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DARK SECTOR PORTALS AT BELLE II
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‣ If DM is not WIMP (or fermionic), a portal must exist 
between the dark sector and the visible sector.

‣ Vector Portal: A’, Z’

‣ Psuedoscalar Portal: ALPs

‣ Scalar Portal: h

‣ Neutrino Portal: Sterile Neutrinos

‣ Status of Belle II — First Physics data-taking

‣ Why are we powerful for dark sector? — 
performance studies using first dataset

Detailed 
Today
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‣ Dark Photon Searches:

‣ e+e-→γA’; A’→invisible (monophoton search)

‣ e+e-→γA’; A’→e+e-, μ+μ-

‣ Dark Z’ Searches:

‣ e+e-→ μ+μ-Z’; Z’→ μ+μ-,invisible

‣ e+e-→ μ+e-Z’; Z’→ invisible (LFV Model)

‣ ALP searches:

‣ e+e-→γ+ALP; ALP→γγ (tri-photon search)

‣ Dark Higgs:

‣ e+e-→τ+τ-h; h→dilepton

‣ “Axiflavons”:

‣ B+→K+a OR B0→D0a; a→γγ, gg, invisible (ALPs in EWP decays)

‣ Others: Long-lived particles, Magnetic Monopoles, etc…

R. Essig et al. (2009) https://arxiv.org/abs/0903.3941
B. Battle et al. (2009) https://arxiv.org/abs/0903.0363

3PROCESSES & MASS REGIMES PROBED BY BELLE II

E. Izaguirre et al (2017) https://arxiv.org/pdf/1611.09355.pdf
D. Aloni et al (2018) https://arxiv.org/pdf/1811.03474.pdf

Belle II is probing 
DS mediators at the 

MeV-GeV scale

Mass resolution:
Direct O(10) MeV/c2

Recoil O(100) MeV/c2

B. Shove, I. Yavin (2014) https://arxiv.org/abs/1403.2727 
W. Altmannshofer et al. (2016) https://arxiv.org/abs/1609.04026

E. Kou, P. Urquijo, et al. The Belle II Physics Book (2018) https://arxiv.org/abs/1808.10567

M. Dolan et al. (2017) https://arxiv.org/abs/1709.00009

https://arxiv.org/abs/0903.3941
https://arxiv.org/abs/0903.0363
https://arxiv.org/pdf/1611.09355.pdf
https://arxiv.org/pdf/1811.03474.pdf
https://arxiv.org/abs/1403.2727
https://arxiv.org/abs/1609.04026
https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/1709.00009
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SUPERKEKB AND BELLE II

‣ Asymmetric e+e- collisions at 
Υ(4S) resonance (10.58 GeV)

‣ Nominally a B-Factory

‣ 900+ members, 100+ 
institutions, 26 countries

4

Tsukuba, JP
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5SUPERKEKB — THE LUMINOSITY FRONTIER
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‣ Phase 2: 2018
‣ First physics data (500 pb-1)
‣ Partial vertex detector

‣ Phase 3: 2019 onwards
‣ Physics run from March 2019 (~6.5 fb-1)
‣ Will run 7-9 months/year

‣ Goal: 2027
‣ Will reach 50 ab-1

Discussion today 
surrounding analyses with 
2018/2019 data, as well as 

performance studies

SuperKEKB will 
have the world’s 

highest luminosity
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6

First BB-like event (2019)
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KL and Muon Detector (KLM) 
Resistive Plate Counter (barrel outer 
layers), Scintillator + WLSF + MPPC 
(end-caps , inner 2 barrel layers)

Particle Identification (PID)  
Time-of-Propagation counter 
(barrel), Prox. focusing Aerogel 
RICH (forward)

Central Drift Chamber (CDC) 
Smaller cell size, long lever arm

EM Calorimeter (ECL) 
CsI(Tl), waveform sampling electronics

Vertex Detector (VXD) 
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

e+ beam 

(LER = 4 GeV)

e- beam 

(HER = 7 GeV)

THE BELLE II DETECTOR

 7
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8THE DATASET — FIRST PHASE 3 PHYSICS RUN

‣ 2 months of data collection

‣ Lpeak ~ 5.5 x 1033/cm2/s (βy*=3mm)

‣ By late July, SuperKEKB hit Lpeak ~ 1.2 x 1034/cm2/s (βy*=2mm)

Linac Fire

Comparable to PEP-II best 
recorded, but background 3x too 

large to turn on Belle II

Chinese Physics C Vol. xx, No. x (201x) xxxxxx
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Fig. 1. Comparisons of the distributions of Bhabha candidates between the data and MC samples. Each plot in the

figure is related to one requirement in the selection criteria and is drawn with all other requirements applied.

