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Belle II 

• Located at the SuperKEKB e+e- collider in Japan. 
Operates at √s = 10.58 GeV (Y(4S)). 
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Belle
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• Upgrade of Belle: new tracking, particle ID; new 
calorimeter electronics. 
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positron

electron

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 

Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 

Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals 

waveform sampling (energy, time, pulse-shape)

Vertex detectors (VXD): 
2 layer DEPFET pixel detectors (PXD) 

4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  

fast electronics

Magnet: 
1.5 T superconducting

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz
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Physics

• Broad physics program:  
  - evidence for new physics in modes with solid standard 
model predictions; 
  - Standard model (weak force, hadron spectroscopy…) 
  - new particles (dark sector) 

• B mesons; charm; tau (including lepton flavour violation); 
initial-state radiation production of π+π- and such; 
quarkonium, including new XYZ states.
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SuperKEKB

• Operating since 2019. Luminosity goal is 50 ab-1 = 100x 
BaBar; ~2x BaBar so far, but with a better detector 

• Instantaneous: 5 × 1034 cm-2s-1; target 6 × 1035 cm-2s-1.
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2025-2026 Run

★ Cont. SBL
     ★ Update Beam injection
                      ★ squeezing Beam

Long Plan of SuperKEKB 

2026(spring) target 
Integrated Lumi > 1 ab-1

L> 1035 cm-2 s-1

are considered. 
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2032~
QCS (Nb3Sn) or (NbTi)

We have to fix LS2 plan

New Joint Advisory committee
 will discuss  about LS2 plan

From April 
 We will visit 
 to your FA
 about 
 1) Situation SUPERKEKB
 2) Status of Belle 2
 3) LS2 Plan 

not yet approved
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Canadian group

• 13 faculty, 3 postdocs, 15 graduate students at 6 
institutions.  

• I was PI of the NSERC project grant (and BaBar before it) 
for ~25 years, until April 1, 2026. Now Savino Longo 
(Manitoba). 
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Dark Sector
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The most compelling question in particle physics

• Much of the universe is composed of matter that does 
not interact with photons, and is not consistent with the 
standard model.   

• What is the particle nature of dark matter? 

9

Cluster MACS J0025.4-1222. Blue 
shows mass distribution from 
gravitational lensing; red shows 
ordinary matter from x-ray imaging

NASA, ESA, CXC, M. Bradac, and S. Allen
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Dark sector and low multiplicity working group

• One of 8 physics working groups. I was the co-convener 
from August 2023 – March 2026. 

• Searches for direct production of new particles. 

• Standard model processes with few particles in the final 
state.  
  - e.g.    

• I will briefly review the analysis topics of my group at 
UBC.

e+e− → γπ+π−
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Invisible decays of the dark photon 
“single photon analysis”

• Dark photon A′ mixes with γ,  
decays to dark matter χ.  

• Single photon only in the final state. 

• Can deduce the mass of the dark photon due to the well-
defined initial state:   

• Challenge is understanding background from 
, where a photon is missed in the detector. 

- especially two body , which looks identical to 
a low-mass dark photon.

pA′￼
= pe+ + pe− − pγ

e+e− → γγ(γ)
e+e− → γγ
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Overview
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Chapter 3

Search for dark photons

3.1 Analysis overview

This chapter will describe the search for dark photons at Belle II. The search
is for an event signature of e+e� ! �A0;A0 ! ��, where the dark photon
A0 kinetically mixes with a SM photon, and there is a single recoil photon
being produced. The dark photon then decays invisibly to two dark matter
candidates �. In the final state, the only particle visible in the detector is
the single recoil photon. This is under the assumption that A0 is not the
lightest dark sector particle, and if so, it will decay into a SM particle. The
Feynman diagram of this event is presented in figure 3.1. Similar searches
with the same signature are conducted at the BaBar experiment [40] and
NA64 experiment [41].

Figure 3.1: Feynman diagram of the invisibly decaying dark photon event.

