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B/D/τ → XDarkXSM

2
Dark Sector Searches with Belle and Belle II
• Luminosity frontier  colliders operating at or near  (  ~ 10.6 GeV) 

• Belle (1999 - 2010) collected  

• Belle II at SuperKEKB (2019 - present) 
• Major detector and accelerator upgrade from Belle and KEKB 

• SuperKEKB holds word record luminosity of   

• Total dataset to-date is 570 fb-1  (target 50 ab-1)

e+e− Υ(4S) s

1040 fb−1

4.7 × 1034 cm−2s−1

Standard Model

Dark Mediator “Portals”
Dark Photon 

 
Heavy Neutral Lepton 
Axion-Like Particle  
Dark Higgs

Z′ 

https://science.nasa.gov/asset/hubble/dark-matter-map-in-galaxy-cluster-abell-1689/

e+e− → cc̄ ∼ 1.3 nb

e+e− → τ+τ− ∼ 0.9 nb

e+e− → BB̄ ∼ 1.1 nb

e+e− → XDarkXSM

Variety of methods to access production of MeV to GeV scale dark mediators
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3Belle II Detector

Vertex Detector: 
DEPFET pixel detector (2 layers) 
Double-sided silicon strip detector (4 layers)

Trigger: 
Hardware < 30 kHz 
Software < 10 kHz

Drift Chamber 
He(50%):C2H6(50%), Larger size relative 
to Belle, smaller cells, new electronics.

 and Muon detector 
Inner Barrel/Endcaps: Scintillating Strips 
Outer Barrel: Resistive Plate Chambers

K 0
L

Electromagnetic Calorimeter 
CsI(Tl) with waveform sampling 
Position, energy, time, and 
pulse-shape

Charged Particle Identification: 
Barrel: Time-of-Propagation counter 
Forward Endcap: Aerogel Ring-Imaging Cherenkov counter

Magnet: 
1.5T superconducting

• Precise determination of missing energy/
momentum: 
✓Minimal collision pile-up  

✓Well-known initial collision energy and 
momentum  

✓Hermetic detectors with high detection 
efficiency for charged and neutral particles 

New at Belle II: Low multiplicity triggers targeting dark 
sector signatures 

➡Single photon trigger operational for entire dataset 

➡Single muon trigger  

➡Single Track Trigger with 3D track reconstruction at 
L1 using neural networks 

➡Displaced vertex trigger in development
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Figure 1: The Feynman diagram for a B ! K(⇤)a(! ��) decay.

The coupling of the ALP to W± bosons is described by the Lagrangian [25],21

L = �
gaW
4

aWµ⌫W̃
µ⌫ , (1.1)22

where a is the ALP field, gaW is the coupling strength of the a to W bosons, and Wµ⌫23

is the gauge boson field strength for a W boson, with dual tensor W̃µ⌫ = ✏µ⌫⇢�V⇢�/2.24

The branching fraction of the process B ! K(⇤)a(! ��), which shown in Fig. 1, depends25

quadratically on gaW (see the details in the Appendix A), reflecting the fact that the ALP26

decay width is given by � = g2aWm3
a sin

4 ✓W /64⇡, where ✓W is the weak mixing angle [26].27

In this paper, we report a search for ALPs in B ! K(⇤)a(! ��) decays using four kaon28

modes, K0
S , K

+, K⇤0, and K⇤+. The data were collected with the Belle detector [27] at29

the energy-asymmetric e+e� KEKB collider [28] at a centre-of-mass energy of 10.58GeV.30

This search is based on a data set of 772 ± 11 million ⌥ (4S) mesons, corresponding to31

an integrated luminosity of 711 fb�1. Our study has better sensitivity than the previous32

BaBar study, leveraging the higher total integrated luminosity of the Belle experiment, as33

well as additional kaon modes. The ALP mass hypotheses for the K+ and K0
S modes range34

from 0.16GeV to 4.50GeV, while for the K⇤+ and K⇤0 modes the range is 0.16GeV to35

4.20GeV. This analysis also probes regions of the parameter space in which the lifetime of36

the ALP is not negligible. For decays that occur at a displaced vertex, the photon energy37

and the ALP mass resolution are a↵ected, reducing the signal e�ciency. Once we obtain38

the results separately for each mode, we combine the four kaon modes using a simultaneous39

fit to improve the constraint on gaW .40

2 The Belle detector and simulation41

The Belle detector is a general purpose detector, described in detail in [27]. It has a42

cylindrical symmetry around the beam line, with the z-axis being defined as the direction43

opposite to the positron beam. The detector consists of six subdetectors: a silicon vertex44

detector (SVD) for precise vertex determination, a central drift chamber (CDC) for re-45

construction of charged particle trajectories (tracks) and for measuring their momentum,46
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• Search for Axion-Like Particle (ALP, ): Has same quantum numbers as axion that solves the strong 
CP problem, but uncorrelated mass and coupling

