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e- 2.6 A

e+ 3.6 A

To obtain x40 higher luminosity

Colliding bunches

Damping ring

Low emittance gun

Positron source

New beam pipe
& bellows

Belle II

New IR

TiN-coated beam pipe with 
antechambers

Redesign the lattices of HER & LER to 
squeeze the emittance 

Add / modify RF systems for 
higher beam current

New positron target / 
capture section

New superconducting 
/permanent final focusing 
quads near the IP

Low emittance electrons to 
inject

Low emittance positrons to 
inject

Replace short  dipoles with 
longer ones (LER)

KEKB to SuperKEKB
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Belle II Detector ElementsBelle II Detector Elements

electrons  (7GeV)

positrons (4GeV)

KL and muon detector:
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps , inner 2 barrel 
layers)

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (fwd)

Central Drift Chamber
He(50%):C2H6(50%), small cells, long lever arm,  
fast electronics

EM Calorimeter:
CsI(Tl), waveform sampling

Vertex Detector: 2
(1 in 2019) layers DEPFET + 4 layers DSSD

Beryllium beam pipe
2cm diameter
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Belle II Luminosity Status and PlansBelle II Luminosity Status and Plans

Integrated luminosity collected in
spring-summer 2019 run

Plans for data taking
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Belle II Luminosity Status and PlansBelle II Luminosity Status and Plans

Integrated luminosity collected in
spring-summer 2019 run

Plans for data taking

In addition 0.5 fb-1 have been collected in 2018 during commissioning of Super-KEKB
Full Belle II detectorw/o Vertex detector→ Used for first Belle II physics results shown today
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A B-Factory is NOT just a B-FactoryA B-Factory is NOT just a B-Factory
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Remember!! N = L × σ

Number of events 
of a process

Luminosity of an 
experiment 

Cross-section of the process to be 
studied in the specific experiment 

https://en.wikipedia.org/wiki/Barn_(unit)
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A B-Factory is NOT just a B-FactoryA B-Factory is NOT just a B-Factory
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

The Belle II Phyiscs book
arXiv:1808.10567

https://arxiv.org/abs/1808.10567


σ [e+e-→e+ e-(γ)]=74.4 nb
(51.99 %)
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A B-Factory is NOT just a B-FactoryA B-Factory is NOT just a B-Factory
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σ [e+e-→e+ e-(γ)]=74.4 nb
(51.99 %)

σ [e+e-→e+ e-e+e-]=39.7 nb
(27.74 %)

σ [e+e-→e+ e-μ+μ-]=18.9nb
(13.21% )

σ [e+e -→γγ(γ)]=3.3 nb
(2.31 %)

σ [e+e-→c c (γ )]=1.3 nb
(0.91%)

σ [e+e -→uu (γ)]=1.61nb
(1.13 %)

σ [e+e-→μ+μ- (γ)]=1.15nb
(0.80%)σ [e+e-→Υ(4 S )]=1.05 nb

(0.73%)

σ [e+e-→τ+ τ- (γ)]=0.92nb
(0.64 %)

σ [e+e-→d d ( γ)]=0.40nb
(0.28 %)

σ [e+e-→ s s(γ )]=0.38nb
(0.27 %)

A B-Factory is NOT just a B-FactoryA B-Factory is NOT just a B-Factory
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Remember!! N = L × σ

Number of events 
of a process

Luminosity of an 
experiment 

Cross-section of the process to be 
studied in the specific experiment 

https://en.wikipedia.org/wiki/Barn_(unit)
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A B-Factory is NOT just a B-FactoryA B-Factory is NOT just a B-Factory
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

The Belle II Phyiscs book
arXiv:1808.10567

Dark sector 
particles

?? ± ?? ?? > ??

https://arxiv.org/abs/1808.10567


ArXiv:1707.04591



ArXiv:1707.04591



Searching for Dark Matter and Forces @ Belle/Belle IISearching for Dark Matter and Forces @ Belle/Belle II

Search for events with missing 
energy, particle disappearance, 
dark forces, single/multi-photon 
final state events, etc.

● Vector portal

● Axion portal 

● Scalar portal

● Neutrino portal

● More ...

