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Belle and Belle II experiments

B-factories with broad physics program

� Asymmetric e+e− colliders at KEK (Tsukuba, Japan)

- collision energy at 10.58 GeV (Υ(4S) mass)

σ(e+e− → BB̄) = 1.05 nb

σ(e+e− → τ+τ−) = 0.92 nb

→ B-factories are also τ -factories!

- well-de�ned kinematics of initial state, hermetic detector

→ key features for good missing energy reconstruction

- good particle identi�cation (leptonID, K/π separation)

� Belle @ KEKB accelerator (1998�2010)

• recorded luminosity ≈ 1 ab−1

� Belle II @ SuperKEKB accelerator (2019�)

- major upgrade of both accelerator and detector

- special triggers for low-multiplicity events

→ allows for the selection of signals that were not possible to
trigger at Belle

- excellent tracking e�ciency and improved vertex resolution

→ enables new measurement approaches

• recorded luminosity = 575 fb−1

Run 1 = 428 fb−1 (365 @ Υ(4S) + 62 o�-resonance)

  
6Belle II Physics Book, PTEP 2019 12 (2019)

● Belle II Upgrade of Belle at KEKB → Hermetic detector with excellent particle identification (PID) performance 

● Well known initial-state condition (e+e- collisions)

● Clean environment with low background

● Dedicated low-multiplicity triggers

➔ Suppress high-cross-section QED processes 
without “killing” the signal

➔ Precise knowledge of acceptance and efficiencies 
of the detector required

➔ Example: single-photon trigger available in the full 
collected data set → makes Belle II dataset unique 

Particle ID system
π-fake-rate: 5%

Vertex detector
vertex resolution: 15 μm

Central Drift Chamber
spatial resolution: 100 μm

dE/dx resolution: 5%
pT resolution: 0.4%

EM Calorimenter
σ(E): 4% - 1.6%

 KL e muon detector
 μ-ID efficiency: ~90%

e - (7 GeV)

e+ (4 GeV)

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

Excellent reconstruction capabilities for low multiplicities and missing energy signatures

  The Belle II experiment at SuperKEKB

world record inst. luminosity of

5.1× 1034 cm−2s−1 @ Belle II
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Light dark sector

B-factories can access mass range favored by light dark sectors

� Existence of dark matter had been
established in astrophysics

- e.g. rotation curves of galaxies,
gravitational lensing

� No dark matter candidate in
Standard Model

- searches for dark matter is one of
the main goals of particle physics
[arXiv:2209.04671]

� Searches at Belle & Belle II

→ Sub-GeV scale dark sector scenario

- dark sector weakly coupled to
Standard Model through a light
mediator particle

- favoured by lack of results from
direct searches

[J. Monroe, Granada ES, 2019]

[arXiv:1707.04591]

� Mediator portals

- scalar portal: Dark Higgs, Dark Scalar

- pseudo-scalar portal: Axion Like Particle (ALP)

- vector portal: Dark photon

- fermion portal: Sterile neutrinos

https://arxiv.org/abs/2209.04671
https://indico.cern.ch/event/808335/contributions/3373958/attachments/1843166/3022915/jmonroe_esppu_2019.pdf
https://arxiv.org/abs/1707.04591
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Tau physics

B-factories provide a great environment for tau lepton studies

� 3rd generation particle

- the heaviest known lepton

- can decay to lighter leptons
but also hadrons

� The τ properties are known
with much worse precision
compared to e and µ!

� Searches for forbidden τ decays

- lepton �avour/number violation

� Possible τ physics probes

- lepton universality, CKM unitarity, new sources of CPV, ...

- some NP scenarios predict enhanced τ couplings to NP

� Taus at Belle & Belle II

- τ+τ− produced back-to-back and boosted in the CM frame

- each τ is reconstructed via one (1-prong) or three (3-prong)
charged tracks

- splitting the event into two hemispheres using thrust axis

→ use one τ to tag the event and reconstruct signal in the other
hemisphere
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Dark sector at Belle II

[Belle II Physics Book]

https://arxiv.org/abs/1808.10567
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Inelastic dark matter with a dark Higgs

� Probing a non-minimal DS model predicting 4 new particles [JHEP04(2021)146]

- dark photon A′, dark Higgs h′ and two DM states χ1, χ2

- 7 free parameters:

3 masses, 2 mixings, 2 couplings

4 new dark sector particles: χ1, χ2,h′,A′

7 free model parameters (3 masses, 2 mixings, 2 couplings)
up to two displaced vertices + missing energy
Covering three final states: x = µ, π,K

pointing

non pointing

[Duerr, Ferber, Garcia-Cely, Hearty, Schmidt-Hoberg(JHEP 04 (2021), 2012.08595)]

8/13 25.03.2025 Patrick Ecker: Tau and Dark Sector Physics at Belle and Belle II Institute of Experimental Particle Physics

Dark Higgs + Inelastic DarkMatter @ Belle II
Overview

ouplings)

pointing

non pointing

� Looking for simultaneous production of A′ and h′

- 4 tracks in the �nal state:

• 2 forming a pointing displaced vertex

• other 2 forming a non-pointing displaced vertex

• missing energy

→ challenging for tracking and trigger

� Exploring 3 �nal states:

h′ → x+x−, x = µ, π,K

https://link.springer.com/article/10.1007/JHEP04(2021)146


7

Inelastic dark matter with a dark Higgs

� Signal selection

- using requirements on pointing angles and
vertex distance from the interaction point

→ very low SM background

� Signal yield

- cut-and-count strategy in Mh′ (x
+x−)

distributions

- with background estimated from
sidebands in data

→ not relying on MC simulation ��� ��� ��� ��� ��� ���
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PRELIMINARY

� No signi�cant excess found in the individual �nal states or the combination

- 9 events observed (8 of 9 are π+π−) � consistent with expected background

- search performed using 365 fb−1 Belle II data � analysis statistically limited
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Inelastic dark matter with a dark Higgs

� 95% CL upper limits on σ(e+e− → χ1χ2h
′) × BR(χ2 → χ1e

+e−)[×BR(h′ → x+x−)]

- strong limits on θ and ε × αD (mixing angles of h′ and A′), but depend on 5 other parameters

- provide interpretations for around 30 model parameter con�gurations
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Search for B → K
(∗)
a
′(→ γγ)

� NP searches in �avour changing neutral current B decays
- FCNC heavily suppressed in SM
- NP can appear at the same order as SM processes

→ production of an Axion-Like Particle (ALP) [arXiv:1407.0546]

� Search for an ALP emission by W boson in

B → K (∗)a′ decay

- BR(a′ → γγ) ≃ 100% for ma′ << m
W±

- probing 0.16− 4.50 GeV/c2 mass range

- including 4 kaon modes: K0

S ,K
±,K∗0,K∗±

- using full 711 fb−1 Belle dataset

- similar search done at BaBar [PRL 128, 131802]

Search for ALPs in flavour changing neutral currents
→ Heavily suppressed in the SM

For m(a′) ≪ m(W±) the final state a′ → γγ is the dominant contribution (∼ 100%)

Analysis based on the full Belle Υ(4S) dataset of 711 fb−1

Cover the mass region from 0.16 to 4.50GeV/c2 using four Kaon modes: K 0
S , K+, K ∗0, and K ∗+

Search includes long-lived ALPs

Dominant background arises from e+e− → qq̄ → Suppressed by multiple BDTs

11/13 25.03.2025 Patrick Ecker: Tau and Dark Sector Physics at Belle and Belle II Institute of Experimental Particle Physics

B → K (∗)a′(→ γγ)@Belle

� Signal reconstruction
- B meson reconstructed from an ALP candidate (pair of photons) and a kaon candidate (charged or
neutral)

� Background suppression
- main background from continuum e+e− → qq̄
- employ multiple BDTs exploiting event shape and kinematics variables, as well as energy cluster
information to suppress π0 backgrounds

https://arxiv.org/abs/1407.0546
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802
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Search for B → K
(∗)
a
′(→ γγ)

� Signal extracted from a scan over Mγγ

- veto regions with peaking background
(mass regions of π0, η, η′, ηc)

PRELIMINARYPRELIMINARY

� No signi�cant excess observed

- simultaneous �t in all 4 kaon modes

→ 90% CL upper limits on ga′W

→ world-leading result

PRELIMINARY
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Tau at Belle II

[Belle II Physics Book]

https://arxiv.org/abs/1808.10567
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Lepton �avour in tau decays

� Probing the SM

- lepton �avour universality (LFU): ge = gµ = gτ

� Rµ measurement at Belle II:

- test of e − µ universality:

- world's most precise measurement in τ decays from a
single measurement

[JHEP08(2024)205]

� Direct searches for NP
- lepton �avour violation (LFV) expected in SM due to neutrino masses and oscillations at rates 10−55

