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Additional spin-0 particles appear in many extensions of the standard model. We search for long-
lived spin-0 particles S in B-meson decays mediated by a b → s quark transition in e+e− collisions
at the Υ(4S) resonance at the Belle II experiment. Based on a sample corresponding to an inte-
grated luminosity of 189 fb−1, we observe no evidence for signal. We set model-independent upper
limits on the product of branching fractions B(B0

→ K∗(892)0(→ K+π−)S)× B(S → x+x−) and
B(B+

→ K+S)× B(S → x+x−), where x+x− indicates e+e−, µ+µ−, π+π−, or K+K−, as functions
of S mass and lifetime at the level of 10−7.

Minimal renormalizable extensions of the standard
model (SM) allow for the existence of an additional light
spin-0 (scalar) S that may give mass to dark matter par-
ticles [1]. Such a new scalar would mix with the SM
Higgs boson through a mixing angle θ [2, 3]. However,
for masses mS below the B-meson mass, decays of S into
dark matter particles must be kinematically forbidden
to provide the correct relic density [4]. This motivates
a search for S decays into SM particles. For couplings
much weaker than the electroweak interaction, the scalar
is long-lived. Another possible extension of the SM in-
troduces a spin-0 (pseudoscalar) axionlike particle (ALP)
that couples to photons, fermions, or gluons [5]. ALPs
share the quantum numbers of axions, but differ in that
their masses and couplings are independent. The set of
possible ALP couplings is large and includes models with
a predominant coupling fa to fermions that results in
long-lived ALPs decaying into SM leptons [3, 6].

To distinguish between different models [7, 8], lifetime-
dependent results for different final states are needed.
To date, almost all direct searches or reinterpretations
of previous analyses have focused on the minimal scalar
model, with some reinterpretations in the context of
ALPs [3]. The current best limits from colliders ex-
clude mixing angles sin θ larger than 10−3 to 10−4.
For mS & 0.3 GeV/c2 the best limits are reported in
Ref. [9], which are based on searches at LHCb using
displaced S → µ+µ− decays [10, 11]. For lighter S
masses, mS . 0.3 GeV/c2, the best upper limits are
provided by reinterpretations [9] of searches for the de-
cays K0

L
→ π0µ+µ− [12], K+ → π+νν̄ [13], and

searches for displaced lepton-pairs in beam-dump ex-
periments [14, 15], as well as by direct searches by the
experiments NA62 [16, 17] and MicroBooNE [18]. An
inclusive search for B → XsS decays by the BABAR

experiment excludes a small parameter region around
mS ≈ 0.9 GeV/c2 not covered by the other results [9, 19].
Model-dependent studies of supernova SN1987A and pri-
mordial nucleosynthesis constrain the mixing angle θ to
values larger than 10−5 (for mS . 0.2 GeV/c2) to 10−7

(for 0.2 < mS . 4 GeV/c2) [9].

In this Letter, we search for a long-lived par-

ticle (LLP) S → x+x−, where x+x− indicates
e+e−, µ+µ−, π+π−, or K+K−, in B+ → K+S(→ x+x−)
and B0 → K∗0(→ K+π−)S(→ x+x−) decays me-
diated by a flavor-changing neutral current b→ s
transition [9, 20]. Here, K∗0 indicates a K∗(892)0

meson and charge conjugated processes are included
implicitly. We search for the signal as a narrow en-
hancement in the invariant S mass distribution in
events with B decays at the Υ(4S) resonance. The
search is conducted for masses between 25 MeV/c2

(S → e+e−), 211 MeV/c2 (S → µ+µ−), 280 MeV/c2

(S → π+π−), or 988 MeV/c2 (S → K+K−), and
4.78 GeV/c2 for B+ → K+S(→ x+x−) or 4.38 GeV/c2

for B0 → K∗0(→ K+π−)S(→ x+x−). We present our
results as model-independent limits on the products of
branching fractions B(B+ → K+S) × B(S → x+x−)
and B(B0 → K∗0(→ K+π−)S) × B(S → x+x−) for
various lifetimes 0.001 < cτ < 100 cm. In addition to
the model-independent search, we report our results as
limits on the mixing angle θ and on the ALP coupling
for the aforementioned dark scalar and ALP models.