ϵFY
μ ν F 'μν (dark photon A ') ,∑

l

θ g ' l̄ γμZ 'μ l (dark Z ')

G agg

4
aGμ ν

~Gμ ν
+
Ga γγ

4
a Fμν

~Fμν
(axion ,alps)

λ H 2S2+μ H 2S (dark Higgs )

k (HL)N (sterile neutrinos )

“Hidden sector” models
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Searching for Dark Matter and Forces @ Belle/Belle IISearching for Dark Matter and Forces @ Belle/Belle II

Search for events with missing 
energy, particle disappearance, 
dark forces, single/multi-photon 
final state events, etc.

● Vector portal

● Axion portal 

● Scalar portal

● Neutrino portal

● More ...

ϵFY
μ ν F 'μν (dark photon A ') ,∑

l

θ g ' l̄ γμZ 'μ l (dark Z ')

G agg

4
aGμ ν

~Gμ ν
+
Ga γγ

4
a Fμν

~Fμν
(axion ,alps)

λ H 2S2+μ H 2S (dark Higgs )

k (HL)N (sterile neutrinos )

“Hidden sector” models
Covered today!
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Note: є is the strength of the kinetic mixing could be as large as 10-2 for m
A’
 in the 

GeV range, the smaller the value of є the longer A' lifetime (i.e. long lived). 

Dark photon first proposed in P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).

➔ (Holdom, 1986) A boson belonging to an additional U(1)' symmetry would mix 
kinetically with the photon:

➔ The kinetic mixing is a term in the Lagrangian expressed by 

➔ For the dark photon to acquire mass an extended Higgs sector might be required to 
break the new U(1)' symmetry (if dark sector is “Higgsed”) 

1
2
ϵFμν

Y F 'μ ν

Dark Photon and Kinetic MixingDark Photon and Kinetic Mixing
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia



Dark Sector Searches:  Constraining the Kinetic MixingDark Sector Searches:  Constraining the Kinetic Mixing

Most dark sector models require an additional U(1) symmetry responsible for the 
“interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
B. Holdom, Phys. Lett. B 166, 196 (1986)

Kinetic mixing strength 

1
2
ϵFμν

Y F 'μ ν

Parameter space

 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/03/2019  Gianluca Inguglia
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A'= dark photon, χ= dark matter particle (neutral under SU(3)xSU(2)xU(1))
A' decays to dark matter. One on-shell (mono-energetic) or one off-shell (broad spectrum) 
photon with different gamma spectrum .

 radiative production in e+e- collisions
 only one photon in the final state with 
 

→ Only existing limits from BaBar based on 53 fb-1 of data, Phys. Rev. Lett. 119, 131804 
(2017)

Since the decay products of the A’ are invisible to the detector, only the ISR photon is 
visible. Therefore this analysis requires a single photon trigger.

Eγ

*
=(s−M A '

2
)/2√s (on−shell )

See the Belle II Physics book arXiv:1808.10567

Dark Photon Search Strategy (invisible case)Dark Photon Search Strategy (invisible case)
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

https://arxiv.org/abs/1808.10567
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Photons in the electromagnetic calorimeter (ECL) 1/4Photons in the electromagnetic calorimeter (ECL) 1/4

● Belle II calorimeter crystals are reused from Belle.
– 8736 CsI(Tl) crystals
– New readout electronics.

● New clustering → high luminosity environment.

Nominal backgrounds 
+ single 2.5 GeV photon

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Photons in the electromagnetic calorimeter (ECL) 2/4Photons in the electromagnetic calorimeter (ECL) 2/4

New clustering: 
finds “showers”

● Belle II calorimeter crystals are reused from Belle.
– 8736 CsI(Tl) crystals
– New readout electronics.

● New clustering → high luminosity environment.

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Photons in the electromagnetic calorimeter (ECL) 3/4Photons in the electromagnetic calorimeter (ECL) 3/4

Timing and minimal 
cluster energy requirement

● Belle II calorimeter crystals are reused from Belle.
– 8736 CsI(Tl) crystals
– New readout electronics.

● New clustering → high luminosity environment.
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Photons in the electromagnetic calorimeter (ECL) 4/4Photons in the electromagnetic calorimeter (ECL) 4/4

Timing and minimal 
cluster energy requirement

90° small gap

Endcap gaps

● Belle II calorimeter crystals are reused from Belle.
– 8736 CsI(Tl) crystals
– New readout electronics.

● New clustering → high luminosity environment.

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Dark photon→ invisible, additional checksDark photon→ invisible, additional checks

Analysis
● e+e- → γA’ → γ( χ

1
χ

2 
)

● General strategy: nothing in the event except one photon. (no tracks, other good photon 
clusters). Search for a bump in the recoil mass spectrum.

