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• KEKB → SuperKEKB accelerator 
‣ 2x beam currents, 50nm vertical beam spot size (“nano beam”). 

‣ Unprecedented design luminosity: 2.1×1034 → ~6.0×1035 cm-2s-1.

• SuperKEKB: next generation B-factory  ,   GeVe+e− → Υ(4S) → BB̄ s ≈ 10.58
+ rich program of tau, dark sector and other low-multiplicity physics.



Detector
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• Consequently Belle II has higher beam 
backgrounds and event rates.

electrons (7 GeV)

positrons  
(4 GeV)

[ arXiv:1011.0352 ]Belle II TDR:

• Belle → Belle II detector 
‣ 2-layer Pixel Detector (PXD) with first layer  

at 1.4cm, significantly improves vertexing. 
‣ 4-layer Silicon Vertex Detector (SVD)  

with larger acceptance. 
‣ Central Drift Chamber (CDC) with larger  

outer radius. 
‣ Improved particle ID: TOP + new ARICH  

(K/π separation). 
‣ Improved trigger, and faster electronics  

in general.

https://arxiv.org/abs/1011.0352


Performance to date
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Peak instantaneous luminosity  
5.1 x 1034 cm-2 s-1 

(new world record)

Integrated luminosity     

495 fb-1 recorded at  

59 fb-1 at 60 MeV below ,  
for background studies 

19 fb-1 at 10.75 GeV,  
for exotic hadron searches

Υ(4S)

Υ(4S)

• Aiming to collect 50 ab-1 over  
the next ~10 years (x50 Belle)

• Belle integrated luminosity from 1999-2010: ~1 ab-1 • Belle II from 2019-now:  575 fb-1

Run 1 Long  
Shutdown 1

Run 2 
(ongoing)

Detector  
rejuvenated 

 

(including PXD  
replacement)



Heavy Neutrinos
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• Neutrino masses can be incorporated into the SM  
by introducing heavy sterile neutrino(s). 

• They can appear in many NP models,  
e.g.  introduces 3 such particles  
( , , ). Can solve: 

‣ origin and smallness of SM neutrino masses  
(with GeV scale  and see-saw mechanism) 

‣ dark matter (  with mass ~keV) 
‣ BAU: leptogenesis via Majorana mass term

νMSM
N1 N2 N3

N1,2
N1

N

νSM

• Although mostly RH, smaller LH component can  
allow interaction with  via ↔  mixing.  

• Neutrino flavour & mass eigenstates need not coincide, but may 
be related through a unitary transformation 

‣ Heavy neutrino production via mixing ⇒ suppressed by factor  

‣ Then decay (after long flight length) by mixing again ⇒ additional 

νSM N νSM

U2
α,N

U2
β,N

[ Phys.Lett.B620:17-26,2005 ]

https://arxiv.org/abs/hep-ph/0505013


Neutrino Physics at Belle & Belle II
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Production

Decay

↔  mixingN νμ

Belle & Belle II 
(direct searches)

[ Nucl. Phys. B 1004 (2024) 116576 ]

• While not primarily neutrino experiments, both Belle & Belle II are in a unique position to contribute 

‣ Well-defined initial state & clean environment,                Precise missing energy reconstruction (invisible particles), &  
with hermetic detector & excellent vertexing.                  recon. of displaced vertices (visible decay of long-lived particles). 
                                                                                                                                                        

⇒

‣ Direct searches for heavy neutrinos in  &  decays (  < ) 

‣ Indirect constraints, particularly from rare/forbidden decays 
e.g.  ,   ,   ,  LFV  decays, …

B τ mN mB,τ

B → Kνν̄ B → Xsνν̄ B → ℓν τ

https://scoap3-prod-backend.s3.cern.ch/media/files/86024/10.1016/j.nuclphysb.2024.116576.pdf
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Direct searches for heavy neutrinos  
(displaced vertex) in  and  decaysB τ
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• Heavy neutrino search in  decays at Belle (711 fb-1) 
‣ Sensitive to ↔  mixing for 

B
N νe,μ MK < MN < MB

[ PRD 95, 099903(E) (2017) ]

• Bkg reduced by 
factor ~106 to only  
handful of events.

