, AT1, and AT2) given in

Table V, used in systematic uncertainty estimation; tuning is done

in 0.2 GeV=c2 Xss̄ mass bins for B0
s → η0K�K0

S þ nπ modes.

MðXss̄Þ Standard AT1 AT2

1.0–1.2 0.016� 0.006 0.001� 0.004 0.012� 0.006

1.2–1.4 0.25� 0.02 0.26� 0.03 0.21� 0.02

1.4–1.6 0.90� 0.05 0.79� 0.04 0.84� 0.05

1.6–1.8 0.68� 0.04 0.76� 0.04 0.60� 0.04

1.8–2.0 0.48� 0.04 0.55� 0.04 0.38� 0.03

2.0–2.2 0.38� 0.03 0.47� 0.04 0.26� 0.03

2.2–2.4 0.18� 0.03 0.32� 0.03 0.19� 0.03

TABLE VIII. Summary of FM multiplicative systematic

uncertainties for B0
s → η0KþK− þ nπ

MðXss̄Þ FM (%)

1.0–1.2 þ0.4
−5.9

1.2–1.4 þ6.4
−2.8

1.4–1.6 þ8.0
−8.3

1.6–1.8 þ14.7
−35.3

1.8–2.0 þ21.1
−33.6

2.0–2.2 þ28.7
−37.4

2.2–2.4 þ23.7
−58.2

TABLE IX. Summary of FM multiplicative systematic uncer-

tainties for B0
s → η0K�K0

S þ nπ.

MðXss̄Þ FM (%)

1.0–1.2 þ23.7
−0.0

1.2–1.4 þ18.3
−2.3

1.4–1.6 þ6.6
−0.0

1.6–1.8 þ12.5
−10.5

1.8–2.0 þ20.2
−14.4

2.0–2.2 þ30.7
−23.2

2.2–2.4 þ0.0
−74.5

TABLE X. Summary of multiplicative systematic uncertainties.

The uncertainties for particle identification and reconstruction are

evaluated per Xss̄ mass bin.

Uncertainty Source Value (%)

π0 reconstruction 3.0

K0

S reconstruction 1.6

Charged track reconstruction 0.4

K� ID 0.95

π� ID 1.3

ϒð5SÞ PM (B0
s → η0KþK− þ nπ) 0.2

ϒð5SÞ PM (B0
s → η0K�K0

S þ nπ) 1.1

η reconstruction 3.0

NN Selection (B0
s → η0KþK− þ nπ) 6.5

NN Selection (B0
s → η0K�K0

S þ nπ) 2.1

BCS (B0
s → η0KþK− þ nπ) 1.0

BCS (B0
s → η0K�K0

S þ nπ) 4.4

Bðη → γγÞ 0.2

Bðη0 → ηππÞ 0.7

N
B
0ð�Þ
s B̄

0ð�Þ
s

18.3
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signal yield with and without best candidate selection in

both MC and data. The double ratio of these results is

determined and its absolute difference from unity is used as

the systematic uncertainty. This gives an uncertainty of 1.0%

for B0
s → η0KþK− þ nπ and 4.4% for B0

s → η0K�K0

S þ nπ,

using the neural network selection of these associated classes

of signal modes. The uncertainty for the reconstruction of

η → γγ and π0 → γγ is 3.0% [42].

The uncertainty on charged track reconstruction is

0.35% per track [43]. The uncertainty on the efficiency

to identify charged kaons and pions is a function of their

momenta and polar angles. The uncertainty for K� and π�

identification is 0.95% and 1.8%, respectively. The K0

S

reconstruction uncertainty is 1.6% [44]. The total track

uncertainty, for each source, per Xss̄ mass bin, is obtained

by determining the average charged kaon and charged pion

multiplicity (M) in signal MC and multiplying the uncer-

tainty by that multiplicity, e.g., Mð0.182Þ. These uncer-

tainties are added linearly as they are uncertainties of

common daughters of a single mother particle ðB0
sÞ and are

thus correlated.

The ϒð5SÞ production model (PM) uncertainty leads

to a fractional change in reconstruction efficiency of B0�
s B̄0�

s

S-wave ðL ¼ 0Þ states in a B → Dsπ control sample MC,

with and without the model in [45], is implemented. The

uncertainty is approximately 0.2% for B0
s → η0K�K0 þ nπ

and 1.1% for B0
s → η0K�K0

S þ nπ. The uncertainty on the

subdecay mode branching fractions Bðη → γγÞ and Bðη0 →
ηππÞ are 0.2% and 0.7%, respectively [28]. Estimates of

individual multiplicative systematic uncertainties are given

in Table X. Totals of these uncertainties are determined in

individual Xss̄ mass bins.