● Check that the ECL works properly

e+e-→μ+μ- γ

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Dark photon→ invisibleDark photon→ invisible, additional checks, additional checks

Analysis
● e+e- → γA’ → γ( χ

1
χ

2 
)

● General strategy: nothing in the event except one photon. (no tracks, other good photon 
clusters). Search for a bump in the recoil mass spectrum.

● Check that the ECL works properly

e+e -→μ+μ- γ
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Dark photon→ invisibleDark photon→ invisible

Analysis
● e+e- → γA’ → γ( χ

1
χ

2 
)

● General strategy: nothing in the event except one photon. (no tracks, other good photon 
clusters). Search for a bump in the recoil mass spectrum.

● Backgrounds e+e- → e+e-γ(γ) and e+e- → γγ(γ)

Belle II MC

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

signal

The signal would appear as an 
horizontal cluster of events:
fixed energy equivalent to the A’ mass, 
spread over all angles 
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Dark photon→ invisibleDark photon→ invisible

Analysis
● e+e- → γA’ → γ( χ

1
χ

2 
)

● General strategy: nothing in the event except one photon. (no tracks, other good photon 
clusters). Search for a bump in the recoil mass spectrum.

● Backgrounds e+e- → e+e-γ(γ) and e+e- → γγ(γ)

e+e- → e+e-γ, leptons 
out of acceptance

ee →
 γγ, 90° gaps

e+e- → γγ, endcap gaps

e+e- → 3γ, endcap gaps

Belle II MC
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The signal would appear as an 
horizontal cluster of events:
fixed energy equivalent to the A’ mass, 
spread over all angles 
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Dark photon→ invisible, Belle 2 expected sensitivityDark photon→ invisible, Belle 2 expected sensitivity

The Belle II Phyiscs book
arXiv:1808.10567
BaBar’s analysis
PRL.119.131804

Why does Belle II perform better than BaBar?
→ no ECL cracks pointing to the interaction regions

53 fb-1
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https://arxiv.org/abs/1808.10567
https://doi.org/10.1103/PhysRevLett.119.131804
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Axion Like Particles (ALPs) at Belle IIAxion Like Particles (ALPs) at Belle II

A
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Axion Like Particles (ALPs) at Belle IIAxion Like Particles (ALPs) at Belle II

● Three photons that add up to the beam energy + bump on di-photon mass.
● SM background: e+e- → γγ(γ), e+e-→e+e-(γ), and e+e-→scalar+γ(γ)

JHEP 1712 (2017) 094

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

https://doi.org/10.1007/JHEP12(2017)094
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Axion Like Particles (ALPs) at Belle IIAxion Like Particles (ALPs) at Belle II
 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/03/2019  Gianluca Inguglia

● Three photons that add up to the beam energy + bump on di-photon mass.
● SM background: e+e- → γγ(γ), e+e-→e+e-(γ), and e+e-→scalar+γ(γ)

LEPbeam
 dum

p

esperim
ents

astrophysics

JHEP 1712 (2017) 094

https://doi.org/10.1007/JHEP12(2017)094
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Axion Like Particles (ALPs) at Belle IIAxion Like Particles (ALPs) at Belle II

● Three photons that add up to the beam energy + bump on di-photon mass.
● SM background: e+e- → γγ(γ), e+e-→e+e-(γ), and e+e-→scalar+γ(γ)

Belle II expected limits
- No systematics incuded
- Dominant e+e-→ γγ background taken into account
- beam background negligible
- 135 fb-1 projection assumes no veto of γγ events in barrel at trigger 
level

e+e-→γγ

P
b

P
b
→
γ
γ

e+e-→γ+inv.

Proton beam dumps

electron beam dumps
SN1987A

H
B

 s
ta

rs

Work in progress
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The LThe L
µµ-L-Lττ model in the context of dark sector searches: a dark Z’ model in the context of dark sector searches: a dark Z’

➔  The model is a new gauge boson, called a Z’, which couples to L
μ
-L

τ
.

➔ For M
Z’
 <2M

μ
 BF(Z’→invisible) =1.

➔ For 2M
μ
 <M

Z’
 <2M

τ
 BF(Z’→invisible)~1/2

➔ For M
Z’
 >2M

τ
 BF(Z’→ invisible)~1/3

➔  The branching fraction to one neutrino species is half of the branching fraction to one 
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed 
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.