• GeV-scale ALPs can mediate interactions between standard model and dark matter

• Belle search for ALPs production in decay: 

a

• ALP is reconstructed from pairs of photons 
in calorimeter

• ALP can decay promptly or be long-lived 
particle

• Combined with  to fully reconstruct the 
 decay

K(*)

B

Y. Nomura and J. Thaler Phys. Rev. D 79 (2009) 075008  
Figure 1: The Feynman diagram for a B ! K(⇤)a(! ��) decay.
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Search for an axion-like particle in  meson decays at BelleB

 with B → K(*)a( → γγ) K0
S , K+, K*0, K*+

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.075008
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Figure 2: Diphoton invariant mass distribution of ALP candidates in B+
! K+a decay,

overlaid with simulated background contributions from e+e� ! qq (blue vertical hatched),

e+e� ! ⌥ (4S) ! B+B� (red cross-hatched), and e+e� ! ⌥ (4S) ! B0B0 (green diagonal

hatched) normalized to the experimental data luminosity, with all weights applied.

components from h ! �� (h = ⇡0, ⌘, or ⌘0) are modelled with double-sided Crystal Ball208

functions.209

We perform a mass scan with a step size equal to the high-side mass resolution param-210

eter from the Crystal Ball signal, �R
�� . The latter varies with the ALP mass, ranging from211

7.8MeV at ma = 0.160GeV to 19.4MeV at ma = 1.9GeV, and decreasing to 17.9MeV at212

ma = 4.5GeV. Each fit range extends over an M�� interval with a width of 9⇥ (�R
��+�L

��),213

where �L
�� is the low-side Crystal Ball resolution parameter. The signal peak shape param-214

eters depend on the ALP mass, and are derived from the corresponding signal samples.215

The shape parameters and position of the peaking background are fixed based on values216

obtained from the simulation. The combinatorial background parameters are floating in217

the fit, along with the signal and peaking background normalization.218

Due to the peaking background from ⇡0, ⌘ and ⌘0 decays, masses below 0.160GeV, in219

the ranges 0.497GeV–0.578GeV and 0.938–0.997GeV, are excluded from the ALP mass220
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Mγγ < 1 GeV

Mγγ > 1 GeV

• Main backgrounds:

•

•  

• Events with  mesons

• Background suppression using 
multiple Boosted Decision Trees 
trained on event level (  vs ) and 
calorimeter information

• Search for localized peak in  
distribution with simultaneous fit to all 
kaon modes

e+e− → qq̄, q = u, d, s, c
B → Xsγ

π0

qq̄ bb̄

Mγγ

Search for an axion-like particle in  meson decays at BelleB
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Figure 5: The 90% CL upper limits on the coupling gaW from a simultaneous fit to the four

B ! K(⇤)a modes as a function of the ALP mass, compared with existing constraints [25,

26, 58, 59].

10�6 [37]. We therefore use the 19% uncertainty on the measurement as a conservative277

estimate of the systematic uncertainty. This value incorporates contributions from a variety278

of sources, listed in Table 1.279

The systematic uncertainty of the long-lived ALP signal e�ciency constraint is derived280

from K0
S ! ⇡0⇡0 decays reconstructed in D⇤+

! D0(! K0
S⇡

+⇡�)⇡+ events. Using the281

same method as for long-lived ALP decays, we construct the signal e�ciency function for282

K0
S ! ⇡0⇡0 and determine the expected mass resolution from this function and prompt283

decaying K0
S simulation. The M(⇡0⇡0) mass resolution is extracted via p.d.f. fitting in284

both data and simulation, following the same approach used in ALP signal extraction.285

The di↵erence between the obtained values and the expectation is (6.0 ± 4.4)%, leading286

to a conservative estimation of the systematic uncertainty of 6.0% for the long-lived ALP287

e�ciency calculation.288

The total systematic uncertainty is obtained by summing the individual uncertainties289

in quadrature. The resulting systematic uncertainty is found to be around 21% for all290

kaon modes and ALP mass hypotheses. The resulting systematic uncertainty is included291

in the upper limit calculation procedure as a nuisance parameter convolved with the signal292

likelihood.293
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• No significant signal is observed in 
all channels

• Limits are set on the  coupling 
as a function of ALP mass

• Limits improve on previous BaBar 
result by a factor of two

• Improvement driven by larger 
dataset and inclusion of additional 
kaon modes

gaW

6

Figure 1: The Feynman diagram for a B ! K(⇤)a(! ��) decay.