Maximum sensitivity at 2 GeV 

‣ 3.0 x 10-5 for | |2 and | |2 

‣ 2.1 x 10-5 for | || |

mN ≈
UeN UμN
UeN UμNNo significant excess  

observed. Set ULs. 

• Produced via leptonic or semi-leptonic decays:   
‣ , , light meson ( , , ) or “nothing” (leptonic) 
‣  or 

B → XℓN
X = D D* π ρ η
ℓ = e μ

• Detector signature: displaced vertex from .  
‣ Three channels: , , 

N → ℓπ
eeπ μμπ eμπ

Direct search in  decaysB

• Total systematic uncert.  
~25%, largest sources: 
‣ Vertex cuts (~10%) 
‣ Off-IP tracking (8.7%)

↔  mixingN νμ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.099903


Direct search in  decaysτ
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• Let’s not forget that -factories are also -factories.                           = 1.05 nb  vs   = 0.92 nbB τ σ(e+e− → bb̄) σ(e+e− → τ+τ−)

• Existing constraints on ↔  mixing are much weaker,   
& results from future experiments still many years away  
 

(e.g. SHiP, DUNE, FCCee). 
 

⇒ In meantime, Belle & Belle II can deliver important results! 

N ντ

[ JHEP04(2022)057 ]

(50 ab-1)

• Recent result from Belle (915 fb-1, 836 x 106 -pairs), probe  
| |2 ≫ | |2, | |2  scenario                    [ J. Phys. G 47, 010501 ]

τ
UτN UμN UeN

•  is long-lived for range of | |2 values  
we are sensitive to.  
 

Look for visible decay within detector.  
⇒ displaced vertex search. 

N UτN
[ JHEP11(2018)032 ]

• Look for  produced in  decays, which then decays via weak 
neutral current. Can access . 

N τ
mN < mτ − mπ

https://link.springer.com/article/10.1007/JHEP04(2022)057
https://cds.cern.ch/record/2652223/files/Beacham_2020_J._Phys._G__Nucl._Part._Phys._47_010501.pdf
https://link.springer.com/article/10.1007/JHEP11(2018)032


Direct search in  decaysτ
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• Reconstruct  eventse+e− → τ+
tagτ−

sig

⇒ Look for  displaced vertex,   
radial position > 15cm from beam axis.

μ+μ−

Note:  can produce similar DV.  
Suppress by vetoing mass region. 

K0
S → π+π−

• Divide into low-mass & 
high-mass signal regions low-mass SR high-mass SR

• Full kinematics of signal-
decay chain reconstructed  
with two-fold ambiguity  
(  & ) m+ m−

signal efficiency  
map

• Stat limited. Largest 
systematic from bkg  
yield expectation (34%).

[ PRD 109, L111102 (2024) ]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102


Direct search in  decaysτ
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• In the signal region targeting heavy & light sterile  
neutrinos we observe 1 & 0 events, respectively. 

• In agreement with background expectation.
Single event observed

[ PRD 109, L111102 (2024) ]

‣ Belle II is expected to push forward these constraints  
by 1-2 orders of magnitude!             [ JHEP04(2022)057 ]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://link.springer.com/article/10.1007/JHEP04(2022)057
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Constraints on heavy neutrino models 
from rare/forbidden  and  decaysB τ



Rare & Forbidden  decaysB
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energy frontier

limited by beam energy

intensity frontier

limited by statistics

• At the intensity frontier, new particles might contribute  
to loop or tree level diagrams 

‣ Enhancing decay rates 
‣ Modifying angular distribution of final-state particles 

• Can probe NP beyond the direct reach of LHC

• Heavy neutrinos might enhance the BF significantly 
e.g. [ Eur. Phys. J. C 84, 795 (2024) ]

• Very challenging experimentally: 
- Low BF, high background contribution 
- 3-body decay, no peaking variable  

to isolate signal 
- No observation yet

⇒ Unique opportunity for Belle II

• For example , FCNC strongly suppressed in SM:B → Kνv̄
[ PRD107,014511 (2023) ]

https://link.springer.com/article/10.1140/epjc/s10052-024-13104-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511
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First evidence of B → Kνν̄

• Background suppression is  
challenging: use two BDTs  
in cascade, targeting  &  
other  decays 

qq̄
B

• Two complementary analyses  
with different tagging methods. 