Partial width and BR can be derived from eqn. 2.12 of Essig et al. JHEP02(2015)157, 
arXiv:1412.0018 [hep-ph].

➔ Very important: If M
Z’
>2χ→ BF[Z’→χχ]~1 

(see for example: https://arxiv.org/abs/1403.2727)

BF(Z '→ invisible)=
2Γ(Z '→νlνl)

2Γ(Z '→νlνl)+Γ(Z '→μμ)+Γ(Z '→τ τ)

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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The LThe L
µµ-L-Lττ model in the context of dark sector searches: a dark Z’ model in the context of dark sector searches: a dark Z’

➔  The branching fraction to one neutrino species is half of the branching fraction to one 
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed 
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.

➔ For M
Z’
 <2M

μ
 BF(Z’→invisible) =1.

➔ For 2M
μ
 <M

Z’
 <2M

τ
 BF(Z’→invisible)~1/2

➔ For M
Z’
 >2M

τ
 BF(Z’→ invisible)~1/3

νl( l=μ , τ ) , χ

νl( l=μ , τ ) , χ

If M
Z’
>2χ→ BF[Z’→χχ]~1
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Z’→ invisible, Belle II Event DisplayZ’→ invisible, Belle II Event Display

Belle II MCBelle II MC

Belle II MC Belle II MC
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Belle 2 DATA
event display
run # 3236
Event #493624

Belle II Event DisplayBelle II Event Display
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Belle 2 DATA
event display
run # 3236
Event #493624
M

Z’
 candidate 2 GeV/c2

Belle II Event DisplayBelle II Event Display
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Accessible
with 20 fb-1

Accessible
With 2-50 ab-1

Parameter space 
region not 
accessible

- Cross section provided by MadGraph for e+e- →µ+µ-Z’, Z’→ ν
µ
ν

µ 
and multiplied by a factor 2 to 

account for Z’→ ν
τ
ν

τ
 as this is the other channel that contribute to the invisible decays of Z’.

- Different masses are accessible with different luminosity: the larger the luminosity, the higher 
the mass of the Z’ that can be probed at Belle II.  

Cross section for Z’→ invisible (ii)Cross section for Z’→ invisible (ii)
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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Z’ search on phase II data: resultsZ’ search on phase II data: results

37

PRL paper in preparation to be submitted soon
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What about a LFV Z’?What about a LFV Z’?

➔ Complement the search for low mass Z’ and low mass dark sector
➔ Alternative way to look into cLFV, complementing ongoing searches
➔ (Almost) background free
➔ Get a search for doubly charged bosons for free

➔ A model for this final state is however not available...see next slide

νl , χ

νl , χ

μ
+

e+

μ
+

e+

e+

μ
-

final state :e+
μ

-
+invisible (+c .c .) final state :2e+ 2μ-

(+c . c .)

See for example arXiv:1610.08060 or ArXiv:1701.08767
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What about a LFV Z’?What about a LFV Z’?

νl , χ

νl , χ

μ
+

e+

final state :e+
μ

-
+invisible (+c .c .)
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What about a LFV Z’?What about a LFV Z’?

νl , χ

νl , χ

μ
+

e+

final state :e+
μ

-
+invisible (+c .c .)

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

Limits are set in a 
model-independent way to 
εxσ= efficiency (flat) x crossxσ= efficiency (flat) x cross

section
Theory input needed

for future work! 
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Z’ sensitivity on early phase III data (expected) and projectionZ’ sensitivity on early phase III data (expected) and projection

(g−2)μ±2σ

Assuming
~20000-200000
larger samples

of data
(5-50 ab-1) 

Assuming systematics from 26% to 3%

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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ConclusionsConclusions

● Although the Belle II experiment is designed mainly for B-physics, the detector 
capabilities offer many possibilities to explore dark sector models,
●  in this talk we considered various example final states including photons, charged 

particles, and (large) missing energy in the final state.
● First Belle II results shown today 

● Discovering dark matter is today one of the biggest challenges we are facing, but more 
important is the understanding of its nature
● Synergy between different experiments is required.

● Many searches at the Belle II experiment are ongoing and higher precision will be 
reached thanks to the great luminosity of Belle II at Super-KEK and thanks to 
improved hardware/software.

● We look forward to a bright future for dark sector physics.

