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V Belle II and SuperKEKB
V Vector portals
ü ½Ω ­invisible, mm,tt

V Scalar portals
ü S ­ mm, tt
ü B ­K S        LLP

V Dark Higgsstrahlung !ΩƘΩ
ü L5a Ҍ ƘΩ ­ mm, pp, KK      LLP

V Pseudoscalar portals
ü ALP ­tt
ü B ­K  ALP, ALP ­gg
ü B ­K  X, X ­ invisible  LLP

VPerspectives & Summary

OUTLINE

http://belle2.jp/
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SuperKEKB now

Collected luminosity up to now: 2019-2024

Run 1: 427 fb-1 Run 2

LS1

Restart data taking in November 2025

Run 1 (2019-2022)
Å Collected 427 fb-1       ½  Belle data size
                                           ~1 Babar data size

Run 2 started in spring 2024
Å Upgraded detector (PXD2, TOP PMT)
ÅWorld record luminosity 5.1x1034cm-2s-1

Å Largely dedicated to machine studies

Final goal : 50 ab-1

Belle ñfldt = 711 fb-1

Å Upgraded rings                                
ü New e+ Damping Ring
ü Increased currents

Å Nano-beam scheme                    
ü New Final Focus magnets (QCS)
ü Large crossing angle

x30 

SuperKEKB vs KEKB

︡ 6x1035 cm-2s-1
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Run 2
Å Back to operations at ~4x1034 cm-2s-1

Å Sudden beam losses (SBL) happened frequently
ü Significant beam charge loss (> a few %) that occurs suddenly without any 

precursory phenomena
ü Very large dose in the detector

Å Two such losses led to damage of 2% of the new PXD installed during LS1
ü Turned off PXD as a precautionary measure until beam loss mitigated

Å So far Run 2 largely dedicated to machine studies
ü~130 fb-1 collected

Å Now confident to have reached comprehension of how SBL start
ü Remediation begun during past summer shutdown and extend through 2025
ü Restart data taking in Fall 2025

SuperKEKB now
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Belle II detector

2 layer pixel detector (PXD) 2nd incomplete in Run1
4 layer double-sided strip detector (SVD)

CDC

ECL

KLM

TOP + ARICH

PXD + SVD
Dedicated lines for dark physics:

Single muon
Single track

Single photon

Trigger:

L1: < 30 kHz

HLT: < 10 kHz
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What can we do at B-factories that we can't at the LHC?

ÅCloseness to the light region
ÅClean, low background, «energy conserving» environment, closed kinematics
Å3d momentum conservation, as opposed to pT

ÅFull Event Interpretation

ÅLow multiplicity signatures
ÅMissing energy channels
Å Invisible particles, often in closed kinematics regime
üAlso an extreme case of LLP

ÅSome fully neutral final states accessibility
ÅDark sector signatures in B and t decays

ÅCleanliness and luminosity compensate for cross section Ҧ competition
E. Graziani ςDark sector searches at Belle II - Light Dark World 2025

s(e+e-­ BB) º 1.1 nb 
s(e+e-­ t+t-) º 0.9 nb
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Lm-Lt
½Ω Ҧ invisible
½Ω Ҧ mm
½Ω Ҧ tt

Axion like particles
aҦtt 

LLP dark scalar in B decays
.ҦY{   {ҦŜŜ, mm, pp, KK

LLP Dark Higgsstrahlung with IDM
!ΩƘΩ  !ΩҦc1c2,  ƘΩҦmm, pp, KK

Belle II dark sector search overview: results

Axion like particles
B­K a, aҦgg 

(LLP) Axion like particles et al
B­h X, X­ invisible

Axion like particles
![tҦgg 

Invisible a in t decays
tҦla

Dark Higgsstrahlung
!ΩƘΩ   !ΩҦmmΣ ƘΩ ƛƴǾƛǎƛōƛƭŜ

Not shown today

Shown today
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½Ω: Lm - Lt model
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m

m

m,t, n, c

m,t, n, c

g

Z'g'

e+

e.