The coupling of the ALP to W± bosons is described by the Lagrangian [25],21

L = �
gaW
4
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µ⌫ , (1.1)22

where a is the ALP field, gaW is the coupling strength of the a to W bosons, and Wµ⌫23
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quadratically on gaW (see the details in the Appendix A), reflecting the fact that the ALP26

decay width is given by � = g2aWm3
a sin
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BaBar study, leveraging the higher total integrated luminosity of the Belle experiment, as33

well as additional kaon modes. The ALP mass hypotheses for the K+ and K0
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from 0.16GeV to 4.50GeV, while for the K⇤+ and K⇤0 modes the range is 0.16GeV to35

4.20GeV. This analysis also probes regions of the parameter space in which the lifetime of36

the ALP is not negligible. For decays that occur at a displaced vertex, the photon energy37

and the ALP mass resolution are a↵ected, reducing the signal e�ciency. Once we obtain38

the results separately for each mode, we combine the four kaon modes using a simultaneous39

fit to improve the constraint on gaW .40

2 The Belle detector and simulation41

The Belle detector is a general purpose detector, described in detail in [27]. It has a42

cylindrical symmetry around the beam line, with the z-axis being defined as the direction43
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To be submitted to JHEP

Search for an axion-like particle in  meson decays at BelleB
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• Non-minimal dark sector where relic dark matter couples inelastically to standard model 

 = relic dark matter

 = excited dark matter state; Decays 

 is a long lived particle for small mass splitting

• Dark mediators:

  = dark photon that mixes with SM photon

 = dark Higgs that mixes with SM Higgs

χ1

χ2 χ2 → χ1A′ → χ1e+e−

χ2 χ1/χ2

A′ 

h′ 

FIG. 1. Left: Feynman graph of the inelastic dark matter with dark Higgs decay chain. Right:

Signature in the detector.

9

M. Duerr, et al. J. High Energ. Phys. 2021, 146 (2021)  

D. Smith and N. Weiner PhysRevD.64.043502 (2001)  

In region of parameter spaced considered, 
both the  and  can be long lived particlesχ2 h′ 

Belle
Search for a dark Higgs boson produced in association with 
inelastic dark matter at the Belle II experiment

https://link.springer.com/article/10.1007/JHEP04(2021)146
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
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FIG. 1. Left: Feynman graph of the inelastic dark matter with dark Higgs decay chain. Right:

Signature in the detector.

9

8

•  and dark Higgs are Long Lived Particles for small 
coupling/mixing

• Decays of  and  result in separate  2-track vertices 
displaced from collision point 

• Missing energy from  decay produces displaced 
vertex that does not point back to collision point

• Event has large missing energy from multiple 
escaping detector

χ2

h′ χ2

χ2

χ1

FIG. 1. Left: Feynman graph of the inelastic dark matter with dark Higgs decay chain. Right:

Signature in the detector.

9

Belle
Search for a dark Higgs boson produced in association with 
inelastic dark matter at the Belle II experiment
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9

• Signal will result in localized excess in  distribution

• Presence of two displaced vertices and missing energy significantly suppresses backgrounds; 
search is nearly background-free

Mx+x−

10

TABLE I. Reconstructed mass and vertex positions of the
and the �2 for all events passing the final event selection. z

and ⇢ =
p

x2 + y2 are the longitudinal and transverse vertex
positions.

M(x+
x
�) ⇢() z() ⇢(�2) z(�2) Final State

(in GeV/c2) (in cm) (in cm) (in cm) (in cm)

0.306 22.208 17.772 0.015 0.058 ! ⇡
+
⇡
�

0.332 35.565 1.304 0.013 0.006 ! ⇡
+
⇡
�

0.461 16.944 -9.659 0.006 -0.044 ! ⇡
+
⇡
�

0.532 78.67 57.687 0.009 0.096 ! ⇡
+
⇡
�

0.534 90.034 -0.179 30.308 41.711 ! ⇡
+
⇡
�

0.558 41.612 -19.201 0.002 0.058 ! ⇡
+
⇡
�

0.737 13.776 10.743 0.025 -0.04 ! ⇡
+
⇡
�

0.861 0.08 0.16 0.795 0.341 ! ⇡
+
⇡
�

1.455 13.334 21.314 0.011 -0.03 ! K
+
K

�

This material is submitted as supplementary informa-761

tion for the Electronic Physics Auxiliary Publication Ser-762

vice.763

Appendix C: Double-Sided Crystal Ball Function764

The double-sided Crystal Ball function used for the765

determination of the signal width � is defined as766

f
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Appendix D: Observed Events768

