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OUTLINE OF THE TALK

VBelle II and SuperKEKB
VSearchof
üDark Higgsstrahlung
ü½Ω ǘƻ invisible
ü½ΩΣ {Σ ![t Ҧtt

VPerspectives& Summary

new

new

http://belle2.jp/
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Dark matter hunt with a light sector

Cosmicfrontier

Direct effect searchin (mostly) 
underground experiments

Light Dark Matter Mediators
Ҧ portals
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Vectorportal
Dark photon,½ΩΣ Χ

Pseudoscalarportal
QCD Axions, ALPsΣ Χ

Scalar portal
Dark Higgs, scalars

Neutrino portal
Sterile neutrino 
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From KEKB to SuperKEKB

ÅUpgradedrings                                
üNew e+ damping ring
ü Increasedcurrents

Å Nano-beamscheme

üNew final focus magnets
üLarge crossing angle

Finalgoal : 50 ab-1

x30

Peak luminosity world record: 4.7 x 1034 cm-2 s-1

Collectedluminosityup to now: 2019-2022

Resumephysicsrun in fall 2023

424fb-1 total

424 fb-1
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Key factorsfor dark sectorphysics: trigger, high backgrounds, precise knowledge of acceptance/vetoes, PID 

Belle II detector

Single muon
Å Drift ch. +mdetector

Single track
Å Neuralbased

Single photon
Å Eg> 0.5, 1, 2 GeV

Å Two-track trigger
Å Three-track trigger
Å EECL> 1 GeV trigger



E. Graziani ςRecebt  dark-sector results at Belle II - ICHEP 2022 5

Dark Higgsstrahlung: e+e-Ҧ !ΩƘΩ

ὩὩ ᴼ ὃᶻᴼ ὬᴂὃȬ
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KLOE

Belle II

M!Ω

M
h
Ω

Ç¦όмύΩ vectorportal extension of SM
Ådark photon!Ω
ücoupleswith kineticmixing eto SM

ÅŘŀǊƪ IƛƎƎǎ ƘΩ
ügivesƳŀǎǎ ǘƻ !Ω throughSSB
üƴƻ ƳƛȄƛƴƎ ƻŦ ƘΩ ǿƛǘƘ {a IƛƎƎǎ 
ücoupleswith aD

ÇMass hierarchyscenarios
ÅMhΩ> M!Ω
üƘΩ Ҧ !Ω!ΩΣ e+e-Ҧ !Ω!Ω!Ω
üprobedby Babar and Belle

ÅMhΩ<  M!Ωthis search
ü InvisibleƘΩ όƭƻƴƎ-lived), misingenergy
ü2d peakin Mmmand Mrecoil

üProbedby KLOE
üLargelyunconstrained

e+e-Ҧ m+m- + missingenergy



m+m-(g)

t+t(g)

e+e-m+m-
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Two-track trigger
Two muons, pT

mm> 0.1 GeV/c
Recoilpoints to barrel ECL
No extraenergy
ScanMrecoilvs Mmm

Backgrounds

m+m-(g)   79%
t+t(g)    18%
e+e-m+m- 3%

Dark Higgsstrahlung: analysis

~9000 overlappingelliptical mass windows

Helicityangle

Observedyields



E. Graziani ςRecebt  dark-sector results at Belle II - ICHEP 2022 7

Dark Higgsstrahlung: results
No excessfound
Upperlimits on sand e2aD

mostsensitive for 4 < M!Ω< 9.7 GeV/c2

World first for 1.65 < M!Ω< 10.51 GeV/c2
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½ΩLm- Ltmodel

E. Graziani ςSearch for dark sectors at Belle II - DMNet

m

m

m,t, n, c

m,t, n, cg

Z'g'

e+

e.

Å GaugingLm- Lt, the differenceof leptonicmand tnumber

Å A new gaugebosonwhichcouplesonly to the 2° and 3° lepton family

Å Anomalyfree (by construction)

Å It maysolve 

ü dark matter puzzle

ü (g-2)m

ü.ҦYό*)mm, RK, RK* anomalies

Sterile nΩǎ

Light Dirac fermions

Shuveet al. (2014), arXiv1408.2727
Altmannshoferet al. (2016) arXiv1609.04026

½ΩҦmm

½ΩҦinvisible

½ΩҦtt

BABAR
Belle
CMS

Belle II 2020

Belle II
NA64-e

Z0Ҧ½Ωmm

Belle II

new

new



pT

½Ω
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½Ω ǘƻ invisible: analysis

e+e-Ҧ m+m- + missingenergy

Look for bumpsin recoilmass againsta m+m- pair

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-

FSR vs ISR + tdecay

E. Graziani ςLDM searches at Belle II - FIPS 2020 - CERN

m

m

g

Z'g'

e+

e.