The goal for this analysis in the end is to conduct a “bump” hunt on the
invariant mass of the dark photon, which is measured by the single photon
energy using equation 3.1. mA0 represents the dark photon mass, E⇤

�ISR is
the center of mass (CoM) energy of the single recoil photon, and E⇤

beam is
the CoM energy of the beam.

m2
A0 = 4E⇤

beam(E
⇤
beam � E⇤

�ISR) (3.1)
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e+

e−

• The dark photon, , is a massive, dark gauge 
boson


• Can decay invisibly into dark matter

• Signature: mono-energetic photon with little theta 

structure

A′ 

• Main backgrounds: 

• e+e− → γγ(γ), 1 or 2 γ missed/out of acceptance


• e+e− → e+e−γISR with e+e− or γISR missed/out of 
acceptance 

• Cosmic ray muons

• Beam background

e±
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• Belle II will have unique sensitivity to regions of 
parameter space consistent with observed dark 
matter relic density. 
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 generators comparisonsεε(μ)

•  Phokhara discrepancy at 10 GeV is linked 
to a mandatory minimum ISR photon 
energy cuts ( ) in the 
generator

•  We will see a discrepancy at 3 GeV, which 
is linked to the presence of the  peaking 
contribution

• Slight deviation when the mass is growing 
can be linked to the NLO effect

•  BabaYaga sample doesn’t have a good 
simulation at low masses, else it is close to 
KKMC

> 250 MeV

J/γ

Robin Leboucher - FSR: DSLM meeting - 30th July, 2025

Dark photon decaying to muons

• Dark photon will decay to standard model if it cannot 
decay to dark matter. Signature: narrow peak in the  
mass spectrum, on top of a large background. 

• Key improvement (compared to BaBar): Do not 
reconstruct the γ, which is generally at low angle. 

μ+μ−
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J/ψ

Robin Leboucher (postdoc)
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• Belle II will have sensitivity to new regions of 
parameter space consistent with observed dark 
matter abundance. 
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Dark showers

• Dark sector could be more complicated, e.g. dark quarks 
⇒ dark showers. Mostly invisible, but dark ρ will decay to 
standard model if it can’t decay to dark π.    

• Signature: single displaced vertex. 

• Challenges: initially extremely high 
backgrounds from random track 
overlaps and conversion.  

• Ready this summer? 
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Miho Wakai (PhD)

2

General info

E. Bernreuther et al. Forecasting dark showers at Belle II, 2022  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*charges represent dark charges

• B2NOTE: BELLE2-NOTE-PH-2026-003


• PubDB page: DARKLM-019


• WG Reviewers: Enrico Graziani, Patrick Ecker 
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Topological portal to the dark sector 

• Phys. Rev. Lett. 134, 111804 proposes new mechanism 
that links QCD and the dark sector. Four-point interaction 
between photon, π0, and two dark pions.   

• Signature: single π0 or η.   

• In progress, but early days. 
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Guorui Liu (PhD)
Topological portal between QCD and dark sector

• Proposed in Phys. Rev. Lett. 134, 111804
• Links quantum chromodynamics (QCD) and a dark sector by global symmetry breaking
• Provides a self-consistent scenario of light thermal inelastic dark matter 
• The topological operator is completely antisymmetric under exchanging pairs of fields

• couples two different dark pion species ( )
• leads to diminished DM annihilations and suppressed direct detection
• avoids constraints from CMB anisotropies

Δmχ = mχ2
− mχ1

> 0

2

e+

e−

γ

π0, η

χ1

χ2

• The portal operator yields 4-point interactions 
involving one photon, one QCD  or , and 
two different dark pions.