We found 8 events in the ⇡+⇡� final state, and 1 event769

in the K+K� final state passing all selection require-770

ments. The reconstructed mass and vertex positions of771

the and the �2 for these events are summarized in Tab. I.772

Reconstructed mass distributions for ! µ+µ�, !773

⇡+⇡�, and ! K+K� are shown in Fig. S1. The same774

distributions but with a limited mass range around the775

K0
S veto region without the K0

S veto applied are shown in776

Fig. S2. Due to mis-reconstruction, contributions from777

K0
S are also visible in the non-pion final states.778

FIG. S1. Distribution of M(x+
x
�) together with the stacked

contributions from the various simulated SM background
samples for ! µ

+
µ
� (top), ! ⇡

+
⇡
� (center), and ! K

+
K

�

(bottom) candidates. Simulation is normalized to a luminos-
ity of 365 fb�1 .
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Appendix D: Observed Events768

We found 8 events in the ⇡+⇡� final state, and 1 event769

in the K+K� final state passing all selection require-770

ments. The reconstructed mass and vertex positions of771

the and the �2 for these events are summarized in Tab. I.772

Reconstructed mass distributions for ! µ+µ�, !773

⇡+⇡�, and ! K+K� are shown in Fig. S1. The same774

distributions but with a limited mass range around the775

K0
S veto region without the K0

S veto applied are shown in776

Fig. S2. Due to mis-reconstruction, contributions from777

K0
S are also visible in the non-pion final states.778

FIG. S1. Distribution of M(x+
x
�) together with the stacked

contributions from the various simulated SM background
samples for ! µ

+
µ
� (top), ! ⇡

+
⇡
� (center), and ! K

+
K

�

(bottom) candidates. Simulation is normalized to a luminos-
ity of 365 fb�1 .

h′ → μ+μ− h′ → π+π− h′ → K+K−

Zero events observed Eight events observed One event observed
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• No significant excess is observed 

• Upper limits are set on: 

• Exclusions set for  and  for large range of parameter space  

• Note limits by other experiments do not require  or inelastic dark matter

σ(e+e− → h′ χ1χ2) × ℬ(χ2 → χ1e+e−) × ℬ(h′ → x+x−)

A′ h′ 

A′ /h′ 

5

uncertainties for µ, ⇡, and K are below 1%. The un-329

certainty on the luminosity is 0.47% [19]. The limited330

number of simulated events for each signal configuration331

introduces systematic uncertainties at the level of 1-2%332

for most parameter configurations but can reach up to333

10% for very long lifetimes. We verify that our inter-334

polation procedure between simulated mass points does335

not introduce a significant additional uncertainty. We es-336

timate the uncertainty introduced by splitting the mass337

region in the ⇡+⇡� final state by varying the split point338

to 0.9 GeV/c2 and 1.2 GeV/c2, respectively, and take the339

maximum deviation from the nominal background level340

as the uncertainty �.341

We find no events in the µ+µ� final state, 8 events342

in the ⇡+⇡� final state, and one event in the K+K� fi-343

nal state. The M(⇡+⇡�) distribution in the ! ⇡+⇡�
344

final state is shown in Fig. 2. The statistical model used345

to compute the signal significances is discussed in Ap-346

pendix A. The largest local significance for the model-347

independent search is 2.9�, including systematic uncer-348

tainties, found near m() = 0.531 GeV/c2 for the ⇡+⇡�
349

final state for a lifetime of c⌧ = 1.0 cm. Taking into350

account the look-elsewhere e↵ect [43], this excess has a351

global significance of 1.1�.352

FIG. 2. Distribution of M(⇡+
⇡
�) together with the stacked

contributions from the various simulated SM background
samples for ! ⇡

+
⇡
� candidates. Simulation is normalized

to a luminosity of 365 fb�1 .

