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Peaking background selection

The transverse distance requirement of the displaced
vertex is increased to dv > 0.2 cm in S mass regions
in the vicinity of various known narrow SM states with
two-body decays D0 → K+K− and D0 → K−π+,
J/ψ → e+e− and J/ψ → µ+µ−, ψ(2S) → e+e− and
ψ(2S) → µ+µ−, hadronic decays of ηc, χc1, and ηc(2S),
and ϕ→ K+K−. These backgrounds include missing or
misidentified particles leading to wrong mass hypothe-
ses and hence invariant masses shift with respect to the
known particle masses. The resulting final-state depen-
dent mass regions are summarized in Table I.

Axionlike particles with coupling to fermions

For the model-dependent search for axionlike particles
with coupling to fermions, we perform a combined fit in
all relevant and kinematically accessible analysis chan-
nels, again separately for various lifetimes. We follow
the conventions of Refs. [1, 2]. For masses ma ≤ 2mµ we
use the pseudoscalar branching fractions calculation from
Ref. [3], neglecting interference with the π0 meson. For
masses 2mµ < ma ≤ 1.2 GeV/c2 we use a chiral model
and for ma > 1.2 GeV/c2, we employ the spectator ap-
proach [4]. The interference with the ηc is not included
in this calculation. Our observed upper limits are shown
in Fig.X 1.

Table I: Selection requirements on two-body masses (in
GeV/c2) to reject peaking backgrounds for the different S
final states.

e+e− µ+µ− π+π− K+K−

D0 [1.0, 1.3] [1.7, 1.8] [1.65, 1.75] [1.75, 1.85]
J/ψ [3.00, 3.15] - -
ψ(2S) [3.65, 3.75] - -
ηc - - [2.85, 3.15] [2.80, 3.20]
χc1, ηc(2S) - - [3.4, 3.8]
ϕ - - - [1.00, 1.04]
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Figure X 1: Exclusion regions in the plane of the coupling
gY = 2v/fa with the vacuum expectation value v and the
ALP mass ma from this work (blue) together with existing
constraints from LHCb [5, 6], E949 [7], and CHARM [8]. The
exclusion regions from Belle II, LHCb, and CHARM corre-
spond to 95%CL, while E949 correspond to 90% CL. All ex-
isting limits are taken from Ref. [1]. The constraint colored in
gray with dashed outline is a reinterpretation not performed
by the experimental collaboration and without access to raw
data.

Example fits

Figures X 2 and X 3 show the fits that resulted in the
largest local significance observed in the single channel
fits. Figure X 4 shows the fit for mS = 2.619GeV/c2 for
a lifetime of cτ = 100 cm that resulted in the largest local
significance observed in the combined fits.
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Figure X 2: Single channel fits with highest local significances for B+ → K+S(→ x+x−). The bottom panels show the pulls
per bin, defined as the difference between data and simulation, divided by the statistical uncertainty of the data.
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Figure X 3: Single channel fits with highest local significances for B0 → K∗0(→ K+π−)S(→ x+x−). The bottom panels show
the pulls per bin, defined as the difference between data and simulation, divided by the statistical uncertainty of the data.
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Figure X 4: Combined fit formS = 2.619 GeV/c2 in the (left) B+ → K+S, S → µ+µ− and (right) B0 → K∗0(→ K+π−)S, S →
µ+µ− states with background pdfs (purple dashed), signal pdfs (red dashed) and total pdfs (blue). The combined signal
correspond to a local significance including systematic uncertainties of S = 3.3σ. The bottom panels show the pulls per bin,
defined as the difference between data and simulation, divided by the statistical uncertainty of the data.
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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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Figure X 5: Distribution of M ′(x+x−) together with the stacked contributions from the various simulated SM background
samples. Simulation is normalized to a luminosity of 189 fb−1. The hatched area represents the statistical uncertainty of the
SM background prediction. The bottom panels show the pulls per bin, defined as the difference between data and simulation,
normalized to the statistical uncertainties added in quadrature.
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Figure X 6: Distribution of M ′(x+x−) together with the stacked contributions from the various simulated SM background
samples. Simulation is normalized to a luminosity of 189 fb−1. The hatched area represents the statistical uncertainty of the
SM background prediction. The bottom panels show the pulls per bin, defined as the difference between data and simulation,
normalized to the statistical uncertainties added in quadrature.
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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.



20

0.5 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
+

)

Belle II
L dt = 189 fb 1

c =5.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(a)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 5 cm.

0.5 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
+

)

Belle II
L dt = 189 fb 1

c =10.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(b)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 10 cm.

0.5 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
+

)

Belle II
L dt = 189 fb 1

c =25.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(c)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 25 cm.

0.5 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

(B
0

K
*0

S)
×

(S
+

)

Belle II
L dt = 189 fb 1

c =50.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(d)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 50 cm.

0.5 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

(B
0

K
*0

S)
×

(S
+

)

Belle II
L dt = 189 fb 1

c =100.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(e)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 100 cm.

0.2825 0.2850 0.2875 0.2900 0.2925 0.2950 0.2975
mS (GeV/c2)

10 6

10 5

10 4

(B
0

K
*0

S)
×

(S
+

)

Belle II
L dt = 189 fb 1

c =200.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(f)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 200 cm.

0.2825 0.2850 0.2875 0.2900 0.2925 0.2950 0.2975
mS (GeV/c2)

10 6

10 5

10 4

(B
0

K
*0

S)
×

(S
+

)

Belle II
L dt = 189 fb 1

c =400.0 cm

95% CLs upper limits
±2
±1

Expected
Observed

(g)B0 → K∗0(→ K+π−)S, S → π+π−,
lifetime of cτ = 400 cm.

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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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.
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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.
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