Two-track trigger
Two muons, pT

m> 0.4 GeV/c
RecoilҦ ōŀǊǊŜƭ 9/[ Mrecoil<2 GeV/c2

No extraenergy, gveto

m,t, n, c

m,t, n, c

NN trainedto optimizePunzi FOM
Eur.Phys.J.C82 (2022) 2, 121

Oldresult
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½Ω ǘƻ invisible: analysis

mmgg

eemm

mmg

3 control samples

mmgselection+NNstudies          low mass
em selection+NNstudies         medium+highmass
ee(g)    gveto studies

Look for bumpsin qrecoilvs M2
recoil

Å t+t- (g)    almost100% suppressed
Å m+m- (g)   dominatesup to ~7 GeV/c2

Å e+e-m+m- dominatesfor high masses

mmgg

eemm

mmg

Observedyields

Preliminary
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½Ω ǘƻ invisible: observedyields

mmgg

eemm

mmg

Look for bumpsin qrecoilvs M2
recoil

Preliminary

Preliminary
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½Ω ǘƻ invisible: results
ÅNo excessfound
ÅSet 90%CL exclusionlimits on cross sectionand coupling
ü VanillaǎŎŜƴŀǊƛƻΥ ½Ω decaysto SM only
ü Fullyinvisiblescenario

fully invisible½Ω asorigin of (g-2)mexcludedfor 0.8 < M½Ω< 5.0 GeV/c2

Fullyinvisible½Ω
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½ΩΣ {Σ ![t Ҧ tt

S

a

t+

t+
t-

t-

½Ω [m- Ltmodel

First time search in tt

Leptophilicscalar S model

Yukawa couplings

Contraintsby BaBarƛƴ {Ҧmm

First time search in tt

![t Ҧ tt

Cee=Cmm=Ctt Cgg= CZg=0

Yukawa-like effectivecouplings

ALP-tcouplingunconstrained

m+

m-
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3-track OR single muontrigger
1-prong tdecays(+ neutrals)
4-tracks
2 m+ 2x e/m/p
M(4-track) < 9.5 GeV/c2

ScanMrecoil(mm)

½ΩΣ {Σ ![t Ҧ tt: analysis

OptimizeselectionsŦƻǊ ½Ω Ҧ tt

99% background reduction

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-Ҧm+m-t+t-

e+e-Ҧ e+e-t+t-

e+e-Ҧm+m-p+p-

e+e-Ҧ e+e- Xhadronic not simulated

Background suppression
NN MLP (Multi Layer Perceptron)
8 MLP ranges in Mrecoil(mm)
Å resonancevs mm
Å FSR production
Åttsystem

not simulated
Control sample

2 p+ 2x e/m/p

Belle II Simulation

Belle II Simulation

Belle II Simulation
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½ΩΣ {Σ ![t Ҧ tt: observedyields

e+e-Ҧ e+e- Xhadronic

Discrepanciesexpectedand understood
Non-peakingin Mrecoil(mm)

ü signal mass resolution: 1.5 ς30 MeV/c2

Background floated in the fit

e+e-Ҧ e+e- Xhadronic

MissingISR

signal mass resolution: 1.5 ς30 MeV/c2
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½ΩΣ {Σ ![t Ҧ tt: results

{ Ҧ tt

![t Ҧ tt

ÅNo excessfound
ÅSet 90%CL exclusionlimits on cross sectionand couplings
ü First constraintson S for MS > 6.5 GeV/c2

ü First direct constraintsŦƻǊ ![t Ҧ tt
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Summary
Å Negative resultsfrom LHC and direct searchexperimentsҦ ƭƛƎƘǘ ŘŀǊƪ sectorscenario more and more attractive

Å Belle II at SuperKEKBhasgreatpotentialǘƘŀƴƪΩǎto low-background collisions, hermeticity, dedicatedtriggers

Å Belle II hadtwo resultswith 2018 pilot run dataset: invisible½Ω ŀƴŘ ![t Ҧ gg

ÅBelle II startedthe physicsrun in 2019: 424 fb-1 collectedup to now

ÅToday @ ICHEP 2022 : World-leadingresultsfor searchesof:

ü Dark Higgsstralunge+e-Ҧ !ΩƘΩΣ ǿƛǘƘ !ΩҦmmŀƴŘ ƘΩ invisible

ü Invisible½Ω within the Lm-Ltmodel

ü ½Ω Ҧttwithin the Lm-Ltmodel
ü Leptophilicdark scalar SҦtt
ü Axion-like-particleaҦtt

Å Weexpectto lead the light dark sectorsearchesin the nextdecade
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SPARE SLIDES
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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

x30
b*

y=0.30/0.30 mm

I+/-=2.8/2.0 A

Å New e+ DampingRing

Å New Superconducting
FinalFocus (QCS) 
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Light Dark matter hunt

Additionalbenefits:

Å Explanationsof some astrophysicsanomalies
όt!a9[!Σ !a{Σ C9waLΣ Χύ 

Å Explanationof the (g-2)meffect

Å Explanation(with additionalhypotheses) of some 
flavouranomaliesό[I/.Σ .ŜƭƭŜΣ Χύ

Å Some light mediators(not interactingwith quarks) 
couldescapedirect searchexclusionlimits

Probabilityof interaction of LDM detectors isnegligible
Å Searchfor mediators
Å Searchfor missingenergy signature
Å Searchfor both
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Differentsignatures dependingon the DM ª mediator mass relation

Õs



21

Searchingfor dark matter

Vectorportal
Dark photonΣ ½ΩΣ Χ

Pseudoscalarportal
Axions, ALPsΣ Χ

Scalar portal
Dark Higgs, scalars

Neutrino portal
Sterile neutrino 

Dark matter/ mediators

E. Graziani ςRecebt  dark-sector results at Belle II - ICHEP 2022

http://belle2.jp/
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Belle II trigger

Level 1 hardware-basedcombines info from CDC, ECL, KLM
Å Tracks, clusters, muons

Å Two-track trigger
Å Three-track trigger
Å EECL> 1 GeV trigger

Single muon
Å CDC + KLM

Single track
Å Neuralbased

Single photon
Å Eg> 0.5, 1, 2 GeV

single gtrigger 
efficiency

Dark sectorphysics
ÅLow multiplicity signatures
ÅHugebackgrounds from beam, Bhabha, two-photon



m+m-(g)

t+t(g)

e+e-m+m-
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8.34 fb-1 (2019) 

Two-track trigger
Two muons, pT

mm> 0.1 GeV/c
Recoilpoints to barrel ECL
No extraenergy
ScanMrecoilvs Mmm

Backgrounds

m+m-(g)   79%
t+t(g)    18%
e+e-m+m- 3%

Dark Higgsstrahlung: analysis

~9000 overlappingelliptical mass windows

Helicityangle
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Dark Higgsstrahlung: systematics

2 control samples

mmg mm(g) background 
em ttbackground

Split mass planeinto orthogonalmacroregions
ÅEachdominatedby a single background source
ÅData/MC normalization+ shape

ÅNegligibleeffect on Uls(~1%)
ÅExceptionisM!Ω> 9 GeV/c2 (~25%)
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Dark Higgsstrahlung: data/MC
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Recoilmass spectrumafter selections

½Ω ǘƻ invisible: previousresult

Pilot run physicsresults

Systematics
Source Error

Trigger efficiency 6%

Tracking efficiency 4%

PID 4%

Luminosity 1.5%

Background beforetsuppression 2%

tsuppression(background) 22%

Discrepancyin mmyield (signal) 12.5%

will decreasewith new data
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½Ω ǘƻ invisible: systematics

mmgg

eemm

mmg

3 control samples

mmgselection+NNstudies          low mass
em selection+NNstudies         medium+highmass
ee(g)    gveto studies

Look for bumpsin qrecoilvs M2
recoil

Source Low mass Medium mass High mass

selections 2.7% 6.5% 8.3%

Mass resolution 10% 10% 10%

Background shapes 3.2% 8.6% 25%

Photonveto 34% 5% 5%

luminosity 1% 1% 1%

Systematics

Å t+t- (g)    almost100% suppressed
Å m+m- (g)   dominatesup to ~7 GeV/c2

Å e+e-m+m- dominatesfor high masses
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½Ω ǘƻ invisibleresults

Vanillamodel invisible½Ω
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½Ω ǘƻ invisibleresults

Vanillamodel invisible½Ω Fullyinvisible½Ω