Å Gauging Lm - Lt  , the difference of leptonic m and t number

Å A new gauge boson which couples only to the 2° and 3° lepton family

Å Anomaly free (by construction)

Å It may solve 

ü dark matter puzzle

ü (g-2)m

ü.ҦYό*)mm, RK, RK* anomalies

Sterile nΩǎ

Light Dirac fermions

Shuve et al. Phys. Rev. D 89, 113004 (2014)
Altmannshofer et al. JHEP 1612 (2016) 106

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.113004
https://link.springer.com/article/10.1007/JHEP12(2016)106
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e+e- Ҧ m+m-  + missing energy

Main backgrounds:

e+e- Ҧ m+m- (g)
e+e- Ҧ t+t- (g), t° Ҧ m°nn
e+e- Ҧ e+e- m+m-
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m

m

m,t, n, c

m,t, n, c
g

Z'g'

e+

e.

mmgg

eemm

mmg

Look for bumps in recoil mass against a m+m- pair 

bands in qrecoil vs M2
recoil 

due to g lost in ECL gaps

pT

½Ω

FSR vs ISR + t decay

NN trained to optimize Punzi FOM
Eur.Phys.J. C82 (2022) 2, 121

Lm-Lt
½Ω Ҧ invisible

Lm-Lt model: ½Ω to invisible 

https://link.springer.com/article/10.1140/epjc/s10052-022-10070-0
https://link.springer.com/article/10.1140/epjc/s10052-022-10070-0
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½Ω ǘƻ invisible: results
ÅNo excess found
ÅSet 90%CL exclusion limits on cross section and coupling
ü Vanilla ǎŎŜƴŀǊƛƻΥ ½Ω decays to SM only
ü Fully invisible scenario

Fully invisible ½Ω

Cross section Coupling 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
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½Ω ǘƻ invisible: results
ÅNo excess found
ÅSet 90%CL exclusion limits on cross section and coupling
ü Vanilla ǎŎŜƴŀǊƛƻΥ ½Ω decays to SM only
ü Fully invisible scenario

Fully invisible ½Ω

Cross section Coupling 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
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Lm-Lt
½Ω Ҧ mm

Lm-Lt model: ½Ω Ҧ mm 

m

m

m

m

g

Z'
g'

e+

e.

Reinterpreted also as
Å Muonphilic dark scalar { Ҧ όƎ-2)m

e+e- Ҧ m+m- m+m- 

4-track mass ~Õs
No extra energy
Signature: narrow M(mm) peak

Main background: SM e+e- Ҧ m+m- m+m- 

Aggressive background suppression through NN 
based on kinematic features
Å Characteristic background momentum scale
Å Signal as FSR
Åmm helicity angle

Fits to M(mm) 

No ISR in SM e+e- Ҧ m+m- m+m- generator
No r, J/y, Y(1S) in simulation

r

Y(1S)

https://arxiv.org/abs/2112.08377
https://arxiv.org/abs/2112.08377
https://arxiv.org/abs/2112.08377
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Lm-Lt
½Ω Ҧ mm

Reinterpreted also as
Å Muonphilic dark scalar S Ҧ όƎ-2)m

Å No excess
Å[ƛƳƛǘǎ ƻƴ ½Ω similar to BaBar (514 fb-1) and Belle (643 fb-1) with much lower luminosity
Å First limits for the muonphilic scalar from a dedicated search

Lm-Lt model: ½Ω Ҧ mm 

https://arxiv.org/abs/2112.08377
https://arxiv.org/abs/2112.08377
https://arxiv.org/abs/2112.08377
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.011102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012003
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Lm-Lt
½Ω Ҧ tt

m

m

t

t

g

Z'
g'

e+

e.

Reinterpreted also as
Å Leptophilic dark scalar S Ҧ όƎ-2)m
Å ALP with t coupling

Main backgrounds

e+e- Ҧ t+t- (g) 1+3 prong
e+e- Ҧ qq (q=u,d,s,c)

e+e- Ҧ e+e- m+m-

e+e- Ҧ m+m- t+t-

e+e- Ҧ e+e- t+t-

e+e- Ҧ m+m-p+p- not simulated

e+e- Ҧ e+e- Xhad not simulated

Background suppression with NN  
Å resonance vs mm
Å FSR production
Ått system 

Lm-Lt model: ½Ω Ҧ tt 

Smooth background on the 
scale of the signal mass 
resolution (~10 MeV/c2)

e+e- Ҧ e+e- Xhad

e+e- Ҧ пl + ISR
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Lm-Lt
½Ω Ҧ tt

Reinterpreted also as
Å Leptophilic dark scalar S Ҧ όƎ-2)m
Å ALP with t coupling

PRL 131, 121802 (2023)

Lm-Lt model and more: X Ҧ tt 

Leptophilic dark scalar S

Axion-like particle ALP

https://link.aps.org/doi/10.1103/PhysRevLett.131.121802
https://link.aps.org/doi/10.1103/PhysRevLett.131.121802
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LLP dark scalar in B decays
.Ҧƪ{   {ҦŜŜ, mm, pp, KK B+ ҦY+S, B0 ҦY*0ώҦY+p-]S