• Belle II is sensitive to this model and has the 
potential to fully probe the parameter space

π0 η

S(e+e− → η χ1 χ2)
S(e+e− → π0χ1 χ2)

= 1
3
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New ALP analysis 

9

• A summer student (Jaturapat Roothanavuth) in our group is working on the 
preliminary exploration for a new ALP analysis


• The signature is a muon pair, and one or two ECL clusters

• Aim is to cover new parameter space at lower mass. Advantages for this:

• Better mass resolution than 3  final state because of muons (hopefully)

• Naturally suppressed  background

γ
α0

1

μ−

μ+

See BELLE2-NOTE-PH-2025-048 
for experiment references

• Axion-like particles (similar to the QCD axion) appear in 
many beyond-the-standard-model theories. Couple to 
gauge bosons. Photons in this case.  

• Published Belle II search could not 
reach low masses due to backgrounds 
and poor resolution in γ + axion-like-particle  
final state.  

• Hope is that muons address both issues. 

Low-mass axion-like particle

17

Jaturapat Roothanavuth 
Eamon Suwada-Tse 
(undergraduates)
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Encyclopedia of particle physics 

• New project to provide an entry-level introduction to a 
wide-range of topics. I have wrote the chapter on the 
search for dark matter at accelerators, along with my ex-
postdoc Torben Ferber.  
  - available August. 
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https://doi.org/10.1016/B978-0-443-26598-3.00056-0

Searches�for�dark�matter�at�accelerators
Torben�Ferber�a�and�Christopher�Hearty�b,�c�,�a�Karlsruhe�Institute�of�Technology,�Institute�of�Experimental�Particle�Physics,�
Karlsruhe,�Germany;�b�Department�of�Physics�and�Astronomy,�University�of�British�Columbia,�Vancouver,�BC,�Canada;�and�c�Institute�
of�Particle�Physics,�Edmonton,�AB,�Canada

©�2025�Elsevier�Inc.�All�rights�are�reserved,�including�those�for�text�and�data�mining,�AI�training,�and�similar�technologies.

Introduction:�searching�for�dark�matter�at�accelerators� 2
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Key�Points

•�There�is�strong�astronomical�evidence�for�dark�matter:�matter�that�does�not�interact�significantly�with�photons,�and�which�is�
not�explained�by�the�Standard�Model�of�particle�physics.

•�A�high�priority�for�the�field�is�to�understand�the�particle�nature�of�dark�matter.�Experiments�with�this�goal�are�located�at�
facilities�around�the�world,�including�electron-positron�and�proton�colliders,�and�electron,�muon,�meson,�and�proton�beam�

lines.
•�Most�of�these�projects�search�for�low-mass�dark�matter,�typically�below�a�few�GeV/c�2�,�consistent�with�predictions�from�Dark�

Sector�models�of�physics�beyond�the�Standard�Model.
•�Many�of�these�experiments�search�for�events�containing�missing�energy�or�momentum�that�cannot�be�explained�by�the�

Standard�Model.�Such�measurements�are�also�sensitive�to�the�existence�of�long-lived�particles�that�decay�outside�of�the�
detector.

•�Other�experiments,�typically�ones�focused�on�neutrino�physics,�search�for�accelerator-produced�dark�matter�scattering�in�the�
detector.

•�As�yet,�no�evidence�has�been�found�for�dark�matter�produced�at�accelerators.�Over�the�next�decade,�new�projects�with�
significant�sensitivity�will�start�operations,�and�existing�projects�will�collect�dramatically�larger�data�sets.

Abstract

The�astronomical�evidence�for�dark�matter�is�among�the�strongest�indications�that�the�Standard�Model�of�particle�physics�is�
incomplete.�Understanding�the�nature�of�dark�matter�and�its�interaction�through�its�production�and�detection�at�accelerators�
is�one�of�the�most�compelling�projects�in�particle�physics.�It�includes�a�wide�range�of�experiments�located�at�a�variety�of�
facilities,�including�electron�and�proton�colliders,�beam�dumps,�and�fixed�target�beam�lines.�There�is�an�equally�wide�range�of

Reference�Collection�in�Material�Science�and�Materials�Engineering https://doi.org/10.1016/B978-0-443-26598-3.00056-0 1
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Trigger
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High-level trigger

• Second level of trigger, uses almost full reconstruction. 
Reduces 15 kHz level 1 trigger rate to ~1 kHz.  