→ beyond any current sensitivity
- several models (new Z ′, charged Higgs boson) could enhance rates up to 10−10 − 10−8

→ any observation would be unambiguous sign of NP

� Belle II already set world-leading limits:

• τ → 3µ : experimentally most accessible

[JHEP09(2024)062]

• τ → Λ(Λ̄)π : baryon number violation → condition

for matter/antimatter asymmetry [PRD 110, 112003]

• τ → ℓα : new boson candidate for dark matter
[PRD 107, 072002]

→ Belle II is expected to push forward the existing
limits by at least 1 order of magniute

[arXiv:2207.06307]

https://link.springer.com/article/10.1007/JHEP08(2024)205
https://link.springer.com/article/10.1007/JHEP09(2024)062
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.181803
https://arxiv.org/abs/2207.06307
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Search for τ → e2ℓ

� Extending the τ → 3µ study (reminder)

- clean channel, low SM background

- signal yield from 2D plane (M3µ − ∆E3µ)

- 90% CL upper limit: BR(τ → 3µ) < 1.9× 10−8

→ world-leading result set by Belle II

- the inclusive tag and BDT-based background rejection give ∼3× the
Belle signal e�ciency at similar purity

[JHEP09(2024)062]

� Search for τ → e2ℓ (new)

- studying 5 more channels

e−e+e−, e−e+µ−, e−µ+e−, µ−µ+e−, µ−e+µ−

- higher background contamination

- untagged reconstruction, data-driven BDT classi�er trained on
sideband data
→ reject main 4ℓ background relying on ROE and
kinematic variables

- signal from Meℓℓ �t

� No signi�cant excess was observed in 424 fb−1

- 90% CL upper limit on BR: 1.4− 2.4× 10−8

→ new world-leading results for all 5 modes

PRELIMINARY

https://link.springer.com/article/10.1007/JHEP09(2024)062
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Search for τ → ℓK 0

S

� Belle + Belle II search for τ → ℓK0

S (ℓ = e, µ)

- require 4 charged particles with 0 net charge in 3×1-prong topology

- reconstruct K0

S from π+π−

- τ → ℓν̄ℓντ/πντ (ℓ = e, µ) on the tag side

� Cut-based preselection, BDT classi�er trained using track
kinematics, event shape and neutral variables

- resulting e�ciency: 10%

- signal yield from 2D plane (Mτ − ∆E) (∆E = Eτ − Ebeam)

� No signi�cant signal was observed in 424 fb−1

+ 980 fb−1 (Belle + Belle II)

- combined 90% CL upper limit on BRs:

BR(τ → K0

Se) < 0.8× 10−8

BR(τ → K0

Sµ) < 1.2× 10−8

→ new world-leading upper limits



15

Summary

� Belle II has a unique sensitivity to new physics, setting world-leading
limits in light dark sector and LFV searches in τ decays

� New world-leading results presented today:

• IDM with a dark Higgs
Belle II result presenting the �rst search
for associated production of h′ and IDM → To be submitted to PRL

• B → K (∗)a′(→ γγ)
Belle search for ALP employing several BDTs → To be submitted to JHEP

• τ → e2ℓ
Belle II measurement setting world's most stringent limits in 5 channels → To be submitted to JHEP

• τ → ℓK0

S

combined LFV search by Belle+Belle II → To be submitted to JHEP

� Strive to improve further
- increasing the statistics with larger data sample at Belle II
- improving analysis techniques for reconstructing displaced vertices and reducing systematic
uncertainties

- develop even more robust trigger selecting low-multiplicity processes against higher background
conditions coming with higher instantaneous luminosity

Stay tuned for more exciting results from Belle & Belle II!
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Backup



18

Belle II luminosity
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Special triggers � tau
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Special triggers � dark sector
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Parameters in the search for IDM with a dark Higgs
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LFU test in tau decays

� Testing e − µ universality

- Rµ measured in 1×1 prong topology with τ → ππ0ν tag

- using 365 fb−1 Belle II data

� Signal selection

- cut-based preselection followed by a neural network
training

→ 94% purity with 9.6% signal e�ciency after NN selection

- main systematics are from PID (0.32%) and trigger
(0.1%)

� World's most precise result

Rµ = 0.9675± 0.0007(stat.) ± 0.0036(sys.)

- in agreement with SM

� Analysis continuation

- ongoing study using events with 3×1 topology with
inclusive tag

- improved trigger selection, reducing leading systematics

[JHEP08(2024)205]

https://link.springer.com/article/10.1007/JHEP08(2024)205