Thank you for your attention!
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Z’ search on phase II data: resultsZ’ search on phase II data: results

31

PRL paper in preparation to be submitted soon
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A'= dark photon, L= long lived light gauge boson (model independent).
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity 
final states with 2 oppositely charged tracks and 1 photon. 

A '→μ+μ-

A '→e+e-

B. Batell, et al.
Phys. Rev. D 79, 115008 

Dark Photon Search Strategy (visible case)Dark Photon Search Strategy (visible case)

e-
(e+

)

e+
(e-

)

γ ISR

e+ ,μ+ , h+

e- ,μ- , h-

A '

- Decays to leptons require M
A'
>1.02 MeV/c2 

- Decays to hadrons require M
A'
>0.36 GeV/c2

Note
- If M

χ
<MM

A’
/2 → invisible A’ decays to dark 

matter!

See R. Essig et al. JHEP11 (2013) 167.
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BABAR: ArXiv: 1406.2980 [Hep-
Ex]

'

A '→ e+ e - ,μ+
μ

- , prompt

arXiv:1506.00424 [hep-ex]
Long lived, decays to 
leptons

NA48 arXiv:1504.00607
π0 decays 

dark 
photon 
explanatio
n of (g-2)

μ
 

ruled out 
for A' 
→e+e-

Dark Photon: Current UL to Kinetic Mixing Dark Photon: Current UL to Kinetic Mixing 

A '→ e+ e- ,μ+
μ

-
[ prompt]

BaBar, ArXiv: 1406.2980 [Hep-
Ex]

ATLAS + 
CMS:

highly 
model-
dependent!

KLOE, arXiv:1603.06086v1

→ See M. Borsato’s talk for LHCb studies

  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia



46Very conservative estimation of Belle II sensitivity to prompt decays of A' 
based on BABAR results projected to full Belle 2 luminosity 

e+e-
→γ A '→γe+ e- ,γμ+

μ
- , prompt

Dark Photon: Expected Sensitivity @ Belle IIDark Photon: Expected Sensitivity @ Belle II
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia
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The LThe L
µµ-L-Lττ model in the context of dark sector searches: a dark Z’ model in the context of dark sector searches: a dark Z’

➔ The branching fraction to one neutrino species is half of the branching fraction to one 
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed 
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.

➔ For M
Z’
 <2M

μ
 Br(Z’→invisible) =1.

➔ For 2M
μ
 <M

Z’
 <2M

τ
 Br(Z’→invisible)~1/2

➔ For M
Z’
 >2M

τ
 Br(Z’→ invisible)~1/3

l-( l=μ , τ )

l+( l=μ , τ )
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The LThe L
µµ-L-Lττ model in the context of dark sector searches: a dark Z’ model in the context of dark sector searches: a dark Z’

➔  The branching fraction to one neutrino species is half of the branching fraction to one 
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed 
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.

➔ For M
Z’
 <2M

μ
 Br(Z’→invisible) =1.

➔ For 2M
μ
 <M

Z’
 <2M

τ
 Br(Z’→invisible)~1/2

➔ For M
Z’
 >2M

τ
 Br(Z’→ invisible)~1/3

μ
-

μ
+

BABAR Coll.
Phys. Rev. D 94, 011102 (2016),  
arXiv:1606.03501 [hep-ex]
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The LThe L
µµ-L-Lττ model in the context of dark sector searches: a dark Z’ model in the context of dark sector searches: a dark Z’

➔  The branching fraction to one neutrino species is half of the branching fraction to one 
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed 
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.

➔ For M
Z’
 <2M

μ
 Br(Z’→invisible) =1.

➔ For 2M
μ
 <M

Z’
 <2M

τ
 Br(Z’→invisible)~1/2

➔ For M
Z’
 >2M

τ
 Br(Z’→ invisible)~1/3

μ
-

μ
+

BABAR Coll.
Phys. Rev. D 94, 011102 (2016),  
arXiv:1606.03501 [hep-ex]

Rough projection to Belle II luminosity
preliminary studies are ongoing
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e+e-
→Y (3 S)
↓

Y (3 S)→π
+
π

-Y (1S)
↓

Y (1S)→ invisible

e+e-
→Y (2S )
↓

Y (2 S)→π
+
π

-Y (1 S)
↓

Y (1 S)→ invisible

➔ Low mass dark matter particles however might might play a 
role in the decays of Y(1S), having Y(1S)→χχ if kinematic 
allowed. [Phys. Rev. D 80, 115019, 2009]