With the method described in Appendix B, we com-353

pute 95% Bayesian credibility level (CL) upper limits on354

�sig = �prod⇥B (�2 ! �1e+e�)⇥B (! x+x�) using the355

Bayesian Analysis Toolkit software package [44, 45]. The356

observed upper limits, including systematic uncertain-357

ties, are shown in the supplemental material [46]. Us-358

ing a Je↵reys prior [47] would decrease the upper limits359

on �sig by up to 30% with respect to the uniform prior.360

The systematic uncertainties weaken the limits, with the361

largest increase of 2.5% occurring for heavy with small362

lifetimes.363

For the model-dependent interpretations, we multiply364

the p-values in all relevant and kinematically accessible365

analysis channels, again separately for various lifetimes.366

For the calculation of the model-dependent upper lim-367

its on �prod ⇥B (�2 ! �1e+e�) we multiply the individ-368

ual likelihoods weighted by the theoretical branching369

fractions from Ref. [48]. For each mass value, we deter-370

mine the value of sin ✓ such that the resulting predicted371

value of �prod ⇥ B (�2 ! �1e+e�), equals the 95% ex-372

cluded �prod ⇥ B (�2 ! �1e+e�). To calculate the pre-373

diction, we fix �prod and the �2 branching fractions to the374

theoretical values from Ref. [7] taking into account ISR.375

Fig. 3 shows the observed upper limit on sin ✓ for one376

specific choice of model parameters. Similarly, for each377

m(�1), we determine the value of y such that the result-378

ing predicted value of �prod ⇥ B (�2 ! �1e+e�), equals379

the 95% excluded �prod⇥B (�2 ! �1e+e�). Fig. 4 shows380

the observed upper limit on y for a specific choice of381

model parameters. In general, �prod increases with ✏2,382

the lifetime of the increases with 1/(sin ✓)2, and the life-383

time of the �2 increases with 1/✏2. Additional plots and384

detailed numerical results for many more parameter com-385

binations can be found in the supplemental material [46].386

FIG. 3. Exclusion regions at 95% CL in the plane of the
sine of the mixing angle ✓ and dark Higgs mass m() from
this work (teal) together with existing constraints at 90%
CL from PS191 [49], E949 [50], NA62 [51, 52], KOTO [10, 53],
KTeV [54], and BABAR [48, 55], and at 95% CL from Micro-
BooNE [10, 56, 57], L3 [10, 58], CHARM [48, 59], LHCb [48,
60, 61], Belle II [62], and CMS [63] for ↵D = 0.1, m(A0) =
3m(�1), �m = 0.4m(�1), ✏ = 1.5 ⇥ 10�3, and m(�1) =
2.5 GeV/c2. Constraints colored in gray with dashed outline
are reinterpretations not performed by the experimental col-
laborations. All constraints except for the one from this work
do not require the presence of a dark photon or iDM.

In conclusion, we report the first search for a dark387

Higgs in association with inelastic DM, using 365 fb�1 of388

Belle II e+e� data. We do not observe a significant ex-389

cess above the background. We set 95% CL upper limits390

on � (e+e� ! �1�2)⇥ B (�2 ! �1e+e�)⇥ B (! x+x�).391

Depending on the combination of model parameters, the392
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FIG. 4. Exclusion regions at 95% CL in the plane of the di-
mensionless variable y = ✏

2
↵D(m(�1)/m(A0))4 and DM mass

m(�1) from this work (teal) together with existing constraints
at 90% CL from CHARM [12, 17], NuCal [12, 15, 16], and
BABAR [6, 14]) for ↵D = 0.1, m(A0) = 3m(�1), �m =
0.4m(�1), sin ✓ = 2.6 ⇥ 10�4, and m() = 0.4 GeV/c2. Con-
straints colored in gray with dashed outline are reinterpreta-
tions not performed by the experimental collaborations. All
constraints except for the one from this work do not require
the presence of a dark Higgs boson or iDM.

limits improve over existing searches by up to two orders393

of magnitude.394
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FIG. S17. Exclusion regions at 95% credibility level in the plane of the sine of the mixing angle ω and dark Higgs mass
m(h→) from this work (teal) together with existing constraints at 90% credibility level from PS191 [49], E949 [50], NA62 [51, 52],
KOTO [10, 53], KTeV [54], and BABAR [48, 55], and at 95% credibility level from MicroBooNE [10, 56, 57], L3 [10, 58],
CHARM [48, 59], LHCb [48, 60, 61], Belle II [62], and CMS [11] for εD = 0.1, m(ϑ1) = 2.5 GeV/c2, and m(A→) = 3m(ϑ1).
The mass splitting is set to !m = 0.2m(ϑ1) (top), !m = 0.4m(ϑ1) (center), and !m = 1.0m(ϑ1) (bottom). Plots on the
left assume a ϑ2 lifetime of cϖ(ϑ2) = 0.01 cm and on the right cϖ(ϑ2) = 0.1 cm. This results in di”erent mixing parameters ϱ,
which are reported in each plot. All constraints but the one from this work do not depend on the presence of a dark photon or
iDM.

