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B → Ka( → x+x−) B

B → K(*)a( → γγ)



• The particles in the hidden/dark sectors (DS) do not interact with the Standard Model (SM) particles directly, but 
there can be  “portals” acting as indirect interactions.   [arXiv:1311.0029]
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Dark Sector - Introduction 

• The SM needs to be at least a little coupled to the dark sector

Adrián Casais Vidal (MIT) - Belle II Physics Week

Dark photons

16

γ g

W Z
H

τ
μ

e

ντ
νμνe

u
c

t b s
d

dark 
higgs?

dark forces?

dark quarks?

dark leptons?

ϵEM

A A− 

θϵEM

Dark Sectors could communicate to SM 
through portals

Many opportunities for accelerator experiments for both high energy and high intensity  
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Dark sector portals

SU(3) − SU(2) − U(1)

Dark/hidden sector
particles that do not couple 
to SM, but can interact 
through a mediator

Portals Mediators Field symbol
Vector Dark photon

Scalar Dark Higgs

Pseudoscalar Axion/ALP

B-mesogenesis Colored scalar

Fermion Sterile neutrino

×portal = ∑ ℒSM − ℒDS

Each portal can be realized with several simplified models, each one with 
several signatures, sometimes with a preferred one, but not limited to that

A𝒪 

ϕ
a

N

The new physics scenarios that describe the communication between SM and Dark sectors, can described by a few portals 

 Cold (non-relativistically 
produced)
  Sufficiently stable
 Sufficiently heavy
 Dark (weak electromagnetic 
interactions)
 Smoothly distributed

Dark matter should be:

Each signature can be the “golden channel” for a given model, but it can have 
sensitivity also for other models

Y

Portals Mediators Field symbol

Vector     Dark photon,  

Scalar Dark scalar/Dark Higgs

Pseudoscalar Axion/ALP

Fermion Sterile Neutrino
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https://arxiv.org/abs/1311.0029
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Dark sector searches at Belle II

● Collect data mainly at the Y(4S) resonance (10.58 GeV)

➔ Sensitive in the M ~ O(MeV-GeV)

● Search for dark sector par#cles  

➔ Produced in e+e- annihila#ons 

➔ Produced in rare meson decays

▶ S. SteVova, 
“Searching for the dark sector in B decay” on Friday

● Dedicated low-mul#plicity triggers at Belle II

Belle II Physics Week 2024. Dark Sectors at Belle II. Luigi Corona

● Dark ma;er candidates

● Observed anomalies

Berillium-8
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Dark Sector
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Dark sector covered by  colliderse+e−

mB = 5.3 GeV

• The dark matter (DM) scale is unknown; completely different search strategies depending on the mass of 
dark matter 

•  DM weakly couples to SM particle annihilation at accelerators  

•  collider can access the mass range favoured by light dark sector  

• Typical process for to look for dark sector mediators :

e+e−

SM-particle + Mediator  e− + e+ →
(or other hadron)  SM-particle + MediatorB →

• Important features for DS searches at  include  

•  Clean, low-background, energy-conserving 
environment with closed kinematics 

• High luminosity and cleanliness compensate for 
small cross sections

e+e−



displaced or invisible decay

14

Different topologies depending on the mediator and DM 
candidate mass hypothesis:
• DM kinematically accessible -> invisible decay:

• Missing energy or momentum signature
• Otherwise, decay to SM -> visible decay:

• Bump hunt search

An additional player: mediator lifetime.
• Usually life-time is proportional to some inverse                                                                         

power of the coupling and of the mediator mass

• Long lifetime -> long decay length: 
• decay-length < O(1)m: displaced decay vertices
• decay-length > O(1)m: decay outside the detector, 

i.e. invisible
~ drift chamber radius

Dark sector at Belle (II)
Overview

La Thuile 2025 – Tau and dark sector physics at Belle and Belle II (M. Campajola) 
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Dark sectors at 𝐵-factories
Many production mechanisms available
➢Direct production in 𝑒+𝑒− collisions
➢ Production in meson decay

Different event topologies
➢ Visible decays to SM final states
➢ Invisible decays (missing mass)

➢Decay to DM or particle decays outside detector 
➢Displaced vertices

➢Weaker couplings lead to long lifetime and 
therefore long decay length

DSU2025 - Searches for dak sector particles at Belle and Belle II (D. Marcantonio) 5
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Dark Sector and Dark Matter at - factoriesB

• Visible decay to SM particles: allow to search for dark sector 
mediators 

• Invisible decay  to dark matter candidates: allow us to search for DM 
or dark sector mediators in final states with missing energy 

• Displaced vertices: weaker couplings lead to long lifetime and 
therefore long decay length 

• Different scenario arise, depending on the dark sector mediator and dark 
matter mass hypothesis 

• Negligible interaction probability of DM with the detector

• Lifetime is an additional player: proportional to some inverse power of 
the coupling and of the mediator mass  

• decay-length  m: displaced decay vertices  

• decay-length  m: decay outside the detector (invisible)

< 𝒪(1)
> 𝒪(1)

  The Dark Sector at Belle II

05.06.2025 5 F.F. Trantou | Recent results on dark sector searches at Belle II 

Signatures

Visible decays of A′ and 
Z′, ALP → γγ or ff ..

Invisible decays of 
A′, Z′ , ALPs ..

Inelastic DM, dark Higgs boson, 
(pseudo) scalars.. Broad exploration of dark sector models with unique sensitivity in the MeV–GeV range.

Searching for dark sector (DS) particles

● Directly produced in e+e- collisions

● Emerging from the decay of mesons (such as B, D) or 

fermions (such as τ)

Different scenarios emerge, based on the DS mediator and 

the DM candidate mass  hypothesis:

● Visible decay to SM particles: Search for DS mediators 

● Invisible decay to DM candidates: 
Search for DM or DS mediators in final states with missing energy

● Suppressed decays to SM particles lead to long-lived mediators
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-factoriesB

• Asymmetric  energy beam colliders optimized for the production of  meson pairse+e− B

  
4NuDM2024. Dark sector searches at Belle II. Dec. 11-14, 2024. Luigi Corona

  B-factories

First genera�on of B-factories

Belle@KEKB, KEK, Tsukuba (JP)
1999–2010, ∫ L dt = 1 ab-1

BABAR@PEP-II, SLAC (USA) 
1999–2008, ∫ L dt = 0.5 ab-1

Tot: 1.5 ab-1

● Asymmetric e+e- colliders op�mized for the produc�on of 
B meson pairs, but also D mesons, τ leptons, ... 