• I am responsible for developing, writing, and maintaining 
the high-level trigger menu (i.e., what events do we keep) 

• Challenge is on the dark sector / low multiplicity side. 
Recent additions include displaced vertex; single π0.   

• Primary focus recently has been on ensuring good 
efficiency in the face of reduction in drift chamber 
performance (backgrounds, aging, helium shortages).
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ECL - Physics                                                                                                                     
filter Elab gt 0.3 plus 3 others with Elab gt 0.18 plus no clust with Ecms gt 2.0            21 ( 42.86%)  21 ( 42.86%)       1.0 
filter Elab gt 0.5 plus 2 others with Elab gt 0.18 plus no clust with Ecms gt 2.0             4 (  8.16%)   4 (  8.16%)       1.0 
filter ge1 Estargt2 GeV neutral clst 2232 or 130145 not gg2clst ee2clst ee1leg eeBremB        0 (  0.00%)   0 (  0.00%)       1.0 
filter ge1 Estargt2 GeV neutral clst 32130 not gg2clst ee1leg1clst ee1leg1trk eeBremB         3 (  6.12%)   3 (  6.12%)       1.0 
                                                                                                                                  
ECL - Potentially Prescaled                                                                                                       
filter 0.3ltEstar max clustlt2 GeV plus 2 others gt 0.2 GeV                                   0 (  0.00%)  24 ( 48.98%)     100.0 
filter 1 electron Estargt1 GeV clust in 45115 and no other clust Estargt0.3 GeV               0 (  0.00%)   3 (  6.12%)      10.0 
filter 1 electron Estargt1 GeV clust in 32130 and no other clust Estargt0.3 GeV               0 (  0.00%)   3 (  6.12%)     100.0 
filter 1 Estargt1 GeV cluster no other cluster Estargt0.3 GeV                                 0 (  0.00%)   8 ( 16.33%)     200.0 
filter 1 photon Estargt1 GeV clust not low not 45115 no other clust Estargt0.3 GeV            0 (  0.00%)   0 (  0.00%)      50.0 
filter gg2clst                                                                                0 (  0.00%)   0 (  0.00%)     100.0 
filter ge1 Estargt2 GeV chrg clst 22145 not gg2clst ee2clst ee1leg                            0 (  0.00%)   8 ( 16.33%)      50.0 
filter ggEndcapLoose                                                                          0 (  0.00%)   0 (  0.00%)       1.0 
filter n2GeVPhotonBarrelge1                                                                   0 (  0.00%)   1 (  2.04%)     100.0 
filter n2GeVPhotonEndcapge1                                                                   0 (  0.00%)   0 (  0.00%)      50.0 
filter Estargt2 GeV cluster                                                                   0 (  0.00%)  10 ( 20.41%)     100.0 
filter ECLMuonPair                                                                            0 (  0.00%)   0 (  0.00%)      10.0 
                                                                                                                                  
CDC - Physics                                                                                                                     
filter ge3 looseB tracks inc 1 tightB not ee2leg                                              5 ( 10.20%)   5 ( 10.20%)       1.0 
filter ge3 trackC not ee2leg                                                                  4 (  8.16%)   4 (  8.16%)       1.0 
filter 2 looseB tracks inc 1 tightB q==0 pstarmaxlt0.8 GeVc not eexx                          2 (  4.08%)   2 (  4.08%)       1.0 
filter 2 looseB tracks 0.8ltpstarmaxlt4.5 GeVc not ee2leg ee1leg1trk eexx                    40 ( 81.63%)  40 ( 81.63%)       1.0 
filter 2 looseB tracks pstarmaxgt4.5 GeVc not ee2leg ee1leg1trk ee1leg1e eeBremB muonPairVB   1 (  2.04%)   1 (  2.04%)       1.0 
                                                                                                                                  