{ Ҧe+e-/ m+m- / p+p- / K+ K- 

First dark-sector search in Belle II 
Å in B decays
Å with LLP signature

Signal search: fits to the 
LLP reduced mass for each 
channel and lifetime

Dark scalar S in ōҦǎ transitions
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No excess found
ü First model-independent limits on B(B­KS)xB(S ­x+x-)
ü First limits on decays to hadrons

Limits for each channel and lifetime

Dark scalar S in ōҦǎ transitions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
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B°Ҧ Y (*)° ŀΣ ŀ Ҧ gg

B0Ҧ Y */K0
S ŀΣ ŀ Ҧgg

ALP in .ҦYŀ (Belle) 

Probe of aWW coupling in b­ s transitions

b s

g

g

aW
W

Axion-like particles in B decays
B­K ALP, ![tҦgg 

Submitted to JHEParXiv:2507.01249

Multiple B/kaon modes studied wrt BaBar

p0, h, h¡ regions vetoed

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802
https://arxiv.org/abs/2507.01249
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802


Both B mesons are reconstructed, Btag and Bsig

Bsig is just one track K, p, p, or DS­KKp, or D0 to 3 different channels
Btag is reconstructed using our Full Event Interpretation algorithm

Signal extracted from momentum ph in the Bsig rest frame

Main backgrounds: ee­qq, ee ­BB and SM peaking backgrounds
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.ҦƘ X (­invisible) at Belle 

X ­ ALP, dark scalar, mesogenesisΣ Χ

X invisible ­ LLP or decays to dark sector particles

Extra motivation: Belle II observed excess in B+ Ÿ K+nn 
(particularly for B+ Ÿ K+ a) 

Feebly-interacting invisible particles in B decays
B+ Ÿ h+ X, B0 Ÿ D0 X

B+ Ÿ h+ X  h+=p+, K+, p, DS
+

B0 Ÿ D0 X

Analysis optimized for two-body decay
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Narrow SM peaking backgrounds are vetoed

.ҦƘ X (­invisible) at Belle 
Limits on B  (.ҦƘ X ) for each channel 

B+ Ÿ K+/p+ a
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Inelastic dark matter with dark Higgs 

Å Two dark matter states c1 and c2 with a small mass splitting

Å Eludes constraints from direct searches 

Å c1 is stable Ҧ ŘŀǊƪ matter candidate

Å c2 is generally long-lived 

Å ƘΩ is generally long-lived and mixes with SM H0

CƻŎǳǎ ƻƴ Ƴό!Ωύ Ҕ Ƴόc1)+m(c2)
Å!Ω­ c1 c2

Up to two displaced vertices
c2­c1 !Ω ƴƻƴ-pointing + missing energy
ƘΩ ­ x+x- pointing 

e

aD

q

Dmc
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Inelastic dark matter with dark Higgs 

Å Cut & count strategy to extract signal yields
Å Background estimated in data from sidebands

Å No excess found ­ 95% CL upper limits
Å Individual final states and their combination
Å Scan ƳόƘΩύ-sinq space for different values of the other parameters 

Challenging for tracking and trigger (displaced tracks)
Almost zero background analysis

Process cross section does not depend on q (efficiency does)
Many more (~30) plots for different parameter configurations

https://arxiv.org/abs/2505.09705
https://arxiv.org/abs/2505.09705


E. Graziani ςDark sector searches at Belle II - Light Dark World 2025 22

Dark sector searches in Belle II: summary and perspectives

VBelle II is leading and expected to lead the world sensitivity in many light dark sector searches

ÅAlign all the searches  at least to the full Run 1 luminosity 

ÅEnter the dark photon business: both visible and (especially) invisible 

üLLP searches will have a considerable weight in the next years (especially with a new displaced-vtx 
trigger&tracking) Low SM background, open the possibility to explore small couplings

ÇLuminosity will increase, background will increase as well
ÇBest effort to keep the single-object (track, muon, photon) trigger lines in working conditions
ÇDisplaced-vertex trigger&tracking needed (efficiency decreases abruptly with lifetime): in preparation
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SPARE SLIDES
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Nano-Beamscheme

From KEKB to SuperKEKB

Å Upgraded rings                                
ü New e+ Damping Ring
ü Increased currents

Å Nano-beam scheme                    
ü New Final Focus magnets (QCS)
ü Large crossing angle

x30 
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(1) Smaller by
*

(2) Increase beam currents

(3)    Increase xy

-sx~100mm,sy~2mm

e-

e+

e-

e+

60nm

10mm

... For a 30x increase in intensity you have to make the beam as thin as a few x100 atomic layers

From KEKB to SuperKEKB

43 nm

Nano-Beamscheme

x30
b*

y=0.30/0.30 mm

I+/-=2.8/2.0 A

Å New e+ Damping Ring

Å New Superconducting 
Final Focus (QCS) 
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Luminosity projections 