● Collisions occur at Y(nS) resonances

➔ Mainly at Y(4S): √s = 10.58 GeV
just above the produc�on threshold of BB 
BR(Y(4S) → BB) > 96%

● Asymmetric beam energies: boosted BB pairs, 
for CP-viola�on �me-dependent measurements

● High peak luminosity L > 1034 cm-2s-1

• Collisions occur at  resonances (bound  states), mainly at 
√s = 10.58 GeV 

• Experiments operating at -Factories: 

• First generation: 

• BaBar@PEP-II, US (1999-2008)→ Collected 0.5  

• Belle@KEKB, Japan (1999-2010) → Collected 1  

• Second generation: 

• Belle II@SuperKEKB, Japan (2018-Now)

Υ(ns) bb̄

B

ab−1

ab−1

Highest peak luminosity achieved by first generation  factory B L > 1034cm−2s−1
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Nano-Beam scheme

From KEKB to SuperKEKB

• Upgraded rings                                
➢ New e+ Damping Ring
➢ Increased currents

• Nano-beam scheme                    
➢ New Final Focus magnets (QCS)
➢ Large crossing angle

x30 E. Graziani – Dark sector searches at Belle II - LDMA 2025 2

Nano-Beam scheme

From KEKB to SuperKEKB

• Upgraded rings                                
➢ New e+ Damping Ring
➢ Increased currents

• Nano-beam scheme                    
➢ New Final Focus magnets (QCS)
➢ Large crossing angle

x30 

  B-factories

05.06.2025 3 F.F. Trantou | Recent results on dark sector searches at Belle II 

Overview

SuperKEKB

Asymmetric e+e - energy beam colliders

● Optimized for the production of B mesons but ideal environments 

to study D mesons, τ leptons and dark sector physics too

● Collisions occur at Y(nS) resonances (bound        states), mainly at √s = 10.58 GeV

Experiments operating at B-Factories:

● First generation:
Babar@PEP-II, US (1999-2008)→ Collected  0.5 ab−1

Belle@KEKB, Japan (1999-2010) → Collected  1 ab−1

● Second generation:
Belle II@SuperKEKB, Japan (2018-Now))

▶ Belle II: Luminosity-frontier experiment searching for physics beyond the SM

→ Collected 0.6 ab−1  (Target: 50 ab−1)

▶ SuperKEKB achieved world’s highest peak luminosity at                                                .
→ Target:  

Eiasha WAHEED 7

SuperKEKB

• SuperKEKB is a 2nd generation asymmetric collider at the  energy located at 
Tsukuba (Japan).

e+e− Υ(4S)

-factory:  pairs per  

charm factory:  pairs per  

 factory:   pairs per 

B ∼ 1.1 × 109BB̄ ab−1

∼ 1.3 × 109cc̄ ab−1

τ ∼ 0.9 × 109τ+τ− ab−1

Nano-Beam scheme 
beam size ↓ 20 times 
currents ↑ 1.5 times 

• SuperKEKB is major upgrade of KEKB 

• Target is to achieve highest instantaneous luminosity 
(  30 KEKB) 

• SuperKEKB has been designed as a -factory but 
ideal environments to study  mesons,  leptons and 
dark sector physics

×
B

D τ
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Projected by SuperKEKB/Belle II
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Luminosity status and projection 

• So far  
• Goal:  
• World record:  

• Target: 

Lint = 575 fb−1( ∼ 1/2 Belle)
Lint = 50 ab−1( 50 × Belle)

Lpeak = 5.1 × 1034cm−2s−1

Lpeak = 6 × 1035cm−2s−1

Long-shutdown (LS1) Several accelerator and detector 
maintenance and improvements

Collected luminosity up to now: 2019 - 2024

• Restart data taking in Fall 2025

   Phases of the Belle II experiment

Belle II’s data taking timeline is separated into three phases. 

❖ Phase I (2016) + Phase II (April - July 2018) : 

● Dedicated to commissioning both the machine and the detector. 

● Collected  0.5  fb−1  of data with an incomplete vertex detector (VXD). 

❖ Phase III (March 25, 2019 - Now) : 

Beginning of a full-scale data collection 

○ Run I (2019-2022): Recorded a total of 428 fb−1   

○ Run II (January 2024-Now)

05.06.2025 22 F.F. Trantou | Recent results on dark sector searches at Belle II 

575.47 fb−1 

Run I 

LS1

Run II 

The total luminosity collected by the experiment 

for Run I and Run II amounts to 575 fb−1  
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Belle II detector

• Belle II key features:  

• Known initial state kinematics 

• Very clean environment 

• Excellent  charged particles identification (kaon, 
pions, protons, electrons, muons) 

• Good neutrals reconstruction  

•  down to 50 MeV 

• Dedicated triggers for low-multiplicity final states 

• Only Belle II has single-photon or single-track and 
single muon triggers 

• Possible to probe all the possible dark sector portals

γ

Belle and Belle II have excellent sensitivity for dark sector searches in the MeV – GeV range

Belle and Belle II detectors
Dark sector physics at general purpose 
detectors requires
➢ Clean collision environment and high 

hermeticity
➢ Good particle identification and tracking
➢Well-defined initial state kinematics
➢ Good neutrals reconstruction 

➢ (𝛾 down to 50 MeV)
➢ Triggers for low-multiplicity final states

➢Only Belle II has single-photon or 
single-track triggers

Powerful tool to probe rare, missing 
energy, and low multiplicity events 

DSU2025 - Searches for dak sector particles at Belle and Belle II (D. Marcantonio) 4

Silicon vertex 
detector: Precise 
tracking close to 
interaction point

Central drift 
chamber: 
Measures 
trajectories left by 
charged particles 

Particle 
identification: 
Uses time-of-
flight/Cherenkov 
detector to 
distinguish 
between particle 
types

𝐾𝐿0 and muon 
detector: 
Detects 𝐾𝐿0 and 
muons

Electromagnetic 
calorimeter: CsI(Tl) 
crystals measure 
energy of EM-
interacting particles

Pixel vertex detector: 
Precise tracking close to 
interaction point (Belle II only)

➢ Many Belle subsystems were upgraded or replaced for Belle II

• Belle II upgrade of Belle → Hermetic detector 
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• One such non-minimal dark sector consists of: 

• Two dark matter states ( , a stable, light particle 
(relic DM) and , a long-lived particle can decay 
to DM 

•    massive dark photon 

•   dark Higgs boson 

•  mixes with SM Higgs through mixing angle  

•  mixes with SM photon with strength  

• Coupling between DM and  is .

χ1
χ2

A′ 

h′ 

h′ θ
A′ ϵ

A′ αD
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Inelastic dark matter with a dark Higgs

Signal processes

EPS-HEP,  7-11 JULY, 2025, LAURA SALUTARI 5
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• Inelastic dark matter (iDM) models can avoid cosmological constraints on dark matter 
• Model with inelastic coupling between DM and SM particles could explain lack of signal in direct detection

mχ1

7 free parameters; 4 masses +  ,   and αD ϵ θ

Δmχ

[PRD	64,	043502	(2001)]

Belle	II		
[arXiv:2505.09705	(2025)]	
Submitted	to	PRL

 is search for in electrons-only final state to exploit the ECL triggers to have better trigger performance.χ2

[ ]

[ ]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://arxiv.org/abs/2505.09705
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Inelastic dark matter with a dark Higgs

Experimentally challenging for 
tracking and trigger due to presence of 

displaced vertices 

  
20NuDM2024. Dark sector searches at Belle II. Dec. 11-14, 2024. Luigi Corona

  IDM with a dark Higgs: signature

Missing energy

Displaced vertex 
pointing to the IP

Displaced vertex 
non-pointing to the IP

● Four tracks in the Fnal state

➔ 2 forming a poin�ng displaced vertex

➔ 2 forming a non-poin�ng displaced 
vertex

● Missing energy

● Challenging for tracking and trigger
● Almost zero background analysis

NEW
Event reconstruction require: 