We use a sample of NBB̄ = (198 ± 3) × 106 B-
meson pairs corresponding to an integrated luminosity of
189 fb−1. The data is collected at a center-of-mass (c.m.)
energy of

√
s = 10.58GeV by the Belle II experiment [21]

at the SuperKEKB e+e− collider [22]. The beam ener-
gies are 7GeV for e− and 4GeV for e+, resulting in a
boost βγ = 0.28 of the c.m. frame relative to the labora-
tory frame. The Belle II detector is a hermetic magnetic
spectrometer surrounded by particle-identification detec-
tors, a electromagnetic calorimeter, and a K0

L
and muon

detector, arranged around the beam pipe in a cylindrical
structure [23]. The longitudinal direction, the transverse
plane, and the polar angle θpolar are defined with respect
to the detector’s solenoidal axis in the direction of the
electron beam. In the following, quantities are defined in
the laboratory frame unless specified otherwise.

We use simulated events to determine efficiencies and
signal-shape parameters. Signal events are simulated us-
ing EvtGen [24] for various scalar masses 0.025 < mS <
4.78 GeV/c2 in about 90 steps of varying size, and vari-
ous lifetimes 0.001 < cτ < 400 cm in variable steps. We
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simulate the following background processes: e+e− →
Υ (4S) → BB where B indicates a B0 or a B+ meson
with EvtGen [24]; e+e− → qq̄(γ) where qq̄ indicates
uū, dd̄, ss̄, or cc̄ quark pairs with KKMC [25] interfaced
with Pythia8 [26] and EvtGen; e+e− → ττ(γ) with
KKMC interfaced with Tauola [27]. Electromagnetic
final-state radiation is simulated using Photos [28] for
all charged particles generated by EvtGen. The detec-
tor geometry and interactions of final-state particles with
detector material are simulated using Geant4 [29]. Both
experimental and simulated events are reconstructed and
analyzed using the Belle II software [30, 31]. To avoid
experimenter’s bias, we examine the experimental data
only after finalizing the analysis selection. However, we
observed negative background yields in fits to data that
led to a modification of the fit strategy restricting the
background probability density function (pdf) to non-
negative values. Simulations show that this does not in-
troduce any significant bias in the signal yield or expected
limits. All selection criteria are chosen by optimizing the
figure-of-merit for a discovery with a significance of five
standard deviations [32].

We reconstruct B-meson candidates from charged-
particle trajectories (tracks) originating either from the
e+e− interaction point (prompt), or from a vertex sep-
arated from it by a macroscopic distance (displaced).
We require each prompt track to correspond to a trans-
verse momentum of more than 0.15 GeV/c. In addition,
it must have a distance of closest approach to the in-
teraction point (IP) of less than 0.5 cm in the plane
transverse to the beam and 2.0 cm in the direction or-
thogonal to it in order to remove charged particles not
associated with the e+e− interaction. Displaced tracks
are required to correspond to a transverse momentum of
greater than 0.25 GeV/c, but have no restrictions on their
distance of closest approach to the IP. We reconstruct
S candidates by combining pairs of oppositely charged
displaced particles, both identified as electrons, muons,
pions, or kaons. A fit constrains the pair of displaced
tracks to come from a common vertex. The displaced
vertex must have a transverse distance dv to the IP of
at least 0.05 cm. All displaced tracks must have an ex-
trapolated polar angle 32◦ < θpolar < 150◦, calculated by
extrapolating the track from the displaced vertex to the
calorimeter surface. The distance of the displaced ver-
tex from the IP should exceed three times its resolution.
For signal B0 → K∗0(→ K+π−)S(→ x+x−) decays, we
combine two oppositely charged prompt particles, iden-
tified as a kaon and a pion, in a vertex fit to form a K∗0

candidate with mass 0.796 < M(K+π−) < 0.996 GeV/c2

that is then combined with the S candidate. For sig-
nal B+ → K+S(→ x+x−) candidates, we combine the S
candidate with a prompt track identified as a kaon.

Particle identification (PID) information from all rele-
vant sub-detectors is combined to separate final states
into exclusive samples and to further reduce back-