30

FIG. S18. Exclusion regions at 95% credibility level in the plane of the sine of the mixing angle ω and dark Higgs mass
m(h→) from this work (teal) together with existing constraints at 90% credibility level from PS191 [49], E949 [50], NA62 [51, 52],
KOTO [10, 53], KTeV [54], and BABAR [48, 55], and at 95% credibility level from MicroBooNE [10, 56, 57], L3 [10, 58],
CHARM [48, 59], LHCb [48, 60, 61], Belle II [62], and CMS [11] for εD = 0.1, m(ϑ1) = 2.5 GeV/c2, and m(A→) = 3m(ϑ1). The
mass splitting is set to !m = 0.2m(ϑ1) (top), !m = 0.4m(ϑ1) (center), and !m = 1.0m(ϑ1) (bottom). Plots on the left
assume a ϑ2 lifetime of cϖ(ϑ2) = 1.0 cm and on the right cϖ(ϑ2) = 100.0 cm. This results in di”erent mixing parameters ϱ,
which are reported in each plot. For the model parameter configurations in the center right and lower right plot Belle II is not
sensitive. All constraints but the one from this work do not depend on the presence of a dark photon or iDM.

 ϵ = 3.7 × 10−2

cτ(χ2) = 0.01 cm
 ϵ = 3.7 × 10−3

cτ(χ2) = 1 cm
 ϵ = 3.7 × 10−4

cτ(χ2) = 100 cm

• Limits improve over existing searches by up to two orders of magnitude depending on 
combination of model parameters 

•  in plots belowΔm = 0.2mχ1
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• Limits improve over existing searches by up to two orders of magnitude depending on 
combination of model parameters 

•  in plots belowcτ(χ2) = 1 cm

 ϵ = 3.7 × 10−3

Δm = 0.2mχ1

 ϵ = 4.7 × 10−4

Δm = 0.4mχ1

 ϵ = 5.1 × 10−5

Δm = 1mχ1
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FIG. S18. Exclusion regions at 95% credibility level in the plane of the sine of the mixing angle ω and dark Higgs mass
m(h→) from this work (teal) together with existing constraints at 90% credibility level from PS191 [49], E949 [50], NA62 [51, 52],
KOTO [10, 53], KTeV [54], and BABAR [48, 55], and at 95% credibility level from MicroBooNE [10, 56, 57], L3 [10, 58],
CHARM [48, 59], LHCb [48, 60, 61], Belle II [62], and CMS [11] for εD = 0.1, m(ϑ1) = 2.5 GeV/c2, and m(A→) = 3m(ϑ1). The
mass splitting is set to !m = 0.2m(ϑ1) (top), !m = 0.4m(ϑ1) (center), and !m = 1.0m(ϑ1) (bottom). Plots on the left
assume a ϑ2 lifetime of cϖ(ϑ2) = 1.0 cm and on the right cϖ(ϑ2) = 100.0 cm. This results in di”erent mixing parameters ϱ,
which are reported in each plot. For the model parameter configurations in the center right and lower right plot Belle II is not
sensitive. All constraints but the one from this work do not depend on the presence of a dark photon or iDM.
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Figure 1: Leading-order Feynman diagram for the process
e+e� ! µ+µ�X,X ! µ+µ�.

Figure 2: Leading-order Feynman diagrams for the two main
contributions to the e+e� ! µ+µ�µ+µ� SM background:
double photon conversion (left) and annihilation (right).

series of fits to the M(µµ) distribution, which allows an
estimate of the background directly from data.

The paper is organized as follows. In Sec. II we briefly
describe the Belle II experiment. In Sec. III we report
the datasets and the simulation used. In Sec. IV we
present the event selections. In Sec. V we describe the
signal modeling and the fit technique to extract the sig-
nal. In Sec. VI we discuss the systematic uncertainties.
In Sec. VII we describe and discuss the results. Sec. VIII
summarizes our conclusions.

II. THE BELLE II EXPERIMENT

The Belle II detector [26, 27] consists of several sub-
detectors arranged in a cylindrical structure around the
e+e� interaction point. The longitudinal direction, the
transverse plane, and the polar angle ✓ are defined with
respect to the detector’s cylindrical axis in the direction
of the electron beam.