• Require missing energy ( ) plus four tracks in the final state  

• Two displaced vertices  

•  pointing displaced vertex 

•  non-pointing displaced vertex

χ1χ2

h′ → x+x−

χ2 → χ1e+e−

• Search for a bump in the  invariant   
• Cut-and-count strategy for extracting signal 

yields 
• Events rejected with  ′ candidates with 

0.467 <  < 0.529 GeV/c2 
 to reduce 

background from  decays;

h′ Mh′ 

h′ 

M(π+π−)
K0

s

• Expected background estimated in data from sidebands to not rely on simulation 

• Signal selection using requirements on pointing 
angles and vertex distance from the interaction point 

• very low SM background

Belle	II		
[arXiv:2505.09705	(2025)]	
Submitted	to	PRL

https://arxiv.org/abs/2505.09705
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3%, while uncertainties for µ, ω, and K are below 1%.
We account for a lifetime-dependent e!ect on PID by
introducing an additional systematic uncertainty, evalu-
ated using K0

S and ” decays. For very displaced vertices,
these uncertainties can reach up to 10%. The uncertainty
on the luminosity is 0.47% [19]. The limited number of
simulated events for each signal configuration introduces
systematic uncertainties at the level of 1–2% for most pa-
rameter configurations but can reach up to 10% for very
long lifetimes. We verify that our interpolation proce-
dure between simulated mass points does not introduce
a significant additional uncertainty. We estimate the un-
certainty introduced by splitting the mass region in the
ω+ω→ final state by varying the split point to 0.9 GeV/c2

and 1.2 GeV/c2, respectively, and take the maximum de-
viation from the nominal background level as the uncer-
tainty ε.

We find no events in the µ+µ→ final state, 8 events in
the ω+ω→ final state, and one event in the K+K→ final
state. The M(ω+ω→) distribution in the h↑ → ω+ω→ fi-
nal state is shown in Fig. 2. The statistical model used
to compute the signal significances and p-values is dis-
cussed in Appendix A. The largest local significance for
the model-independent search is 2.9ϑ, including system-
atic uncertainties, found near m(h↑) = 0.531 GeV/c2 for
the ω+ω→ final state for a lifetime of cϖ = 1.0 cm. Taking
into account the look-elsewhere e!ect [43], this excess has
a global significance of 1.1ϑ.

FIG. 2. Distribution of M(ω+
ω
→) together with the stacked

contributions from the various simulated SM background
samples for h

↑ → ω
+
ω
→ candidates. Simulation is normal-

ized to a luminosity of 365 fb→1 .

With the method described in Appendix B, we com-
pute 95% Bayesian credibility level upper limits on ϑsig =
ϑprod ↑ B (ϱ2 → ϱ1e+e→) ↑ B (h↑ → x+x→) using the
Bayesian Analysis Toolkit software package [44, 45]. The
observed upper limits, including systematic uncertain-
ties, are shown in the supplemental material [46]. Us-
ing a Je!reys prior [47] would decrease the upper limits

on ϑsig by up to 30% with respect to the uniform prior.
The systematic uncertainties weaken the limits, with the
largest increase of 2.5% occurring for heavy h↑ with small
lifetimes.
For the model-dependent interpretations, we multiply

the p-values in all relevant and kinematically accessible
analysis channels, again separately for various lifetimes.
For the calculation of the model-dependent upper lim-

its on ϑprod ↑B (ϱ2 → ϱ1e+e→) we multiply the individ-
ual likelihoods weighted by the theoretical h↑ branching
fractions from Ref. [48]. For each h↑ mass value, we deter-
mine the value of sin ς such that the resulting predicted
value of ϑprod ↑ B (ϱ2 → ϱ1e+e→), equals the 95% ex-
cluded ϑprod ↑ B (ϱ2 → ϱ1e+e→). To calculate the pre-
diction, we fix ϑprod and the ϱ2 branching fractions to the
theoretical values from Ref. [7] taking into account ISR.
Fig. 3 shows the observed upper limit on sin ς for one
specific choice of model parameters. Similarly, for each
m(ϱ1), we determine the value of y such that the result-
ing predicted value of ϑprod ↑ B (ϱ2 → ϱ1e+e→), equals
the 95% excluded ϑprod↑B (ϱ2 → ϱ1e+e→). Fig. 4 shows
the observed upper limit on y for a specific choice of
model parameters. In general, ϑprod increases with φ2,
the lifetime of the h↑ increases with 1/(sin ς)2, and the
lifetime of the ϱ2 increases with 1/φ2. Additional plots
and detailed numerical results for many more parameter
combinations can be found in the supplemental mate-
rial [46].

FIG. 3. Exclusion regions at 95% credibility level in the
plane of the sine of the mixing angle ε and dark Higgs mass
m(h↑) from this work (teal) together with existing constraints
at 90% confidence level from PS191 [49], E949 [50], NA62 [51,
52], KOTO [10, 53], KTeV [54], and BABAR [48, 55], and at
95% confidence level from MicroBooNE [10, 56, 57], L3 [10,
58], CHARM [48, 59], LHCb [48, 60, 61], Belle II [62], and
CMS [63] for ϑD = 0.1, m(A↑) = 3m(ϖ1), !m = 0.4m(ϖ1),
ϱ = 1.5 ↑ 10→3, and m(ϖ1) = 2.5 GeV/c2. Constraints col-
ored in gray with dashed outline are reinterpretations not
performed by the experimental collaborations. All constraints
except for the one from this work do not require the presence
of a dark photon or iDM.

• Dataset: 365  from Belle II 

• No significant excess found in the individual final states or 
the combination  channels: 

• 9 events observed, (8 of 9 in ) consistent with 
expected background   

• 95% CL upper limit set on 

fb−1

mh′ 

π+π−

σ(e+e− → h′ χ1χ2) × ℬ(χ2 → χ1e+e−) × ℬ(h′ → x+x−) [x± = μ±, π±, K±]

Eiasha WAHEED 12

Inelastic dark matter with a dark Higgs

 
Eight events observed

h′ → π+π−

14

FIG. S3. Upper limits (95% credibility level) on the product of the production cross section ω
(
e
+
e
→ → h

↑
ε1ε2

)
, and the

product of branching fractions B
(
ε2 → ε1e

+
e
→)↑B

(
h
↑ → x

+
x
→) as function of dark Higgs massm(h↑) for cϑ(h↑) = 1 cm (blue),

cϑ(h↑) = 100 cm (red), and cϑ(h↑) = 1000 cm (green) for h↑ → µ
+
µ
→ (top), h↑ → ϖ

+
ϖ
→ (center) and h

↑ → K
+
K

→ (bottom). The
ε2 lifetime is chosen as cϑ(ε2) = 0.01 cm (left) and cϑ(ε2) = 0.1 cm (right). The remaining model parameters are chosen as
m(ε1) = 2.5 GeV/c2, m(A↑) = 3m(ε1), and !m = 0.2m(ε1). The region corresponding to the fully-vetoed K

0
S mass region is

marked in gray.

