
Low multiplicity physics at 
Belle II – a talk of two halves

Jim Libby (IIT Madras)
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Outline
• First half

• 𝜎 𝑒+𝑒− ⟶ 𝜋+𝜋−[𝜋0]  and its 
relation to the anomalous 
magnetic moment of the muon 
a

• Status of these measurements 
at Belle II

• Second half
• Introduction to the dark sector
• Recent low-multiplicity 

measurements at Belle II 
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Magnetic moment
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• A particle with charge and spin 
generates a magnetic moment:

Ԧ𝜇 = 𝑔
𝑒

2𝑚
Ԧ𝑆

)

• Classical physics: 𝑔 = 1

• Relativistic quantum mechanics prediction for a 
point-like particle: 𝑔 = 2 (Dirac, 1928)

• For the electron, experimentally found to be           
𝑔𝑒 = 2.00238(10)  (Foley & Kusch, 1948)

• Schwinger figures out why: QED

• What we are really interested in is the difference 
between the 𝑔 factor and 2, i.e., 𝑔 − 2. 

- We define the anomalous magnetic moment as 𝒂 =
𝒈−𝟐

𝟐

- Ԧ𝜇 = (1 + 𝑎)
𝑒

𝑚
Ԧ𝑆

• Muons are ~40,000x more sensitive to loop 
processes due to their larger mass
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2020 status of aμ      
         

6/22/2026 Seminar CPPM 7

QED                                           EW                          Hadronic VP        Hadronic LbL

𝑎𝜇(x10-11):  116584718.9(0.1)                153.6(1.0)                    6845.0(40.0)            92.0(18.0)

Phys. Rept. 887 (2020) 1-166

https://www.sciencedirect.com/science/article/pii/S0370157320302556
https://www.sciencedirect.com/science/article/pii/S0370157320302556
https://www.sciencedirect.com/science/article/pii/S0370157320302556
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3.7 sigma

Beyond the 
SM physics 
in the loop?
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Status today • Fermilab g-2 experiment has 
reduced experimental uncertainty 
by a factor of 4.2
• arXiv:2606.17323 Final report

• What about the theory?

• Excellent agreement! 
• Recall, theory was  

• 0.001 165 918 10(43) in 2020

•  What changed 
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Status today • Fermilab g-2 experiment has 
reduced experimental uncertainty 
by a factor of 4.2
• arXiv:2606.17323 Final report

• What about the theory?

• Excellent agreement! 
• Recall, theory was  

• 0.001 165 918 10(43) in 2020

•  What changed
• Theory from lattice rather HVP e+e− 

a.k.a. the dispersive method 

6/22/2026 Seminar CPPM 15

https://arxiv.org/abs/2606.17323
https://arxiv.org/abs/2606.17323


• Analyticity and Cauchy’s integral 
theorem allows this to be 

 

• Optical theorem (a statement of 
unitarity) then relates this to the total 
cross section 

• Final expression

• Integral over q2 of the virtual 
photon

• K is a kinematic QED kernel that 
solely depends on the muon 
mass

• had is the hadronic vacuum 
polarization function that 
describes the non-perturbative 
contribution from hadrons
• Can be computed from lattice or..

Dispersive method
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Kernal function and cross section ratio
• K(s)/s makes clear the region 

close to threshold is most 
important
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A. Wright Phi to Psi

https://indico.sns.it/event/140/contributions/1343/


Status today • Fermilab g-2 experiment has reduced 
experimental uncertainty by a factor of 
4.2
• arXiv:2606.17323 Final report

• What about the theory?

• Excellent agreement! 
• Recall, theory was  

• 0.001 165 918 10(43) in 2020

•  What changed
• Lattice now provides the theory value
• But why does the dispersive disagree
• New measurements required – enter Belle II 
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ISR

Scan
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Data sample and detector
• SuperKEKB and luminosity

• nanobeam scheme to increase instantaneous 
luminosity by factor 30 to collect multi-ab−1 
sample 

• World record instantaneous luminosity 
March 2026 
• 5.2×1034 cm−2s−1

• Target 6×1035 cm−2s−1

• Run 1 2019-2022
• 365 fb−1 at Y(4S) + 42 fb−1 off-resonance to 

characterize continuum
• Run 2 2024- 

• + 500 fb −1 so far and exceeded the Belle Y(4S) 
dataset – KEK press release

• Belle II detector
• Si vertexing, low-mass tracking, particle ID, 

and crystal calorimetry
• beam-background mitigation key    
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https://www.kek.jp/en/press/202606051400


Data sample and detector
• SuperKEKB and luminosity

• nanobeam scheme to increase instantaneous 
luminosity by factor 30 to collect multi-ab−1 
sample 