• Recent result from Belle II  
with full Run 1 data (362 fb-1).  

Inclusive tag 
 

higher efficiency (ε=8%)  
novel & more sensitive

Hadronic tag 
 

higher purity (ε=0.4%)  
more conventional

• Extensive studies to validate MC 
modeling in control samples:  

‣ Background control validated 
for each kind of bkg source. 

‣ Signal efficiency validated by 
embedding in .  

‣ Closure test: extract BF of  
 as function of .     

    

‣ & many more!

B → KJ/ψ (μμ)

B → K0π q2
rec

[ PRD 109, 112006 (2024) ]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006


First evidence of B → Kνν̄
• Maximum likelihood fit to data using signal  

and background templates. 

• Systematics with largest impact on  for 
inclusive (hadronic) tag: 
‣  bkg normalization: 0.90 (0.91).  
‣ Simulated sample size: 0.52 (0.60). 

σμ

BB̄

μcombined = 4.6 ± 1.0(stat) ± 0.9(sys)
BF = [2.3 ± 0.5(stat) +0.5

−0.4(sys)] × 10−5
 3.5σ ↑ bkg-only 
        2.7σ ↑ SM

[ PRD 109, 112006 (2024) ]

   (2.9σ ↑SM) 
       (0.6σ ↑SM)

μITA = 5.4 ±1.0 ±1.1
μHTA = 2.2 +1.8

−1.7
+1.6
−1.1

Inclusive tag (post-fit), η(BDT2) > 0.98
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006
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 reinterpretationB → Kνν̄

• Can have significant implications for several models  
with heavy neutrino(s)

• e.g.  extended by relatively light RH neutrino 

‣ Details in [ Eur. Phys. J. C 84, 795 (2024) ] 

‣ Sensitive to rate of  vs 

νSMEFT

B → Kνν̄ B → K*νν̄

• New paper from Belle II on arXiv since last week:   
[ arXiv:2507.12393 (2025) ] 

• We release full analysis likelihood & all necessary  
material needed by theorists to reinterpret under  
any arbitrary model. 
‣ Will be on HEP data very soon! 

• Test case: 3.3σ for Weak Effective Theory,  
vector+tensor contribution preferred vs SM. 

https://link.springer.com/article/10.1140/epjc/s10052-024-13104-x
https://arxiv.org/abs/2507.12393


 excess: next stepsB → Kνν̄
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• Ongoing efforts to confirm the observed excess 
 

‣ More final states  with incl. tag ( ) 

‣ Cross-check with traditional tagging method (semileptonic) 

‣ Repeat with Belle data & extend to Belle II - Run 2 data. 

B → K(*)νν̄ K(*) = K+, K0
S , K*0, K*+

• In addition, check inclusive  decays ⇒ New Result!  
‣ Sensitive to different NP parameters [ JHEP 12(2021)118 ] 
‣ Sum over 30 modes (93% of inclusive) 
‣ Hadronic tag + BDT for bkg suppression.  
‣ Validation: 

- Off-resonance sample for , BDT sideband for .  
-  embedding as control sample.

B → Xsνν̄

qq̄ BB̄
B → XsJψ

No significant excess. Set world-best UL.
Compatible with 

 HTAB → Kνν̄

[Preliminary]

https://link.springer.com/article/10.1007/JHEP12(2021)118


Search for B → ℓν
• Leptonic decays of  mesons offer a unique tool to search for NP models 

with heavy neutrinos. Helicity suppressed in SM. 
B

SM New Physics

  
@ Belle 
B → μν

• Clean theoretically, but  
hard experimentally
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Rest of 
event

• Signature: bump in lepton momentum spectrum,  
or excess at low total (cleaned) cluster energy in ROE. 