• Reconstructed  mass distributions for  

• The product of the production cross section , and the 
product of B.F  as a 
function of dark Higgs mass. The region corresponding to the fully-
vetoed   mass region is marked in grey.

h′ h′ → π+π−

σ(e+e− → h′ χ1χ2)
ℬ(χ2 → χ1e+e−) × ℬ(h′ → x+x−) [x± = π±]

K0
s

Belle	II		
[arXiv:2505.09705	(2025)]	
Submitted	to	PRL

https://arxiv.org/abs/2505.09705
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Inelastic dark matter with a dark Higgs

• Strong limits on  and  (dependence on other parameters) 

• World-leading (model dependent) constraints on the (  ) parameter space 
• Exclusion regions at 95 % CL from this work (teal) 

ϵ × αD θ
sin θ − mh′ 

Many more parameter 
configurations in 

paper
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3%, while uncertainties for µ, ω, and K are below 1%.
We account for a lifetime-dependent e!ect on PID by
introducing an additional systematic uncertainty, evalu-
ated using K0

S and ” decays. For very displaced vertices,
these uncertainties can reach up to 10%. The uncertainty
on the luminosity is 0.47% [19]. The limited number of
simulated events for each signal configuration introduces
systematic uncertainties at the level of 1–2% for most pa-
rameter configurations but can reach up to 10% for very
long lifetimes. We verify that our interpolation proce-
dure between simulated mass points does not introduce
a significant additional uncertainty. We estimate the un-
certainty introduced by splitting the mass region in the
ω+ω→ final state by varying the split point to 0.9 GeV/c2

and 1.2 GeV/c2, respectively, and take the maximum de-
viation from the nominal background level as the uncer-
tainty ε.

We find no events in the µ+µ→ final state, 8 events in
the ω+ω→ final state, and one event in the K+K→ final
state. The M(ω+ω→) distribution in the h↑ → ω+ω→ fi-
nal state is shown in Fig. 2. The statistical model used
to compute the signal significances and p-values is dis-
cussed in Appendix A. The largest local significance for
the model-independent search is 2.9ϑ, including system-
atic uncertainties, found near m(h↑) = 0.531 GeV/c2 for
the ω+ω→ final state for a lifetime of cϖ = 1.0 cm. Taking
into account the look-elsewhere e!ect [43], this excess has
a global significance of 1.1ϑ.

FIG. 2. Distribution of M(ω+
ω
→) together with the stacked

contributions from the various simulated SM background
samples for h

↑ → ω
+
ω
→ candidates. Simulation is normal-

ized to a luminosity of 365 fb→1 .

With the method described in Appendix B, we com-
pute 95% Bayesian credibility level upper limits on ϑsig =
ϑprod ↑ B (ϱ2 → ϱ1e+e→) ↑ B (h↑ → x+x→) using the
Bayesian Analysis Toolkit software package [44, 45]. The
observed upper limits, including systematic uncertain-
ties, are shown in the supplemental material [46]. Us-
ing a Je!reys prior [47] would decrease the upper limits

on ϑsig by up to 30% with respect to the uniform prior.
The systematic uncertainties weaken the limits, with the
largest increase of 2.5% occurring for heavy h↑ with small
lifetimes.
For the model-dependent interpretations, we multiply

the p-values in all relevant and kinematically accessible
analysis channels, again separately for various lifetimes.
For the calculation of the model-dependent upper lim-

its on ϑprod ↑B (ϱ2 → ϱ1e+e→) we multiply the individ-
ual likelihoods weighted by the theoretical h↑ branching
fractions from Ref. [48]. For each h↑ mass value, we deter-
mine the value of sin ς such that the resulting predicted
value of ϑprod ↑ B (ϱ2 → ϱ1e+e→), equals the 95% ex-
cluded ϑprod ↑ B (ϱ2 → ϱ1e+e→). To calculate the pre-
diction, we fix ϑprod and the ϱ2 branching fractions to the
theoretical values from Ref. [7] taking into account ISR.
Fig. 3 shows the observed upper limit on sin ς for one
specific choice of model parameters. Similarly, for each
m(ϱ1), we determine the value of y such that the result-
ing predicted value of ϑprod ↑ B (ϱ2 → ϱ1e+e→), equals
the 95% excluded ϑprod↑B (ϱ2 → ϱ1e+e→). Fig. 4 shows
the observed upper limit on y for a specific choice of
model parameters. In general, ϑprod increases with φ2,
the lifetime of the h↑ increases with 1/(sin ς)2, and the
lifetime of the ϱ2 increases with 1/φ2. Additional plots
and detailed numerical results for many more parameter
combinations can be found in the supplemental mate-
rial [46].

FIG. 3. Exclusion regions at 95% credibility level in the
plane of the sine of the mixing angle ε and dark Higgs mass
m(h↑) from this work (teal) together with existing constraints
at 90% confidence level from PS191 [49], E949 [50], NA62 [51,
52], KOTO [10, 53], KTeV [54], and BABAR [48, 55], and at
95% confidence level from MicroBooNE [10, 56, 57], L3 [10,
58], CHARM [48, 59], LHCb [48, 60, 61], Belle II [62], and
CMS [63] for ϑD = 0.1, m(A↑) = 3m(ϖ1), !m = 0.4m(ϖ1),
ϱ = 1.5 ↑ 10→3, and m(ϖ1) = 2.5 GeV/c2. Constraints col-
ored in gray with dashed outline are reinterpretations not
performed by the experimental collaborations. All constraints
except for the one from this work do not require the presence
of a dark photon or iDM.
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FIG. 4. Exclusion regions at 95% credibility level in the
plane of the dimensionless variable y = ω

2
εD(m(ϑ1)/m(A→))4

and DMmassm(ϑ1) from this work (teal) together with exist-
ing constraints at 90% confidence level from CHARM [12, 17],
NuCal [12, 15, 16], and BABAR [6, 14]) for εD = 0.1,
m(A→) = 3m(ϑ1), !m = 0.4m(ϑ1), sin ϖ = 2.6 → 10↑4, and
m(h→) = 0.4 GeV/c2. Constraints colored in gray with dashed
outline are reinterpretations not performed by the experimen-
tal collaborations. All constraints except for the one from this
work do not require the presence of a dark Higgs boson or
iDM.

In conclusion, we report the first search for a dark
Higgs in association with inelastic DM, using 365 fb→1 of
Belle II e+e→ data. We do not observe a significant ex-
cess above the background. We set 95% credibility level
upper limits on ω (e+e→ → h↑ε1ε2)↑B (ε2 → ε1e+e→)↑
B (h↑ → x+x→). Depending on the combination of model
parameters, the limits improve over existing searches by
up to two orders of magnitude.
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 All constraints except for the one from 
this work do not require the presence 

of a dark photon or iDM.

All constraints except for the one from 
this work do not require the presence 

of a dark Higgs boson or iDM.
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Axion-like-particles  (ALPs)

• Axions were originally motivated by the strong CP problem  One of the  unknown of SM 

• Beyond-SM theories in which a global UV symmetry is spontaneously broken predict 
pseudo-Goldstone bosons known as Axion-like particles (ALPs): 

• ALPs is generic pseudoscalar particles with arbitrary mass and couplings, at ~GeV scale 

• Many possible couplings for ALPs:  , ,  and more 

• The  searches are: 

• visible – ALP decays to SM particles inside detector [  decays]

• invisible – ALP decays outside of detector, or to dark matter

→

gaγγ gaW gq

B → Ka

a → γγ

Strong CP problem and QCD Axion

• The unknown of the SM: CP phase in the strong sector

• Neutron EDM sets a very stringent upper bound: θ̄ ≲ 10−10

6

αsθ̄
8π

GaμνG̃aμν

• We expect the order 1 number because CP is violated in the CKM matrix 
(thanks to Belle and Babar).  
If we start from CP conserving theory for θ, we need to break it to explain CKM.

The strong CP problem 

• Promote  to a field  dynamically settles the CP phase  
to the minimum.  