• World record instantaneous luminosity 
March 2026 
• 5.2×1034 cm−2s−1

• Target 6×1035 cm−2s−1

• Run 1 2019-2022
• 365 fb−1 at Y(4S) + 42 fb−1 off-resonance to 

characterize continuum
• Run 2 2024- 

• + 500 fb −1 so far and exceeded the Belle Y(4S) 
dataset – KEK press release

• Belle II detector
• Si vertexing, low-mass tracking, particle ID, 

and crystal calorimetry
• beam-background mitigation key    

6/22/2026 Seminar CPPM 24

https://www.kek.jp/en/press/202606051400


Only the start of the journey
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From K. Trabelsi at Flavours at FCC 

Currently 0.9 mm/1.6  A/ 1.2 A
High backgrounds, low injection efficiency
Intensity frontier is challenging

Today

https://indico.cern.ch/event/1588013/contributions/6756044/attachments/3176697/5649601/belle2_kt_20251119.pdf
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Initial state radiation (ISR) method
• Scan over masses of the hadronic system via 

ISR

• Scan 𝑠′ = 𝑠 1 −
2𝐸𝛾

∗

𝑠
, where 𝐸𝛾

∗is ISR photon 
energy in c.m. frame and 𝑠 = 10.58 GeV

• Technique used by BaBar, KLOE and BESIII but 
NOT Belle 

• New at Belle II: L1 trigger for ISR using ECL 
cluster energy > 1 GeV

• Trigger efficiency measured using independent 
track trigger lines in 𝑒+ 𝑒−  → 𝜇+ 𝜇− events 
• Efficiency = (99.9±0.1)% 
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Measurement outline (part 1)
• Following BaBar 2012 method

• PRD 86, 032013 (2012)
• Updated without PID – angular distribution to 

separate muons and pions – preliminary
1. Reconstruction for R-ratio measurement 

• 1 hard photon + 1 optional photon 
• 2 tracks w/o particle identification (PID) in 

preselection 
2. Double kinematic fits for selecting signal 

events and disentangling QED corrections:
•  “ISR” fit for all events after preselection 

• 3 measured particles: 2 tracks and ISR (energy not 
used) 

• Assume 1 unmeasured photon (ISR) along beam 
directions 

• “FSR” fit only for events with 2 reconstructed 
• 4 measured particles: 2 tracks and 2 photons (ISR 

energy not used)

3. PID to classify , KK and  events
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Measurement outline (part 2)

• Data set : 427 fb-1 (Run 1)
• QED validation using 𝑒+ 𝑒−  → 𝜇+ 𝜇−() , i.e., radiator function 
• Target systematic uncertainty: 0.5% 
• Relying on data-driven approaches for efficiency corrections
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Small sample check (1.9 fb−1)
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Next few slides from
Q. Liu @ g-2 Theory Initiative

https://indico.ijclab.in2p3.fr/event/11652/timetable/#67-belle-ii
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Small sample check (1.9 fb−1)
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Trigger efficiency status: 𝒆+ 𝒆−  → 𝝁+ 𝝁−() 

• Trigger efficiency study using 
orthogonal trigger lines 
• Our ISR trigger: Total ECL energy above 1 

GeV 
• Reference trigger: At least one 3D track 

with p > 0.7 GeV in CDC 
• Trigger efficiency is then measured by:

• MC underestimated but data 
efficiency is excellent and can be used 
directly
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2 selection status
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PID status
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Tracking status
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Tracking status
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Tracking study
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Tracking study
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Tracking status: correlated loss correction 
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Conclusion on 𝒆+𝒆−  → 𝝅+𝝅−() 

• The key selection components and their control studies in place
• Trigger
• 2 selection
• PID 
• Tracking

• Blinding strategy in place too to allow large samples to be used
• These will be combined for the R measurement
• Where it sits will be important in understanding the current 

incompatibility of the LQCD and dispersive predictions
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𝝈 𝒆+𝒆− → 𝝅+𝝅−𝝅𝟎

• Initial-state radiation technique – 
wide invariant mass range

• Partial Run 1 data set – 191 fb−1

• Selection via kinematic fits
• Key challenge is 𝜋0 efficiency

• Custom determination using ω 
decay

• Background control samples for 
𝑒+𝑒− → 𝜋+𝜋−𝜋0 𝜋0γ𝐼𝑆𝑅, 𝑒+𝑒− →
𝑞 ത𝑞γ𝐼𝑆𝑅 and 𝑒+𝑒− → 𝐾+𝐾−𝜋0γ𝐼𝑆𝑅

466/22/2026 Seminar CPPM

Phys. Rev. D 110, 112005 (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112005


𝝈 𝒆+𝒆− → 𝝅+𝝅−𝝅𝟎

47

2.6σ tension with BaBar
6/22/2026 Seminar CPPM

Phys. Rev. D 110, 112005 (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.112005


Halftime
Actually more like final quarter
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Dark sector
• ~85% of the matter in the 