• Strategy (so far) for tagging the 
non-signal  decay:B

Tag B→µv 
Belle

B→𝛕v 
Belle

B→𝛕v 
Belle II

Inclusive ✅

Leptonic ✅

Hadronic ✅ ✅   
@ Belle II 
B → τν



 resultsB → ℓν
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• µ recoil against massive sterile neutrino (N→invisible)  
would shift pµ spectrum. SM result recast with  scan. mN

1.8σ  
@ 1 GeV

Belle (711 fb-1, inclusive)

SM = 4.26 x 10-7

@ 2.8σ.

[ PRD 101, 032007 (2020) ]

• Recent Belle II result for  @ 3.0σ,  
compared to past experiments

B → τν

[ arXiv:2502.04885 (2025) ]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032007
https://arxiv.org/abs/2502.04885


Forbidden  decaysτ
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⇒  Observation would be a clear signature of NP!

• In the SM, LFV decays of charged leptons via neutrino oscillation are highly suppressed & immeasurably small.

Br(ℓ1 → ℓ2γ)SM ∝ (δm2
ν

m2
W

)2 ∼ 10−54-10−49

• If there is a heavy neutrino with mass  1 MeV, rates 
can be increased to 10-8-10-10 level, just below current 
experimental sensitivity!                    [ arXiv:1511.00683 ]

≳

•  transitions have significantly weaker ULs.  
B-factories provide most stringent constraints. 
τ → e/μ

Current constraints  
on heavy neutrino

Belle II already 
delivering  
world-leading 
results:

[ JHEP 2024, 062 (2024) ]
τ → 3μ

[ PRD 110, 112003 (2024) ]
τ → Λπ

[ arXiv:2504.15745 (2025) 
Accepted into JHEP.

τ → ℓK0
S

Submitting soon to JHEP.
τ → e2ℓ

https://arxiv.org/abs/1511.00683
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032006
https://link.springer.com/article/10.1007/JHEP09(2024)062#citeas
https://arxiv.org/abs/2504.15745


Search for LFV τ → 3μ
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Belle II with 424 fb-1 could set  
world’s best upper limit! 

 
 

[ JHEP09(2024)062 ]

• Extract signal yield in 2D plane:

• Signal around ( , 0). Tails due to  
initial and final state radiation.

Mτ

• One of the “golden channels”.  
Neutrinoless 3-body decay (3µ). 

• Analysis strategy:  
‣ inclusive tag (3x1 & 3x3 prong) 
‣ bkg rejection using BDT

1 event observed 
(0.5 bkg expected)⇒ signal efficiency 2.7x Belle

https://link.springer.com/article/10.1007/JHEP09(2024)062


Extending search to τ → e2ℓ
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• Extend previous study to 5 more modes with  
at least one electron in the final state: 

‣ , , ,  
, 

τ− → e−e+e− e−e+μ− e−μ+e−

μ−μ+e− μ−e+μ−

[Preliminary]

• Inclusive tagging reconstruction. 

• BDT to suppress  &  backgrounds 
‣ rely on ROE & kinematic variables 
‣ trained on sideband in data   
‣ high signal efficiency (15-24%)

ℓℓγ ℓℓℓℓ

• Signal extraction using unbinned max. likelihood fits to  distributions.  
Using sidebands to extrapolate expected background yields. 

Meℓℓ

τ− → μ±μ∓e−

τ± → μ±e+μ±

⭐

⭐

⭐

⭐

No significant excess  
observed in 428 fb-1. 
  Most stringent ULs to 
date in four modes ⭐



Prospects 𝛕 LFV
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‣ Belle II & STCF will provide best limits for the 
next ~20 years,  until Tera-Z  experiments  
enter the game in 2050s. 

• Wide variety of decays to study:  radiative ( ),  leptonic ( ),  semileptonic ( )  + more.  
• Over 60 modes to be studied at Belle II over the coming years. 

τ → ℓγ τ → ℓℓℓ τ → ℓh(h)

Belle II is expected to probe LFV in many 
channels ≃ 𝒪(10-9) to 𝒪(10-10) with 50 ab-1



Summary

22Neutrino Physics with Belle & Belle II            July 24, 2025P. Rados  

• While not primarily neutrino experiments, both Belle & Belle II are in 
a unique position to contribute. 