• Peccei-Quinn symmetry: Global U(1) that generates the axion 
as a Nambu-Goldstone boson. fa is the breaking scale.  

• Attractive dark matter candidate, typically ma<meV. 

θ̄ a/fa
QCD Axion solution

αs

8π
a
fa

GaμνG̃aμν
after QCD phase transition

⟨θ̄⟩ ≲ 10−10

Strong CP problem and QCD Axion

• The unknown of the SM: CP phase in the strong sector

• Neutron EDM sets a very stringent upper bound: θ̄ ≲ 10−10

6

αsθ̄
8π

GaμνG̃aμν

• We expect the order 1 number because CP is violated in the CKM matrix 
(thanks to Belle and Babar).  
If we start from CP conserving theory for θ, we need to break it to explain CKM.

The strong CP problem 

• Promote  to a field  dynamically settles the CP phase  
to the minimum.  

• Peccei-Quinn symmetry: Global U(1) that generates the axion 
as a Nambu-Goldstone boson. fa is the breaking scale.  

• Attractive dark matter candidate, typically ma<meV. 

θ̄ a/fa
QCD Axion solution

αs

8π
a
fa

GaμνG̃aμν
after QCD phase transition

⟨θ̄⟩ ≲ 10−10

CP phase in strong sector 

ALPs proposed as a mediators between the dark sector and ordinary matter and they 
could be cold dark matter candidates themselves.

Peccei,	Quinn,	[PRL	38,	1440	(1977)]		
[PRD	16,	1791	(1977)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.1791
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Long-lived ALP in B-meson decays
Overview 

Search for ALPs that predominantly couple to fermions  
in FCNC B decays;

@ Belle II: 
• search for a long-lived ALPs produced in b to s transitions:

o 𝐵𝐵+ → 𝐾𝐾+𝑎𝑎;
o 𝐵𝐵0 → 𝐾𝐾∗0 → 𝐾𝐾+𝜋𝜋− 𝑎𝑎;
followed by 𝑎𝑎 decay into opposite charged tracks (𝑒𝑒𝑒𝑒, 𝜇𝜇𝜇𝜇,𝜋𝜋𝜋𝜋,𝐾𝐾𝐾𝐾) 
from a displaced vertex;
• probe lifetimes between 

Strategy: 
• Search for a bump in the invariant mass of tracks coming from a                                       

displaced vertex;
• Displaced vertex distance from interaction region > 0.05 cm;

• displaced vertex -> low backgrounds;

transverse view
 of the

Belle II detector

𝑎𝑎

First Belle II long-lived 
particle search! 

The Axion Quest 2024 – ALP searches at e+e- colliders (M. Campajola) 
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Long Lived ALP in  decaysB

• Search for long-lived S that decays visibly into charged particles 
 

• High performance in LLP vertex reconstruction are necessary 

• First Belle II long-lived particle (LLP) search  with 
LLP and  LLP using  

• Displaced vertex distance from interaction region > 0.05 cm 

• displaced vertex  low backgrounds;  

B+ → K+S(S → x+x−) [x = e, μ, π, K]

B+ → K+

B0 → K*0[K+π0] 189 fb−1

→

  
  6    Giacomo De Pietro (giacomo.pietro@kit.edu) − Dark Sector at Belle and Belle II

Long-lived scalar in B decays @ Belle II
Belle II, Phys. Rev. D 108, L111104 (2023)

First Belle II long-lived particle search

Search for scalar S in eight visible B channels:
B+ → K+S and B0 → K*0 (→ Kπ) S

S → e+e− / μ+μ− / π+π− / K+K−

Signal B-meson fully reconstructed

Other B non reconstructed

Combinatorial ee → qq reduced 
by requiring kinematics similar to 
B-meson expectations

Bump hunt in dark scalar mass distribution 
using unbinned maximum likelihood fits

Background determined directly in data

189 fb-1

Belle	II		
[PRD	108,	L111104	(2023)

x+

x−

s

• Cases for long lived particle (LLP) can be from scalar mediator (S) or 
a pseudo-scalar ALP ( ). 

• S can mix with SM Higgs boson with mixing angle  

• For couplings much weaker than the electroweak interaction, the 
scalar S is long-lived. 

• Another possible extension of the SM introduces an ALP that couples 
to photons, fermions, or gluons

a
θs

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
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Long-lived scalar in B decays @ Belle II
Belle II, Phys. Rev. D 108, L111104 (2023)

First Belle II long-lived particle search

Search for scalar S in eight visible B channels:
B+ → K+S and B0 → K*0 (→ Kπ) S

S → e+e− / μ+μ− / π+π− / K+K−

Signal B-meson fully reconstructed

Other B non reconstructed

Combinatorial ee → qq reduced 
by requiring kinematics similar to 
B-meson expectations

Bump hunt in dark scalar mass distribution 
using unbinned maximum likelihood fits

Background determined directly in data

189 fb-1
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Long Lived ALP in  decaysB

Event Reconstruction:   

• Signal -meson fully reconstructed by prompt  or  decay + two oppositely 
charged tracks that make a displaced vertex  

• Signal events are simulated for various scalar masses  

• Search for a bump in invariant mass mLLP distribution  

• Separately for  

• Separately for different lifetimes ( 0.001 < cτ < 400 cm)

B K K*

0.025 < mS < 4.78 GeV/c2

x = e, μ, π, K

  

● Search for a new scalar S in B meson decays in b → s transi�ons

➔ S can mix with SM Higgs boson with mixing angle θs 
→ natural long-lived par�cle (LLP) for small θs 

➔ High performance in LLP vertex reconstruc�on are necessary

● B meson decays

➔ Eight exclusive “visible” channels 
reconstructed

➔ Prompt decay of K or K* + opposite-charged tracks
that make a displaced vertex

➔ Backgrounds: combinatory e+e- → qq, KS vetoed in Mππ mass, 
addi�onal peaking backgrounds suppressed with 
�ghter selec�ons on displaced ver�ces 

● Signal extracted through Ft to the LLP reduced mass,
separately for each channel and life�me

17

  Long-lived spin-0 boson in b → s transi�ons

NuDM2024. Dark sector searches at Belle II. Dec. 11-14, 2024. Luigi Corona

I. Adachi et al., Phys. Rev. D 108, L111104 (2023)

Belle	II		
[PRD	108,	L111104	(2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
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Long Lived ALP in  decaysB
Background rejection: 

• For continuum and  background  

• constrains on  and 

 

•  event shape variable  

• SM long-lived  mass region vetoed and used to evaluate LLP-
performance (efficiencies, shapes, particle identification); 

• Further peaking backgrounds (𝜙, 𝐽/𝜓) suppressed by tighter 
displacement selection; 

• Background determined directly in data (robust against un-modelled 
non-peaking background)

BB̄

Mbc = s/4 − | ⃗p*B |2 > 5.27 GeV/c2

ΔE = |E*B − s /2 | < 0.05 GeV

R2 < 0.45
K0

S

Signal extraction: 

• Search for a bump by performing fit to LLP modified mass 

• Scan in step of half resolution (2 to 10 MeV)

28

Background rejection:
• For continuum rejection: 

o invariant mass and total energy constrained to the nominal B 
mass and measured c.m. beam energy;

o event shape variables;
• SM long-lived 𝐾𝐾𝑆𝑆0 mass region vetoed and used to evaluate long-lived 

particle performance (efficiencies, shapes, particle identification);
• Further peaking backgrounds (𝜙𝜙, 𝐽𝐽/𝜓𝜓) suppressed by tighter 

displacement selection;