Universe is non-luminous dark 
matter

• Rather than SM extension, dark 
matter may belong to a hidden 
sector, with its own particles and 
interactions

• The visible and dark sectors can 
couple through weak 'portal' 
interactions

• Belle II: can search in the range 
few 100 MeV to 10 GeV

6/22/2026 Seminar CPPM 49
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Belle II low multiplicity results

1. Z’→ PRL 124, 141801 (2020)

2. Axion-like particle PRL 125, 161806 (2020)

3. Dark photon and dark Higgs PRL 130, 071804 (2023)

4. Z’→ PRL 130, 231801 (2023)

5.  resonance PRL 131, 121802 (2023)

6.  resonance in 4 final state PRD 109, 112015 (2024)

7. Inelastic dark matter PRL 135, 131801 (2025)

8. ALP search PRL in preparation

+ 3 more searches in B decay

6/22/2026 Seminar CPPM 52
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2. Axion-like particle PRL 125, 161806 (2020)

3. Dark photon and dark Higgs PRL 130, 071804 (2023)

4. Z’→ PRL 130, 231801 (2023)

5.  resonance PRL 131, 121802 (2023)

6.  resonance in 4 final state PRD 109, 112015 (2024)

7. Inelastic dark matter PRL 135, 131801 (2025)

8. ALP search PRL in preparation

• + 3 more searches in B decay
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Inelastic DM: Introduction
• Complex structure with dark Higgs 

h and photon A - PRD 64, 043502 (2001)

• 2 DM particles 1 and 2 with Δ𝑚 =
𝑚 𝜒1 − 𝑚 𝜒2 > 0

• So 1 is stable DM candidate
• Also, 𝑚 𝐴′ > 𝑚 𝜒1 + 𝑚 𝜒2  so that 

𝐴′ → 𝜒1𝜒2

• Experimental signature
• Two two-track displaced vertices

•  ℎ′ → 𝑥+ 𝑥− 𝑥 = 𝜇, 𝜋, 𝐾  
• 𝜒2 → 𝜒1𝐴′ 𝑒+𝑒−  (L1 ECL trigger)

• Missing energy
• Very small SM background
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Inelastic DM: Results
• Cut-and-count in narrow 

window of M(xx) 
• Background from M(xx) 

sideband 
• Full mass range for M() and 

M(KK), split at 1 GeV for M()

• 8 events in , 1 in KK and 0 
in 
• All consistent with background
• Largest local significance 2.9, 

which is 1.1 once look-
elsewhere effect is considered
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Inelastic DM: model interpretation
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Exclusions dependent on couplings, masses and dark sector mixing parameters - 30 different 
combinations shown in paper  - example above

PRL 135, 131801 (2025) – Editors’ suggestion

No need to assume h'

https://journals.aps.org/prl/abstract/10.1103/37w5-glpp


Axion like particles (ALP) - Introduction
• CP violating effects possible in the 

SM Lagrangian strong interactions, 
but not seen e.g., n-EDM 
• strong CP problem

• Peccei-Quinn solution was to 
introduce an axion particle

• Such particles can also act as a DM 
candidate or portal to the dark 
sector

• Motivates search in its couplings to 
photons
• Complements searches for its 

interaction with a magnetic field    
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ALP search a→ at Belle II
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ALP search at Belle II: method

• Assume a→ dominant 

• Three photon signature
• 𝑒+𝑒− → 𝛾𝑎 𝛾𝛾

• Assuming their total 4-
momentum the same as the 
incoming beams

• Dominant QED background 
𝑒+𝑒− → 𝛾𝛾 𝛾  - combinatorial – 
suppressed by multivariate
• Also, dedicated 0,  and  vetoes

• Scan M() and fit for resonance 
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• Search m(a) from 0.17 to 9.8 GeV
• Largest significance at 0.22 GeV

• 3.3 local (1.4 global)  
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ALP search at Belle II: Results Paper in preparation

• Interpret as limit on ga 
• World leading in m(a) from 0.17 to 5 GeV 
• Nearly an order of magnitude better than our 

earlier publication with 0.445 fb-1  



Conclusion
• 𝜎 𝑒+𝑒− ⟶ 𝜋+𝜋−[𝜋0]

• Even though g−2 is no longer an anomaly, still a powerful probe of new 
physics

• If differences among inputs to the dispersive method understood, then 
path to a more accurate theory prediction – lattice + dispersive – possible

• New inputs from Belle II, as well as BESIII, KLOE reanalysis and 
Novosibirsk experiments, essential

• Dark sector searches
• Low multiplicity events with a few tracks and photons allow probes of 

many different models – two examples 
• Includes long-lived particles – dedicated triggers can be introduced

• The above complement the more traditional quark flavour, tau 
and spectroscopy programme at Belle II  
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Full time
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Really full time – this seems more likely
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