CDC - Potentially Prescaled                                                                                                       
filter 2 loose tracks pstarmaxlt0.8 GeVc                                                      0 (  0.00%)   2 (  4.08%)     100.0 
filter 2 loose tracks 0.8ltpstarmaxlt4.5 GeVc                                                 0 (  0.00%)  39 ( 79.59%)     100.0 
filter 2 loose tracks pstarmaxgt4.5 GeVc                                                      0 (  0.00%)   1 (  2.04%)     500.0 
filter ge1 tight track                                                                        0 (  0.00%)  49 (100.00%)    1000.0 
filter 2 looseC tracks inc 1 tightB q==0 pstarmaxlt0.8 GeVc not eexx                          0 (  0.00%)   2 (  4.08%)     100.0 
filter 2 trackC 0.8ltpstarmaxlt4.5 GeVc not ee2leg ee1leg1trk eexx                            0 (  0.00%)  42 ( 85.71%)     100.0 
filter 2 trackC pstarmaxgt4.5 GeVc not ee2leg ee1leg1trk ee1leg1e eeBremB muonPairVB          0 (  0.00%)   1 (  2.04%)     100.0 
                                                                                                                                  
Targeted Physics Lines                                                                                                            
filter 1 photon Estargt1 GeV clust in 45115 and no other clust Estargt0.3 GeV                 2 (  4.08%)   2 (  4.08%)       1.0 
filter 1 photon Estargt1 GeV clust in 32130 and no other clust Estargt0.3 GeV                 2 (  4.08%)   2 (  4.08%)       1.0 
filter 1 photon Estargt0.5 GeV clust in 4498 and no other clust Estargt0.3 GeV                1 (  2.04%)   1 (  2.04%)       1.0 
filter ggBarrelLoose                                                                          0 (  0.00%)   0 (  0.00%)       1.0 
filter singleTagLowMassB                                                                      0 (  0.00%)   0 (  0.00%)       1.0 
filter singleTagHighMassB                                                                     0 (  0.00%)   0 (  0.00%)      10.0 
filter b2b phi photons                                                                        0 (  0.00%)   0 (  0.00%)       1.0 
filter displaced vertex                                                                       0 (  0.00%)   0 (  0.00%)       1.0 
filter single diPhoton                                                                        0 (  0.00%)   0 (  0.00%)       1.0 
                                                                                                                                  
QED / Control Samples                                                                                                             
filter ee flat 0 19                                                                           0 (  0.00%)   0 (  0.00%)      62.0 
filter ee flat 19 22                                                                          0 (  0.00%)   0 (  0.00%)      36.0 
filter ee flat 22 25                                                                          0 (  0.00%)   0 (  0.00%)      30.0 
filter ee flat 25 30                                                                          0 (  0.00%)   0 (  0.00%)      10.0 
filter ee flat 30 35                                                                          0 (  0.00%)   0 (  0.00%)      36.0 
filter ee flat 35 45                                                                          0 (  0.00%)   0 (  0.00%)      30.0 
filter ee flat 45 60                                                                          0 (  0.00%)   0 (  0.00%)      10.0 
filter ee flat 60 90                                                                          0 (  0.00%)   0 (  0.00%)       4.0 
filter ee flat 90 180                                                                         0 (  0.00%)   0 (  0.00%)       2.0 
filter selectee                                                                               0 (  0.00%)   0 (  0.00%)      20.0 
filter selee1leg1clst                                                                         0 (  0.00%)   2 (  4.08%)    1000.0 
filter selee1leg1trk                                                                          0 (  0.00%)   4 (  8.16%)    1000.0 
filter eexxSelectB                                                                            0 (  0.00%)   1 (  2.04%)       4.0 
filter eexxHighP                                                                              1 (  2.04%)   1 (  2.04%)       1.0 
filter radiative BhabhaB                                                                      1 (  2.04%)   2 (  4.08%)       4.0 
filter selectmumu                                                                             2 (  4.08%)   2 (  4.08%)       1.0 
filter selectmumuC                                                                            2 (  4.08%)   2 (  4.08%)       1.0 
filter single muon                                                                            1 (  2.04%)   9 ( 18.37%)      10.0 
filter cosmic                                                                                 0 (  0.00%)   0 (  0.00%)       1.0 
filter rad Bhabha 1trkB                                                                       0 (  0.00%)   0 (  0.00%)       4.0 
filter Bhabha one cluster                                                                     0 (  0.00%)   0 (  0.00%)      10.0 
                                                                                                                                  