grounds [23]. We exclude the time-of-propagation detec-
tor from the PID determination when separating e+e−,
µ+µ−, and π+π− pairs because it tends to misiden-
tify the S decay products as heavier particles due to
the long S time-of-flight. The prompt pion efficiency
is about 84% for all S masses; the prompt kaon effi-
ciency is about 80% and decreases to 40% for the highest
S masses. The PID efficiency is 50%–80% for the dis-
placed kaon pair. The PID efficiency is 96%–99% for
displaced e+e−, 89%–96% for µ+µ−, and 75%–90% for
π+π− pairs. The differences in displaced-pair efficiencies
between K∗0 and K+ final states for the same S mass
do not exceed 2%. The dominant backgrounds are from
light quark pair production, followed by cc̄ pair produc-
tion and then e+e− → Υ (4S) → BB. The above selec-
tions reduce the backgrounds by factors between 7 (for
K+π+π−) and about 370 (for K∗0µ+µ−). The proba-
bility to misidentify signal is generally less than 1% in
our simulated samples. To suppress prompt peaking SM
backgrounds, the transverse-distance requirement of the
displaced vertex is increased to dv > 0.2 cm in S-mass
regions close to known two-body decays of SM particles
like J/ψ → µ+µ− or φ → K+K− [33]. To suppress
background from γ → e+e− conversions, we veto events
in the e+e− final state formS < 0.05 GeV/c2 if the vertex
is close to inner tracking layers.

The cosine of the angle between the vector connecting
the IP with the decay vertex and the momentum vector of
the scalar candidate in the transverse plane must exceed
0.95 for e+e−, µ+µ−, and K+K− candidates to reject
background from events with missing particles and ran-
dom track combinations; it must exceed 0.99 for π+π−

to further reduce the higher backgrounds in this final
state. To suppress e+e− → qq̄(γ) and e+e− → τ+τ−(γ)
backgrounds, we require each B-meson candidate to have
a beam-constrained mass value Mbc =

√

s/4− |~p ∗

B
|2 >

5.27 GeV/c2, where ~p ∗

B
is the three-momentum of the

B-meson candidate in the c.m. system. We further
require that the B-meson candidate has an energy dif-
ference |∆E| = |E ∗

B
− √

s/2| < 0.05 GeV, where E ∗

B
is

the energy of the B-meson candidate in the c.m. system;
for π+π− candidates, the requirement is tightened to
|∆E| < 0.035 GeV. Displaced K+K− pairs are selected
with high purity by the |∆E| requirement alone due to
the larger K mass. To reduce continuum background,
events must have R2 less than 0.45, where R2 is the ratio
of the second and zeroth Fox-Wolfram moments, which
captures the differences between the sphericity of the spa-
tial distribution of B-meson final states and the colli-
mated distribution of light-quark events [34]; for π+π−

candidates the requirement is tightened to R2 < 0.35.
We reject events with displaced track-pairs consistent
with 0.498 < M(π+π−) < 0.507 GeV/c2 to reduce back-
ground from K0

S
decays. If multiple signal candidates

pass the selections, which happens in less than 0.5% of
the events, we choose the candidate with the smallest
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sition using 189 fb−1 of Belle II data. We do not observe
any significant excess of events consistent with a signal
process. We set 95% CL upper limits on the product of
branching fractions B(B+ → K+S)×B(S → x+x−) and
B(B0 → K∗0S) × B(S → x+x−) that are the first for
exclusive hadronic final states and the most constraining
from a direct search for K(∗)e+e− final states.
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Distributions

Figures X 5 and X 6 show the M ′(x+x−) distributions
together with the stacked contributions from the differ-
ent simulated SM background samples. Normalization
discrepancies observed in some of the following plots are
not a concern since backgrounds are floating in all fits.
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Expected and observed limits

Expected and observed 95% upper limits for various
scalar masses, final states, and lifetimes are shown in
FiguresX 7, X 8, X 9, X 10 (e+e−), X 11, X 12, X 13,
X 14 (µ+µ−), X 15, X 16, X 17, X 18 (π+π−), X 19, X
20, X 21, X 22 (K+K−).
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Figure X 7: Expected and observed limits on the product branching fractions B(B+
→ K+S) × B(S → e+e−) for lifetimes

0.001 < cτ < 2.5 cm.
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Figure X 8: Expected and observed limits on the product of branching fractions B(B+
→ K+S)× B(S → e+e−) for lifetimes

5 < cτ < 10000 cm.
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Figure X 9: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)×B(S → e+e−) for

lifetimes 0.001 < cτ < 2.5 cm.
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Figure X 10: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S) × B(S → e+e−)

for lifetimes 5 < cτ < 10000 cm.
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Figure X 11: Expected and observed limits on the product of branching fractions B(B+
→ K+S)×B(S → µ+µ−) for lifetimes

0.001 < cτ < 2.5 cm.
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Figure X 12: Expected and observed limits on the product of branching fractions B(B+
→ K+S)×B(S → µ+µ−) for lifetimes