➔ Also, new mediators (Z', A0, h0) or SUSY particles might 
enhance Y(1S)→νν(γ). [Phys. Rev. D 81, 054025, 2010] 

➔ In absence of new physics enhancement, Belle2 should be 
able to observe the SM  Y(1S)→νν

M Y (3S )=10.355GeV /c2, M Y (2S )=10.023GeV / c2 , M Y (1S )=9.460GeV /c2

~ 900MeV available for Pπ π

~ 540MeV available for Pπ π

BR (Y (1S )→ν ν̄)

BR(Y (1S )→e+e-
)
=

27G2 M Y (1S)
4

64 π2
α

2 (−1+
4
3

sin2
θW )

2

=4.14×10−4

BR (Y (1S )→ν ν̄)∼9.9×10−6

Belle2 Simulation
Y(3S)→π+π-Y(1S), 
Y(1S)→ νν

Invisible Y(1S) Decays @ Belle IIInvisible Y(1S) Decays @ Belle II

(4.4%)

(18.1%)

Y(nS): bound state of a b quark and a b antiquark
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e+e-
→Y (3 S)
↓

Y (3 S)→π
+
π

-Y (1S)
↓

Y (1S)→ invisible

e+e-
→Y (2S )
↓

Y (2 S)→π
+
π

-Y (1 S)
↓

Y (1 S)→ invisible

➔ Low mass dark matter particles however might might play a 
role in the decays of Y(1S), having Y(1S)→χχ if kinematic 
allowed. [Phys. Rev. D 80, 115019, 2009]

➔ Also, new mediators (Z', A0, h0) or SUSY particles might 
enhance Y(1S)→νν(γ). [Phys. Rev. D 81, 054025, 2010] 

➔ In absence of new physics enhancement, Belle2 should be 
able to observe the SM  Y(1S)→νν

BR (Y (1S )→ν ν̄)

BR(Y (1S )→e+e-
)
=

27G2 M Y (1S)
4

64 π2
α

2 (−1+
4
3

sin2
θW )

2

=4.14×10−4

BR (Y (1S )→ν ν̄)∼9.9×10−6

Belle2 Simulation
Y(3S)→π+π-Y(1S), 
Y(1S)→ νν

Invisible Y(1S) Decays @ Belle IIInvisible Y(1S) Decays @ Belle II

(4.4%)

(18.1%)

A signal of Y(1S)→invisible is an excess of events 
over the background in the M

r
 distribution at a mass 

equivalent to that of the Y(1S) (9.460 GeV/c2)

M r
2
=s+M

π
+
π

-−2√s Eπ
+
π

-

CMS
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Trigger ConsiderationsTrigger Considerations

data
MC

Control sample
Υ(3S)  π+πΥ(1S)
Υ(1S)  μ+μ

Trigger eff. = 89.8%
      θr   > 30o

    ptfull   > 0.30 GeV/c
    ptshort > 0.17 GeV/c
     other cuts 

Too low efficiency with usual condition (>135o)
 Higher efficiency with looser condition
 Special trigger condition was implemented
　　 (~850 Hz, twice as usual condition)

Single track trigger was implemented, too
with 1/500 pre-scale rate (pt>250 MeV/c)
       2-track trigger & 1-track trigger
                    1-track trigger 
for efficiency monitoring

Υ(3S)  π+πΥ(1S)
Υ(1S)  μ+μ

π
-+

π
+-
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[belle]: http://arxiv.org/abs/hep-ex/0611041
(1 week running @ Y(3S))

[babar]: http://arxiv.org/abs/0908.2840
(2 months running @ Y(3S))

2.9 fb-1 @ Y(3S) 28.5 fb-1 @ Y(3S)

Invisible Y(1S) Decays: Signal or Background? Invisible Y(1S) Decays: Signal or Background? 
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

http://arxiv.org/abs/hep-ex/0611041
http://arxiv.org/abs/0908.2840
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[belle]: http://arxiv.org/abs/hep-ex/0611041
(1 week running @ Y(3S))

[babar]: http://arxiv.org/abs/0908.2840
(2 months running @ Y(3S))

No signal was observed over the expected background and upper limits have been 
obtained: BR(Y→νν) <M 3x10-4 (BaBar) and BR(Y→νν) <M 3.0x10-3(Belle).