Subdetectors relevant for this analysis are briefly de-
scribed here in order from innermost out; a full descrip-
tion of the detector is given in Refs. [26, 27]. The inner-
most subdetector is the vertex detector, which consists of
two inner layers of silicon pixels and four outer layers of

silicon strips. The second pixel layer was only partially
installed for the data sample we analyze, covering one
sixth of the azimuthal angle. The main tracking subde-
tector is a large helium-based small-cell drift chamber.
The relative charged-particle transverse momentum res-
olution, �pT

pT
, is typically 0.1%pT � 0.3%, with pT ex-

pressed in GeV/c. Outside of the drift chamber, time-of-
propagation and aerogel ring-imaging Cherenkov detec-
tors provide charged-particle identification in the barrel
and forward endcap region, respectively. An electromag-
netic calorimeter consists of a barrel and two endcaps
made of CsI(Tl) crystals: it reconstructs photons and
identifies electrons. A superconducting solenoid, situ-
ated outside of the calorimeter, provides a 1.5 T mag-
netic field. A K0

L and muon subdetector (KLM) is made
of iron plates, which serve as a magnetic flux-return yoke,
alternated with resistive-plate chambers and plastic scin-
tillators in the barrel and with plastic scintillators only
in the endcaps. In the following, quantities are defined
in the laboratory frame unless specified otherwise.

III. DATA AND SIMULATION

We use a sample of e+e� collisions produced at
c.m. energy

p
s = 10.58GeV in 2020–2021 by the Su-

perKEKB asymmetric-energy collider [28] at KEK. The
data, recorded by the Belle II detector, correspond to an
integrated luminosity of 178 fb�1 [29].

Simulated signal e+e� ! µ+µ� Z 0 with Z 0 ! µ+µ�

and e+e� ! µ+µ� S with S ! µ+µ� events are gen-
erated using MadGraph5_aMC@NLO [30] with initial-state
radiation (ISR) included [31]. Two independent sets of
Z 0 events are produced, with Z 0 masses, mZ0 , ranging
from 0.212GeV/c2 to 10GeV/c2 in steps of 250MeV/c2,
to estimate efficiencies, define selection requirements, and
develop the fit strategy, and in steps of 5MeV/c2, exclu-
sively dedicated to the training of the multivariate analy-
sis. Samples of S events are generated in 40MeV/c2 steps
for mS masses between 0.212GeV/c2 and 1GeV/c2 and
in 250MeV/c2 steps from 1GeV/c2 to 10GeV/c2.

Background processes are simulated using the fol-
lowing generators: e+e� ! µ+µ�µ+µ�, e+e� !
e+e�µ+µ�, e+e� ! e+e�e+e�, e+e� ! µ+µ�⌧+⌧�

and e+e� ! e+e�⌧+⌧�, with AAFH [32]; e+e� !
µ+µ�(�) with KKMC [33]; e+e� ! ⌧+⌧�(�) with KKMC
interfaced with TAUOLA [34]; e+e� ! e+e�⇡+⇡� with
TREPS [35]; e+e� ! ⇡+⇡�(�) with PHOKHARA [36];
e+e� ! e+e�(�) with BabaYaga@NLO [37]; e+e� !
uū, dd̄, ss̄, cc̄ with KKMC interfaced with Pythia8 [38] and
EvtGen [39] and e+e� ! B0B̄0 and e+e� ! B+B�

with EvtGen interfaced with Pythia8. Electromagnetic
FSR is simulated with Photos [40, 41] for processes gen-
erated with EvtGen. The AAFH generator, used for the
four-lepton processes, including the dominant e+e� !
µ+µ�µ+µ� background, does not simulate ISR effects.
This is a source of disagreement between data and sim-
ulation. Other sources of non-simulated backgrounds in-

• Search for a dark mediator ( ) decaying to  
• Multiple interpretations:   

•  from  extensions of standard model  

• Muonphilic scalar   proposed to resolve  anomaly 

• Belle II production channel: 

X μ+μ−

Z′ → μ+μ− Lμ − Lτ

S → μ+μ− (g − 2)μ

P. Harris, P. Schuster, and J. Zupan (2022), arXiv:2207.08990  

N. Tran, et al., PRD 107, 116026 (2023)  

• Select events with four tracks identified as muons  

• Require the four tracks to have total centre-of-
mass energy consistent with collision s

e+e− → μ+μ−X, X → μ+μ−

Belle

Search for a  resonance in four-muon final states 
at Belle II 

μ+μ−

https://arxiv.org/abs/2207.08990
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.116026
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Figure 9: Candidate-muon-pair momentum pµµ for signal (left) with mZ0 = 3GeV/c2 and background (right), for dimuon
masses 2.75 < M(µµ) < 3.25GeV/c2.
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Figure 10: Signal efficiency as a function of mZ0 (purple dots)
and mS (orange triangles) masses after all selections are ap-
plied.

low 1GeV/c2. The MLP selection is applied separately
to each of the four candidates per event, reducing the
average candidate multiplicity per background event to
1.7. The candidate multiplicity per signal event varies
between 1.4 and 3, depending on the mass.