5 < cτ < 400 cm.
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Figure X 13: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)× B(S → µ+µ−)

for lifetimes 0.001 < cτ < 2.5 cm.
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Figure X 14: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)× B(S → µ+µ−)

for lifetimes 5 < cτ < 400 cm.
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Figure X 15: Expected and observed limits on the product of branching fractions B(B+
→ K+S)×B(S → π+π−) for lifetimes

0.001 < cτ < 2.5 cm. The region corresponding to the fully-vetoed K0
S for S → π+π− is marked in gray.
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Figure X 16: Expected and observed limits on the product of branching fractions B(B+
→ K+S)× B(S → π+π−) for

lifetimes 5 < cτ < 400 cm. The region corresponding to the fully-vetoed K0
S for S → π+π− is marked in gray.
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Figure X 17: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)× B(S → π+π−)

for
lifetimes 0.001 < cτ < 2.5 cm. The region corresponding to the fully-vetoed K0

S for S → π+π− is marked in gray.
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Figure X 18: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)× B(S → π+π−)

for lifetimes 5 < cτ < 400 cm. The region corresponding to the fully-vetoed K0
S for S → π+π− is marked in gray.
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Figure X 19: Expected and observed limits on the product of branching fractions B(B+
→ KS)×B(S → K+K−) for lifetimes

0.001 < cτ < 2.5 cm.
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Figure X 20: Expected and observed limits on the product of branching fractions B(B+
→ KS)×B(S → K+K−) for lifetimes

5 < cτ < 100 cm.
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1.0 1.5 2.0 2.5 3.0 3.5 4.0
mS (GeV/c2)

10 7

10 6

10 5

10 4

10 3

10 2

(B
0
K

*0
S)

×
(S

K
+
K

)

Belle II Preliminary
Ldt = 189 fb 1

c =0.005 cm

95% CLs upper limits
±2
±1

Expected
Observed

(c)B0
→ K∗0(→ K+π−)S, S → K+K−,
lifetime of cτ = 0.005 cm.

1.0 1.5 2.0 2.5 3.0 3.5 4.0
mS (GeV/c2)

10 7

10 6

10 5

10 4

10 3

10 2

(B
0
K

*0
S)

×
(S

K
+
K

)

Belle II Preliminary
Ldt = 189 fb 1

c =0.007 cm

95% CLs upper limits
±2
±1

Expected
Observed

(d)B0
→ K∗0(→ K+π−)S, S → K+K−,
lifetime of cτ = 0.007 cm.
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(f)B0
→ K∗0(→ K+π−)S, S → K+K−,
lifetime of cτ = 0.025 cm.
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(g)B0
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(h)B0
→ K∗0(→ K+π−)S, S → K+K−,
lifetime of cτ = 0.100 cm.
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(i)B0
→ K∗0(→ K+π−)S, S → K+K−,

lifetime of cτ = 0.25 cm.
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(j)B0
→ K∗0(→ K+π−)S, S → K+K−,

lifetime of cτ = 0.5 cm.
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1.0 1.5 2.0 2.5 3.0 3.5 4.0
mS (GeV/c2)

10 8

10 7

10 6

10 5

(B
0
K

*0
S)

×
(S

K
+
K

)

Belle II Preliminary
Ldt = 189 fb 1

c =2.5 cm

95% CLs upper limits
±2
±1

Expected
Observed

(l)B0
→ K∗0(→ K+π−)S, S → K+K−,

lifetime of cτ = 2.5 cm.

Figure X 21: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)×B(S → K+K−)

for lifetimes 0.001 < cτ < 2.5 cm.



31

1.0 1.5 2.0 2.5 3.0 3.5 4.0
mS (GeV/c2)

10 8

10 7

10 6

10 5

(B
0
K

*0
S)

×
(S

K
+
K

)

Belle II Preliminary
Ldt = 189 fb 1

c =5.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(a)B0
→ K∗0(→ K+π−)S, S → K+K−,

lifetime of cτ = 5 cm.

1.0 1.5 2.0 2.5 3.0 3.5 4.0
mS (GeV/c2)

10 8

10 7

10 6

10 5

(B
0
K

*0
S)

×
(S

K
+
K

)
Belle II Preliminary
Ldt = 189 fb 1

c =10.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(b)B0
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Figure X 22: Expected and observed limits on the product of branching fractions B(B0
→ K∗0(→ K+π−)S)×B(S → K+K−)

for lifetimes 5 < cτ < 100 cm.