At Belle 2 one would expect to collect >200fb-1 of data @ Y(3S) (ongoing discussion for 
Y(2S) data taking and trigger) allowing one to reconstruct between 30 and 300 events,
assuming 10-5 (SM)<MBR(Y→invisible)<M 10-4 (NP) and Belle efficiencies.
 

2.9 fb-1 @ Y(3S) 28.5 fb-1 @ Y(3S)

Invisible Y(1S) Decays: Belle II Discovery Potential Invisible Y(1S) Decays: Belle II Discovery Potential 
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

http://arxiv.org/abs/hep-ex/0611041
http://arxiv.org/abs/0908.2840
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[belle]: http://arxiv.org/abs/hep-ex/0611041
(1 week running @ Y(3S))

[babar]: http://arxiv.org/abs/0908.2840
(2 months running @ Y(3S))

Irreducible peaking background when final states go undetected (i.e. detector supports, 
beampipe etc.) in the process Y (3 S)→π

+
π

-Y (1S) ,Y (1S )→undetected f . s .

2.9 fb-1 @ Y(3S) 28.5 fb-1 @ Y(3S)

Invisible Y(1S) Decays: Signal or Background? Invisible Y(1S) Decays: Signal or Background? 
  Light Dark World 2019 Vienna 12-13/08/2019  Gianluca Inguglia

http://arxiv.org/abs/hep-ex/0611041
http://arxiv.org/abs/0908.2840
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[belle]: http://arxiv.org/abs/hep-ex/0611041
[babar]: 
http://arxiv.org/abs/0908.2840

Irreducible peaking background when final states go undetected (i.e. detector supports, 
beampipe etc.) in the process Y (3 S)→π

+
π

-Y (1S) ,Y (1S )→undetected f . s .

Belle2 Simulation

Y(3S)→π+π-Y(1S), 
Y(1S)→ μ+μ- (along the 
beampipe, invisible)

Invisible Y(1S) Decays: irreducible backgroundInvisible Y(1S) Decays: irreducible background
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e+e-
→Y (3 S)
↓

Y (3 S)→π
+
π

-Y (1S)
↓

Y (1S)→ invisible

e+e-
→Y (2S )
↓

Y (2 S)→π
+
π

-Y (1 S)
↓

Y (1 S)→ invisible

➔ Low mass dark matter particles however might might play a 
role in the decays of Y(1S), having Y(1S)→χχ if kinematic 
allowed. [Phys. Rev. D 80, 115019, 2009]

➔ Also, new mediators (Z', A0, h0) or SUSY particles might 
enhance Y(1S)→νν(γ). [Phys. Rev. D 81, 054025, 2010] 

➔ In absence of new physics enhancement, Belle2 should be 
able to strongly constrain the SM  Y(1S)→νν

BR (Y (1S )→ν ν̄)

BR(Y (1S )→e+e-
)
=

27G2 M Y (1S)
4

64 π2
α

2 (−1+
4
3

sin2
θW )

2

=4.14×10−4

BR (Y (1S )→ν ν̄)∼9.9×10−6

Belle2 Simulation
Y(3S)→π+π-Y(1S), 
Y(1S)→ νν

Invisible Y(1S) Decays @ Belle II: Expected Yields Invisible Y(1S) Decays @ Belle II: Expected Yields 

(4.4%)

(18.1%)

No signal was observed over the expected background and upper 
limits have been obtained: BR(Y→νν) <M 3x10-4 (BaBar) and 
BR(Y→νν) <M 3.0x10-3(Belle).

If we collect >200fb-1 of data @ Y(3S) [Y(2S)] we should reconstruct 
between 30 and 300 [~200 and ~2000] events , assuming 
10-5 (SM)<MBR

Y→invisible
<M 10-4 (NP) and εxσ= efficiency (flat) x cross

tot
=10%.
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Extrapolation based on ArXiv: 1511.03728, 1404.6599

DM: The Synergy Between Theory,  Direct and Collider Searches  DM: The Synergy Between Theory,  Direct and Collider Searches  

Theory work is needed in order to 
connect direct and indirect searches of 
dark matter.

➔ Shown here  Y(1S) →χχ vs. direct 
searches.

➔ Similar studies have performed also 
for dark photon dark matter (see for 
example J. Pradler et al. 
arXiv:1412.8378)
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Eff. contact operators in for dark matter in Y(1S)→ invisibleEff. contact operators in for dark matter in Y(1S)→ invisible

ArXiv: 1404.6599
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