Signal extraction:
• Search for a bump in the reduced invariant mass of tracks coming 

from a displaced vertex. Scan in step of half resolution (2 to 10 MeV);
o using the reduced mass simplify the modeling of the signal width 

close to kinematic thresholds;
• Background determined directly in data (robust against un-modelled

non-peaking background);

Long-lived ALP in B-meson decays
Strategy 

mass spectrum for pion channel

The Axion Quest 2024 – ALP searches at e+e- colliders (M. Campajola) 

𝐵 → 𝐾 ∗ 𝑎(→ 𝛾𝛾) 
Signal 𝑩 reconstructed by combining a 
photon pair with a kaon

Backgrounds:
➢ Continuum (𝑒+𝑒− → 𝑞 ത𝑞 )

➢ Smooth 𝑚𝛾𝛾 distribution, “jet-like” 
event shape

➢ 𝐵 decays (𝑒+𝑒− → Υ(4𝑆) → 𝐵 ത𝐵 )
➢ Peaking structures in 𝑚𝛾𝛾 distribution, 

“spherical” event shape
➢ Boosted decision trees used to reject 

background
➢ Event shape discrimination for 𝐵𝐵 vs. 

continuum
➢ Calorimeter cluster variables for 𝜋0 

suppression

DSU2025 - Searches for dak sector particles at Belle and Belle II (D. Marcantonio) 11

𝜋0 𝜂 𝜂′

𝜂𝑐

Preliminary

𝑚𝛾𝛾 < 1.0 GeV/𝑐2 for 𝐵+ → 𝐾+𝑎

𝑚𝛾𝛾 > 1.0 GeV/𝑐2 for 𝐵+ → 𝐾+𝑎

Continuum vs. 𝐵𝐵 
event shapes
Continuum vs.  

event shapes 
BB̄

purity by the jΔEj requirement alone due to the larger K
mass. To reduce continuum background, events must have
R2 < 0.45, where R2 is the ratio of the second and zeroth
Fox-Wolfram moments. The ratio tends to small values for
more spherical distributions of final-state particle momenta
as expected fromB-mesons, which are lightly boosted, while
larger values are expected for the collimated momentum
distribution of light-quarks, which are boosted [37]. The
requirement is restricted to R2 < 0.35 for πþπ− candidates.
We reject events with displaced track-pairs consistent with
0.498 < Mðπþπ−Þ < 0.507 GeV=c2 to reduce background
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 value of jΔEj.
For the signal extraction, we use a modified mass

M0ðxþx−Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2ðxþx−Þ− 4m2

x

p
with mx¼meþ ;mμþ ;mπþ ,

or mKþ, to simplify the modeling of the signal width close
to kinematic thresholds where the scalar mass approaches
twice the rest mass of the final-state particles. M0 equals
twice the x momentum in the xþx− rest frame. An example
of a modified-mass distribution for Bþ → KþSð→ πþπ−Þ
is shown in Fig. 1. Normalization discrepancies are not a
concern since backgrounds are floating in all fits.
To validate the selection we compare simulation and data

in the K0
S mass region rejected in the signal selection, in the

displacement regions close to promptly decaying SM
resonances rejected in the signal selection, and in sidebands
formed by inverting the Mbc and ΔE selections. We find
agreement for all selection variables.

We extract the Bþ → KþSð→ xþx−Þ and B0 → K%0ð→
Kþπ−ÞSð→ xþx−Þ signal yields by performing extended
maximum likelihood fits to the unbinned modified S-mass
distribution. We fit for a narrow nonnegative-yield signal
peak, at various values of S mass and assuming various
lifetimes, over a smooth background. We perform inde-
pendent fits [38] for each of the eight final states and for
each lifetime with a S-mass scan step-size equal to half
the signal mass resolution σsig. For the model-dependent
searches, we perform a combined fit in all relevant and
kinematically accessible analysis channels, again sepa-
rately for various lifetimes. For the dark scalar model
we fix the B-meson and scalar branching fractions to the
theoretical values from Refs. [11,23,39]; for the ALPmodel
the B-meson and ALP branching fractions are taken from
Refs. [3,7,40,41] using a cut-off scale of Λ ¼ 1 TeV and
assuming identical coupling fa ¼ fq ¼ fl to quarks and
leptons. For mS greater than 2 GeV=c2, only S → μþμ− is
included in the combined scalar fit due to large uncertain-
ties in the predicted branching fractions.
The signal is described by a double-sided Crystal Ball

function [42,43] with all parameters determined from fits to
the simulated signal samples. Mass hypotheses that lack a
simulation sample are interpolated from adjacent simulated
samples. The resolution σsig increases smoothly from about
2 MeV=c2 for a light S to about 10 MeV=c2 for a heavy S
and does not depend significantly on lifetime or final state.
However, the tails of the signal distribution, especially for
largermS, increase for larger lifetimes. This is reflected in a
variation of the corresponding parameter values.
The background is modeled by a straight line, with

normalization and slope determined from the fit to data.
This model describes the background beneath any potential
signal across the range of S masses. We restrict the linear
function to non-negative values in the full fit range by
limiting the slope parameter accordingly. To account for a
possible remaining conversion background, an exponential
function is added to the background model when signal
mass hypotheses below mS < 40 MeV=c2 are tested in the
eþe− final state. Each likelihood fit is performed over an
M0ðxþx−Þ range with a width of&20σsig. To improve the fit
stability, we iteratively increase the fit range symmetrically
in 10% steps until it contains at least ten events. We verify
that small variations of the fit-interval extension have
negligible effects on the results.
We include mass- and lifetime-dependent systematic

uncertainties associated with the signal efficiency and with
our signal model pdf as Gaussian nuisance parameters
with widths equal to the systematic uncertainty. The syste-
matic uncertainties associated with the signal efficiency
are typically around 4% for most of the scalar masses and
lifetimes, but can reach 10% for the lightest scalar masses
accessible in the eþe− final state. For large displacements,
the dominant systematic uncertainty on the signal effi-
ciency is due to the difference in track finding efficiency for

FIG. 1. Distribution of M0ðπþπ−Þ together with the stacked
contributions from the various simulated SM background sam-
ples for Bþ → KþSð→ πþπ−Þ candidates. Simulation is normal-
ized to a luminosity of 189 fb−1. The hatched area represents the
statistical uncertainty of the SM background prediction. The
background from eþe− → ττðγÞ is negligible. The bottom panel
shows the pulls per bin, defined as the difference between data
and simulation, normalized to the statistical uncertainties added
in quadrature.