Level 1 Passthrough                                                                                                               
filter L1 trigger                                                                             0 (  0.00%)  49 (100.00%)    1000.0 
filter passthrough l1 trigger delayed bhabha                                                  0 (  0.00%)   0 (  0.00%)       1.0 
filter passthrough l1 trigger random                                                          0 (  0.00%)   0 (  0.00%)       1.0 
filter passthrough l1 trigger poisson                                                         0 (  0.00%)   0 (  0.00%)       1.0 
filter L1 Bhabha veto                                                                         0 (  0.00%)   0 (  0.00%)      10.0 
filter L1 Bhabha select                                                                       0 (  0.00%)   0 (  0.00%)     100.0 
filter L1 trigger nn info                                                                     0 (  0.00%)   0 (  0.00%)       8.0 
filter passthrough l1 trigger f                                                               0 (  0.00%)   0 (  0.00%)       1.0 
filter dummy                                                                                  0 (  0.00%)   0 (  0.00%)    1000.0 
                                                                                                                                  
Prescaled Vetoes                                                                                                                  
filter ee1leg                                                                                 0 (  0.00%)   0 (  0.00%)    1000.0 
filter ee1leg1clst                                                                            0 (  0.00%)   0 (  0.00%)    1000.0 
filter ee1leg1e                                                                               0 (  0.00%)   0 (  0.00%)    1000.0 
filter ee1leg1trk                                                                             0 (  0.00%)   0 (  0.00%)    1000.0 
filter ee2clst                                                                                0 (  0.00%)   0 (  0.00%)    1000.0 
filter ee2leg                                                                                 0 (  0.00%)   0 (  0.00%)    1000.0 
filter eeBremB                                                                                0 (  0.00%)   0 (  0.00%)    1000.0 
filter eexx                                                                                   0 (  0.00%)   0 (  0.00%)    1000.0 
filter muonPairVB                                                                             0 (  0.00%)   0 (  0.00%)    1000.0 C. Hearty | IPP scientist report | IPP AGM 2026



Calorimeter / Neutrals
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Calorimeter

• 8736 CsI(Tl) crystals. 

• Canada is part of the calorimeter group, with 
responsibility for reconstruction software and calibration. 

• Reconstruction software was  
largely written by my postdoc  
Torben Ferber. 
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• My focus for the past ~2 years has been on improving 
the speed, efficiency, and purity of the reconstruction 
in light of higher beam backgrounds than originally 
expected. 

• 50% reduction in fake clusters; 30% less disk space; 
3% increase in low-energy real clusters.  
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Calibration

• I am responsible for calorimeter calibration. 
  - with Savino Longo, McGill student, and much work by 
my previous postdoc Ewan Hill.  

• Energy and timing response of 
individual crystals; hadronic 
pulse shape parameters. 

• Impact of background on 
clustering parameters. 
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• Operationally, we calibrate “buckets” of data recorded 
between SuperKEKB maintenance days, 2—4 weeks. 

• Challenge: calibrations have started to fail due to 
backgrounds and drift chamber performance. 
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Neutrals performance group

• I have just started a term as co-convener.  

• Provides corrections and uncertainties for data/MC 
reconstruction differences, primarily for photons 
( ). Energy bias, photon efficiency, timing.π0 → γγ
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Photon timing

• Real detector has 8736 individually made crystals.  
Simulation has 8736 perfect crystals.  

• I have characterized the timing response of each crystal 
in data and in simulation as a function of energy and 
background level. 

• Result is a timing variable with significantly better 
agreement between data and simulation. 
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