[1] A. J. Bevan et al., Eur. Phys. J. C 74, 3026 (2014).

[2] T. E. Browder et al. (CLEO Collaboration), Phys. Rev. Lett.

81, 1786 (1998).

[3] G. Bonvicini et al. (CLEO Collaboration), Phys. Rev. D 68,

011101 (2003).

[4] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett. 93,

061801 (2004).

[5] K. Nishimura et al. (Belle Collaboration), Phys. Rev. Lett.

105, 191803 (2010).

[6] K. Ottnad and C. Urbach (ETM Collaboration), Phys. Rev.

D 97, 054508 (2018).

[7] A. Datta, X.-G. He, and S. Pakvasa, Phys. Lett. B 419, 369

(1998).

[8] D. Atwood and A. Soni, Phys. Lett. B 405, 150 (1997).

[9] A. L. Kagan and A. Petrov, arXiv:hep-ph/9707354.

[10] H. Fritzsch, Phys. Lett. B 415, 83 (1997).

[11] W.-S. Hou and B. Tseng, Phys. Rev. Lett. 80, 434

(1998).

[12] A. Ali and A. Y. Parkhomenko, arXiv:hep-ph/0112048.

[13] X.-G. He and G.-L. Lin, Phys. Lett. B 454, 123 (1999).

[14] E. Kou, Phys. Rev. D 63, 054027 (2001).

[15] S. Dubey, Ph.D. thesis, University of Hawaii at Manoa,

Honolulu, HI, 2020 (unpublished), https://docs.belle2.org/

record/2344.

[16] T. Abe et al., Prog. Theor. Exp. Phys. 2013, 03A001

(2013).

[17] In Fig. 1(b), there is a soft gluon in the hadroni-

zation process, which is required to conserve color but is

conventionally not shown in the Feynman diagram

DATTA2020.

[18] A. Datta, University of Mississippi (private communication).

[19] J. Brodzicka et al., Prog. Theor. Exp. Phys. 2012, 04D001

(2012).

[20] S. Esen et al. (Belle Collaboration), Phys. Rev. D 87,

031101 (2013).

[21] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A

462, 152 (2001).

[22] R. Brun et al., GEANT 3.21, CERN Report No. DD/EE/84-1,

1984.

[23] E. Barberio, B. van Eijk, and Z. Was, Comput. Phys.

Commun. 66, 115 (1991).

[24] T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy

Phys. 06 (2006) 026.

[25] H. Hirano et al., Nucl. Instrum. Methods Phys. Res., Sect. A

455, 294 (2000).

[26] T. Iijima et al., Nucl. Instrum. Methods Phys. Res., Sect. A

453, 321 (2000).

[27] H. Kichimi et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 453, 315 (2000).

[28] P. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys.

2020, 083C01 (2020).

[29] G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978).

[30] M. Feindt and U. Kerzel, Nucl. Instrum. Methods Phys.

Res., Sect. A 559, 190 (2006).

[31] S. H. Lee et al. (Belle Collaboration), Phys. Rev. Lett. 91,

261801 (2003).

[32] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B

241, 278 (1990).

[33] The number of unreconstructed modes is discussed in the

Appendix.

[34] The term “FM” is used in this paper but is known as

“model” in Ref. [4].

[35] Estimates of the FM uncertainty are given in the appendix.

[36] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.

05 (2017) 158.

[37] L. Moneta et al., Proc. Sci., ACAT2010 (2010) 057

[arXiv:1009.1003].

[38] A. Buckley, H. Hoeth, H. Lacker, H. Schulz, and J. E. von

Seggern, Eur. Phys. J. C 65, 331 (2010).

[39] K. Nishimura, Internal Belle Note (2010).

S. DUBEY et al. PHYS. REV. D 104, 012007 (2021)

012007-10



[40] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 86,

052012 (2012).

[41] T. Saito et al. (Belle Collaboration), Phys. Rev. D 91,

052004 (2015).

[42] B. Pal et al. (Belle Collaboration), Phys. Rev. D 92, 011101

(2015).

[43] S. Ryu et al. (Belle Collaboration), Phys. Rev. D 89, 072009

(2014).

[44] N. Dash et al. (Belle Collaboration), Phys. Rev. Lett. 119,

171801 (2017).

[45] A. Abdesselam et al., arXiv:1609.08749.

SEARCH FOR B0
s → η0Xss̄ … PHYS. REV. D 104, 012007 (2021)

012007-11