E. Efficiencies and dimuon spectrum

The efficiencies of the full selection for the Lµ�L⌧ and
muonphilic scalar models are shown in Fig. 10. The effi-
ciency for the scalar increases below 1GeV/c2 because the
S, due to angular momentum conservation, is produced
through a p-wave process, and has a harder momentum
spectrum than the Z 0, which is produced via an s-wave
process. For masses above 1GeV/c2, the S efficiency is
lower than the Z 0 because the analysis, particularly in
the final background suppression part, is optimized for
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Figure 11: Dimuon invariant-mass distribution in data and
simulation for candidates passing all the selections. Contri-
butions from the various simulated process are stacked. The
subpanel shows the data-to-simulation ratio.

the Lµ � L⌧ model.
The signal efficiencies shown here are corrected for ISR.

Although the signal generator includes ISR, it does not
include the large-angle hard-radiation component that
can produce photons in the acceptance, and thereby veto
events. This effect is studied using e+e� ! µ+µ��
events, generated with KKMC that simulates ISR in a com-
plete way, and gives a relative reduction of 2.8% in effi-
ciency.

To improve the mX resolution, a kinematic fit is ap-
plied requiring that the sum of the four-momenta of the
muons be equal to the four-momentum of the c.m. sys-
tem, thus constraining the four-muon invariant mass top
s/c2. The resulting M(µµ) distribution is shown in

Fig. 11. With the exception of the very low mass region,
the data-to-simulation yield ratio is generally above one.
This is because the MLPs perform worse on data, which
naturally includes ISR, than on background simulation,
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Figure 4: Candidate-µ+ momentum versus candidate-µ� momentum for simulated signal (left) with mZ0 = 3GeV/c2 and
simulated background (right), for dimuon masses 2.75 < M(µµ) < 3.25GeV/c2.
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Figure 5: Recoil-µ+ momentum versus recoil-µ� momentum for simulated signal (left) with mZ0 = 3GeV/c2 and simulated
background (right), for dimuon masses 2.75 < M(µµ) < 3.25GeV/c2.
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Figure 6: Absolute value of the cosine of the helicity angle for simulated signal (left) with mZ0 = 3GeV/c2 and simulated
background (right), for dimuon masses 2.75 < M(µµ) < 3.25GeV/c2.

muon transverse momenta; the magnitudes of the recoil- single-muon momenta; the recoil-single-muon transverse

• Main background from  

• Suppressed with neural network trained on kinematic quantities 

• Search for localized excess in M( ) distribution

e+e− → μ+μ−μ+μ−

μμ

After background suppression 
with neural network  

Belle

Search for a  resonance in four-muon final states 
at Belle II 

μ+μ−
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• No significant excess observed in 178 fb-1 

• Limits set on Z’ and muonphilic scalar interpretations 

• First experiment to set limits on muonphilic scalar. Constrains explanation for muon g-2 anomaly 

Z’muonphilic scalar

Search for a  resonance in four-muon final states 
at Belle II 

μ+μ−
Belle

Phys. Rev. D 109, 112015 (2024)  
arXiv:2403.02841  

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015
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16Conclusions

• Variety of methods to search for production of MeV-to-GeV scale dark mediators at Belle and Belle II  

• New triggers introduced at Belle II for low multiplicity final states open additional dark sector                     
search opportunities 

• Recent dark sector searches by Belle and Belle II were reported 

➡Belle Collaboration, Search for an axion-like particle in B meson decays To be submitted to JHEP 

➡Belle II Collaboration, Search for a dark Higgs boson produced in association with inelastic dark 
matter at the Belle II experiment Submitted to PRL arxiv:2505.09705 

➡Belle II Collaboration, Search for a  resonance in four-muon final states at Belle II           
Phys. Rev. D 109, 112015 (2024) arXiv:2403.02841

μ+μ−

• Additional dark sector searches in progress and future results will benefit from full Belle II dataset (575 fb-1) 

• Belle II Run 2 will resume in Fall 2025