I. ADACHI et al. PHYS. REV. D 108, L111104 (2023)

L111104-4

x+x−

Belle	II		
[PRD	108,	L111104	(2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
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First model-independent limits for 
exclusive B0 → K(*) S ; S → hadrons

Interpretation as dark scalar with mixing 
angle θ with SM Higgs 

Long-lived scalar in B decays @ Belle II
Belle II, Phys. Rev. D 108, L111104 (2023)

189 fb-1
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Long Lived Scalar in  decaysB
• No excess found  

• First model independent limits for exclusive hadrons 

• Most stringent limits for direct search in  

•  Interpretation as dark scalar Higgs with mixing angle θ with SM Higgs

B → K(*)S; S →
K(*)e+e−

  
  8    Giacomo De Pietro (giacomo.pietro@kit.edu) − Dark Sector at Belle and Belle II

First model-independent limits for 
exclusive B0 → K(*) S ; S → hadrons

Interpretation as dark scalar with mixing 
angle θ with SM Higgs 

Long-lived scalar in B decays @ Belle II
Belle II, Phys. Rev. D 108, L111104 (2023)

189 fb-1

Scalar Mediator 

  
18

● No signiFcant excess observed in 189 I-1

➔ First model-independent limits at 95% CL on BR(B → KS) · BR(S → x+x−)

➔ First limits on decays to hadrons

● Interpreta�on as dark scalar S A. Filimonova et al. Phys. Rev. D 101, 095006 (2020)
J Beacham et al. J. Phys. G: Nucl. Part. Phys. 47 010501 (2020)

Limits for each channel and life�me

  Long-lived spin-0 boson in b → s transi�ons: results

NuDM2024. Dark sector searches at Belle II. Dec. 11-14, 2024. Luigi Corona

I. Adachi et al., Phys. Rev. D 108, L111104 (2023)

Belle	II		
[PRD	108,	L111104	(2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
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Search for B → K(*)a( → γγ)

• Highly suppressed in SM 

• New physics could appear at the same order of the SM 
processes 

• ALP production from  boson in  decays 

•  for  

•  is coupling strength of  to  boson. 

• 4 kaon modes:  and  

• Mass range: 0.16  4.50 (4.20)  for  

• Previous limits from BaBar, which used only  
and smaller dataset [PRL.1.28.131802]

W± B → K(*)a
B(a → γγ) ≃ 100 % ma < mW

gaW a W

K0
S , K+, K*0 K*+

− GeV/c2 K(*)

B+ → K+a

• Event reconstruction  
• Signal  candidates reconstructed by combining a pair 

of photons and a  candidate  

• vertex fit to the selected  candidates, constraining 
photon and kaon candidates to originate from IP 

• Constrain mass and energy exploiting no missing 
energy in final state 

•  

•  between -0.2 to 0.1 GeV

B
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B
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B > 5.27 GeV
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Belle analysis with  corresponding to 
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Submitted	to	JHEP
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Figure 1: The Feynman diagram for a B → K(→)a(→ ωω) decay.

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

L = ↑
gaW
4

aWµωW̃
µω , (1.1)

where a is the ALP field, gaW is the coupling strength of the a to W bosons, and Wµω is

the gauge boson field strength for a W boson, with dual tensor W̃µω = εµωεϑVεϑ/2. The

branching fraction of the process B → K(→)a(→ ωω), which is shown in Fig. 1, depends

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

decay width is given by ! = g2aWm3
a sin

4 ϑW /64ϖ, where ϑW is the weak mixing angle [26].

In this paper, we report a search for ALPs in B → K(→)a(→ ωω) decays using four kaon

modes, K0
S , K

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

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

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

an integrated luminosity of 711 fb↑1. Our study has better sensitivity than the previous

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

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

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

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

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

and the ALP mass resolution are a”ected, reducing the signal e#ciency. Once we obtain

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

fit to improve the constraint on gaW .

2 The Belle detector and simulation

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

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

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

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

construction of charged particle trajectories (tracks) and for measuring their momentum,

an aerogel Cherenkov counter (ACC) and a time-of-flight scintillation counter (TOF) for
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ALP lifetimes
➢ At low masses, ALP can long 

decay length
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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→ → ω (4S) → B+B→ (red cross-hatched), and e+e→ → ω (4S) → B0B0 (green diagonal

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

components from h → εε (h = ϑ0, ϖ, or ϖ↑) are modelled with double-sided Crystal Ball

functions.

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

eter from the Crystal Ball signal, ϱR
ωω . The latter varies with the ALP mass, ranging from

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

ma = 4.5GeV. Each fit range extends over an Mωω interval with a width of 9↑ (ϱR
ωω+ϱL

ωω),

where ϱL
ωω is the low-side Crystal Ball resolution parameter. The signal peak shape param-

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

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

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

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

Due to the peaking background from ϑ0, ϖ and ϖ↑ decays, masses below 0.160GeV, in
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Background contributions: 

• From  (continuum) 

•  decays ( ) 

• Boosted decision trees (BDT) used to reject background 

• Event shape discrimination for  vs. continuum 

•  rejected with , additional BDT trained by 
calorimeter cluster variables  

• Peaking background regions ( ) in di-photon 
invariant mass  are vetoed.
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functions.
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where ϱL
ωω is the low-side Crystal Ball resolution parameter. The signal peak shape param-

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

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

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

the fit, along with the signal and peaking background normalization.
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Signal extraction 

• Signal extracted with a scan over  

• Steps of signal mass resolution (~8 - 18 MeV) 

• Use  ( ) to validate signal 
extraction method 

• Simultaneous fit on all 4 kaon modes:  
and 

Mγγ

B → Kh( → γγ) h → η, η′ , π0

K0
S , K+, K*0

K*+

Search for B → K(*)a( → γγ)
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• No significant excess observed 

• upper limits evaluated from simultaneous fit to four 
kaon modes as a function of the ALP mass, compared 
with existing constraints 

• ALP lifetimes  

• At low masses, ALP can have long decay length  

• Signal efficiency goes down as light ALPs escape 
the detector (long lived ALP is taken into account) 

• This is accounted for 

World leading 90% CL upper limits on coupling gaW

𝐵 → 𝐾 ∗ 𝑎(→ 𝛾𝛾) 
➢ Simultaneous fit to 4 modes
➢No significant excess observed, 

upper limits evaluated at 90% CL
➢Most stringent constraints on 𝑔𝑎𝑊 

to date
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decay length
➢ Signal efficiency goes down as 

light ALPs escape detector
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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].

as a function of ma, derived from the combination of four kaon modes. The limits are

3↑ 10↑6GeV↑1 for the ALP mass hypotheses above 2.0GeV, increasing to 3↑ 10↑5GeV↑1

at the lowest ALP mass. This trend is due to the increase in the lifetime, which leads

to a lower signal e!ciency. Figure 5 also shows the constraints derived from the NA62

K+
→ ω+ + invisible search [58]. Based on the methodology presented in Ref. [59] we

reinterpret the NA62 results on a dark scalar decaying to SM particles as limits on ALPs.

The constraints on the coupling of the axion-like particle to electroweak gauge bosons gaW
are improved by a factor of two compared to the most stringent previous experimental

results.[26]

This work, based on data collected using the Belle detector, which was operated until

June 2010, was supported by the Ministry of Education, Culture, Sports, Science, and

Technology (MEXT) of Japan, the Japan Society for the Promotion of Science (JSPS),

and the Tau-Lepton Physics Research Center of Nagoya University; the Australian Re-

search Council including grants DP210101900, DP210102831, DE220100462, LE210100098,

LE230100085; Austrian Federal Ministry of Education, Science and Research (FWF) and

FWF Austrian Science Fund No. P 31361-N36; National Key R&D Program of China un-

der Contract No. 2022YFA1601903, National Natural Science Foundation of China and re-

search grants No. 11575017, No. 11761141009, No. 11705209, No. 11975076, No. 12135005,
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Summary 

• World leading or competitive results from Belle data and even with a subset of the Belle II available data 

• Belle and Belle II have set world-leading constraints on a number of models and published several additional 
dark sector analyses (list in the backup) 

• Results covered in this talk: 

• Belle II  analysis: Search for inelastic dark matter with a dark Higgs  

• Search for ALPs in 𝐵 meson decays 

• Belle II analysis:  

• Belle analysis:  

• So far Belle II recorded ~575  ; more results with higher statistics and improved analyses are in the 
pipeline, with reliable sensitivity projections at future luminosity.