• One avenue is direct searches for heavy neutrinos:  
‣ Displaced vertex searches in                  [ PRD 95, 099903(E) (2017) ]  

 and  decays at Belle:                          [ PRD 109, L111102 (2024) ]B τ

Direct searches

Rare/forbidden  &  decaysB τ

• Also, rare/forbidden decays can be reinterpreted to provide powerful 
constraints on heavy neutrino models 
‣ First evidence of  at Belle II:     [ PRD 109, 112006 (2024) ] 
‣  reinterpretation:                       [ arXiv:2507.12393 (2025), submitted to PRD ] 
‣ Inclusive  at Belle II:                 [ Submitting soon to PRL ] 

‣ Search for  at Belle:                     [ PRD 101, 032007 (2020) ] 
‣ Search for  at Belle II:                  [ arXiv:2502.04885 (2025), submitted to PRD ] 
‣ Search for  at Belle II:                   [ JHEP09(2024)062 (2024) ] 
‣ Search for  at Belle II:                 [ Submitting soon to JHEP ] 
‣ + much more!

B → Kνν̄
B → Kνν̄

B → Xsνν̄
B → μν
B → τν
τ → 3μ
τ → e2ℓ

• Rich program of results to come as luminosity ramps up at Belle II.  
Exciting times ahead!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.099903
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112006
https://arxiv.org/abs/2507.12393
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032007
https://arxiv.org/abs/2502.04885
https://link.springer.com/article/10.1007/JHEP09(2024)062
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BACKUP



Introduction
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Super-Kamiokande (1998)

• Particle masses in the SM are generated by the coupling of the Higgs field  
to a given particles LH & RH components.

• In SM there are only LH neutrinos ⇒ massless

• Neutrino oscillation data  
shows they do have mass,  
and that these masses are much smaller than the other fermions.

• A mechanism beyond the SM is necessary to explain  …mν



Luminosity Status
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Belle from 1999 to 2010:  ~1 ab-1 

Lpeak = 2.1 x 1034 cm-2 s-1

Belle II from 2019 to now:  575 fb-1 
 

Lpeak = 5.1 x 1034 cm-2 s-1 ⇒ world record!

Detector rejuvenated 
(incl. PXD replacement)



Luminosity Goals
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• Resume data taking in Nov 2025 for long run (7 months) 
• Path toward > 1035 cm-2 s-1 (~1 ab-1 / year)

• Aiming for 50 ab-1 over next ~10 years (50x Belle)



Direct search in  decaysB
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Direct search in  decaysB
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Direct search in  decaysB
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• Backgrounds reduced by factor ~106 to only handful of events.

• No evidence for heavy neutrinos observed. 
Set upper limits on ↔  mixing parameters. N νSM

• Total sys uncertainty ~25% in small & large mass regimes. 
Largest contributions: 

‣ /ndof and dz vertex cuts (~10%) 
‣ Tracking of daughter particles (8.7% per-track)

χ2

Maximum sensitivity at 2 GeV 

‣ 3.0 x 10-5 for | |2 and | |2 

‣ 2.1 x 10-5 for | || |

mN ≈
UeN UμN
UeN UμN

↔  mixingN νμ



Direct search in  decaysτ
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Direct search in  decaysτ
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Search for B → Kνν̄
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Search for B → Kνν̄

B10Neutrino Physics with Belle & Belle II            July 24, 2025P. Rados  



Search for B → Kνν̄
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Search for B → Kνν̄
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Search for B → Kνν̄
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 reinterpretationB → Kνν̄

• Not easy to fit plot from paper (εsig varies with bin) 

• Based on [EPJC84(2024)693] you can build model 
agnostic likelihood & reweight to any model 
‣ Allows theorists to properly interpret the excess. 

Will be on HEP data very soon!  

• Test case: 3.3σ for Weak Effective Theory,  
vector+tensor contribution preferred vs SM
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 reinterpretationB → Kνν̄



Search for inclusive B → Xsνν̄
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Search for B → τν
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Search for B → τν
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Search for B → τν

B19Neutrino Physics with Belle & Belle II            July 24, 2025P. Rados  



Search for B → τν

B20Neutrino Physics with Belle & Belle II            July 24, 2025P. Rados  



Search for B → τν
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