B → KS( → e+e−/μ+μ−/π+π−/K+K−)

B → K(*)a( → γγ)

fb−1

[PRD	108,	L111104	(2023)]

[arXiv:2507.01249	(2025)],	submitted	to	JHEP

Snowmass	White	Paper:		
[arXiv:2207.06307	(2022)]

[arXiv:2505.09705	(2025)],	submitted	to	PRL

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.L111104
https://arxiv.org/abs/2507.01249
https://arxiv.org/pdf/2207.06307
https://arxiv.org/abs/2505.09705
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Belle and Belle II analyses

Belle 

• Search for lepton-flavour-violating tau decays to   arXiv:	2503.22195	(2025) accepted by JHEP 

• Search for a dark leptophilic scalar Phys.	Rev.	D	109,	032002	(2024)	

• Search for a heavy neutral lepton Phys.	Rev.	D	109,	L111102	(2024) 

• Search for  in the  gauge-symmetric model  Phys.	Rev.	D	106,	012003	(2022) 

• Search for the Dark Photon and the Dark Higgs Phys.	Rev.	Lett.	114,	211801	(2015)

ℓa

Z′ → μ+μ− Lμ − Lτ

Belle II  

• Search for a  resonance in  events Phys.	Rev.	D	109,	112015	(2024) 

• Search for a Dark Photon and an invisible Dark Higgs in  Phys.	Rev.	Lett.	130,	071804	(2023) 

• Search for a resonance decaying to  in  events Phys.	Rev.	Lett.	131,	121802	(2023) 

• Search for the LFV  (invisible) decay Phys.	Rev.	Lett.	130,	181803	(2023) 

• Search for an invisible  in   Phys.	Rev.	Lett.	130,	231801	(2023) 

• Search for an invisibly decaying  in  plus missing energy final states Phys.	Rev.	Lett.	124,	141801	(2020)	

• Search for ALPs produced in  collisions  Phys.	Rev.	Lett.	125,	161806	(2020)

μ+μ− ee → μμμμ
μ+μ−

τ+τ− e+e− → μ+μ−τ+τ−

τ → lα
Z′ ee → μμZ′ 

Z′ e+e− → μ+μ−(e±μ∓)
e+e−

https://arxiv.org/abs/2503.22195
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.211801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071804
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.121802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806
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  Low-mul�plicity triggers

● Two-level trigger

➔ Hardware-based Level 1 Trigger (L1): < 30 kHz

➔ SoTware-based High Level Trigger (HLT): < 10 kHz

● Devised speciPc low-mul�plicity trigger lines

➔ Suppress high-cross-sec�on QED processes 
without “killing” the signal

➔ Precise knowledge of acceptance and e?ciencies 
of the detector required

● Examples 

➔ Single-photon trigger

➔ Single-muon trigger

➔ Single-track trigger

Trigger di singolo fotone
soglia di eZecienza a 1 GeV

NuDM2024. Dark sector searches at Belle II. Dec. 11-14, 2024. Luigi Corona
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Low Multiplicity Triggers
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• Suppress high-cross-section QED processes without “killing” 
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• Precise knowledge of acceptance and efficiencies of the detector 
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• Examples 

• Single-photon trigger 

• Single-muon trigger 

• Single-track trigger
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Long Lived Scalar in  decaysB
• Interpretation as Pseudo-scalar ALP: For the model-dependent search for ALP with coupling 

to fermions, combined fit is performed in all relevant and kinematically accessible analysis 
channels, separately for various lifetimes.

[PRD	108,	L111104	(2023)

Search for a long-lived spin-0 mediator in b → s transitions at the Belle II experiment
(supplementary information)

Supplementary information

This material is submitted as supplementary informa-

tion for the Electronic Physics Auxiliary Publication Ser-

vice.

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→ω+

,

J/ε → e+e→ and J/ε → µ+µ→
, ε(2S) → e+e→ and

ε(2S) → µ+µ→
, hadronic decays of ϑc, ϖc1, and ϑc(2S),

and ϱ → 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 ω0
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 ϑc 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 di!erent S
final states.

e+e→ µ+µ→ ω+ω→ K+K→

D0
[1.0, 1.3] [1.7, 1.8] [1.65, 1.75] [1.75, 1.85]

J/ε [3.00, 3.15] - -

ε(2S) [3.65, 3.75] - -

ϑc - - [2.85, 3.15] [2.80, 3.20]

ϖc1, ϑc(2S) - - [3.4, 3.8]

ϱ - - - [1.00, 1.04]

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 cς = 100 cm that resulted in the largest local

significance observed in the combined fits.

• Exclusion regions in the plane of the coupling  
with the vacuum expectation value  and the ALP mass 

 from this work (blue).  

• The constraint colored in gray with dashed outline is a 
reinterpretation not performed by the experimental 
collaboration and without access to raw data.

gY = 2v/fa
v

ma

mailto:https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
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• 90% CL upper limits on the coupling   as a function of the ALP mass obtained with the CLs method with simultaneous 
fit to the four kaon modes. The green and yellow bands are the  and ±2 standard deviation ranges, respectively, for the 
expected upper limits in the background only model.

gaW
±1

Search for B → K(*)a( → γγ)
Belle		
[arXiv:2507.01249	(2025)]	
Submitted	to	JHEP
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Figure 4: 90% CL upper limits on the coupling gaW as a function of the ALP mass

obtained with the CLs method with simultaneous fit to the four kaon modes. The green and

yellow bands are the ±1 and ±2 standard deviation ranges, respectively, for the expected

upper limits in the background only model. The red bands are the excluded ω0, ε and

ε→ mass regions. The vertical dashed line indicates the nominal εc mass. Systematic

uncertainties are included in the figure.

average values [37].

In addition, a toy Monte Carlo (ToyMC) study [49] — a simplified, fast simulation

in which observables are sampled from probability density functions (p.d.f.) — is carried

out to evaluate the fitting bias and signal sensitivity. Ten thousand pseudo-datasets are

generated for each ALP mass hypothesis across the four kaon modes using the fitted p.d.f.

and the Poisson distribution of signal and background yield obtained from the fit. The

result of fits on pseudo-data from the ToyMC has a small negative bias of 4.2%→ϑSig. This

is applied as a correction factor to the signal yields in data.

For all ALP mass hypotheses and kaon modes, the decay yield of B ↑ K(↑)a(↑ ϖϖ)

is measured under the assumption that all signal events originate from the prompt decay

of the ALP. However, the ALP can be long-lived, and the displaced vertex reduces the

signal e!ciency. The primary reason for the reduced signal e!ciency is the assumption

that the photons originate from the IP. The calculated opening angle between the two

photons, which enters the ALP mass calculation, is systematically smaller than the true

value, which produces a low-side tail on the reconstructed mass distribution. The fit using

Crystal Ball parameters from prompt decays systematically underestimates the number

of signal events for displaced vertices, e”ectively reducing the e!ciency. To quantify this

e”ect, signal processes with lifetimes cϱ of 10mm, 50mm, 100mm, 200mm, 300mm, 400mm
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