4 Event selection177

To select Bhabha and Digamma events, the ECL clus-178

ters of the largest and second-largest energies in the CM179

frame are picked out in each event. Since in ECL the180

electrons of Bhabha events and the photons of Digamma181

events tend to deposite large energies mostly approach-182

ing the beam energies, the energies of the two clusters183

in the CM frame are required to be greater than 2 GeV184

and less than 5.82 GeV. To guarantee the two clusters185

are reconstructed in the good barrel part of ECL, their186

polar angles in the laboratory frame are required to be187

greater than 37.8� and less than 120.5�. Considering the188

back-to-back feature of Bhabha events and the deflection189

e↵ect of electrons due to the magnetic field, the acolin-190

ear angle in the azimuthal angle dimension is required to191

be larger than 2.5� and less than 13� to select Bhabha192

events. Because only the back-to-back feature exists for193

Digamma events, the acolinear angle in the azimuthal194

angle dimension is required to be less than 2.5� to select195

Digamma events. Obviously, the requirements on the196

acolinear angle in the azimuthal angle dimension are not197

able to distinguish Bhabha and Digamma events com-198

pletely. Hence, we refer to the measurement performed199

by mainly selecting Bhabha events as Bhabha dominated200

measurement, and refer to the measurement performed201

by mainly selecting Digamma events as Digamma domi-202

nated measurement.203

The selection criteria in the two mesurements are204

summarized with formulae as follows. The common re-205

xxxxxx-3

Belle II 2018 (Preliminary)

ECL clusters

ee
→

ee
(γ

) 

ee
→
γγ

 

First Belle II Physics 
publication to be submitted
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9DARK PHOTON (A’) SEARCHES

‣ Vector portal, A’, coupling to SM photon via kinetic 
mixing with a mixing strength parameter ε

‣ Search for e+e-→ A’γ; A’→ dilepton pair or invisible

μ+μ-

e+e- 

τ+τ- 

hadrons 

mA’ (GeV)

Br
A’
→

Vi
si

bl
e

R. Essig et al. (2009) https://arxiv.org/abs/0903.3941
B. Battle et al. (2009) https://arxiv.org/abs/0903.0363

Fit the recoil mass 
squared peak:

Fit the invariant mass 
peak from daughters:

Necessity for a dedicated DS 
Trigger system at Belle II…

mixing strength = 1

https://arxiv.org/abs/0903.3941
https://arxiv.org/abs/0903.0363
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10DEDICATED DARK SECTOR TRIGGER

‣ Hardware (L1) trigger

‣ 3D tracking implemented in drift chamber trigger

‣ 3D calorimeter Bhabha veto logic available in calorimeter 
trigger to identify Bhabha events with high purity

‣ Matching of drift chamber tracks to calorimeter clusters

‣ Software high level trigger (HLT) 

‣ Reconstructs events online using offline reconstruction 
algorithms

‣ 6000 cpu cores at target luminosity

‣ O(10 nb) acceptance (corresponding to trigger rate of 10 kHz at 
peak luminosity) — suppressed QED events, without throwing 
out DS modes

Similarities between dark sector 
signatures and radiative bhabha-like 
events means that many dark sector 
signatures were thrown out by the 
trigger in previous experiments.

First data taking was done with very loose triggers
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11DEDICATED DARK SECTOR TRIGGER

‣ Considering our monophoton signature, we recognize the 
need for a dedicated dark sector trigger

‣ Backgrounds: all final state particles except γ outside 
detector geometry

‣ Specifically, we can trigger on events with a single high-
energy photon in the barrel region of the ECL

Signal and Background: After cuts.

7

Release-00-08-00 
Phase2 geometry 
Phase 2 beam backgrounds

90° ECL gap

3γ in ECL BWD gap  
and KLM BWD gap

2γ in Endcap gap

Preselection (reconstructed):
ECL-N1 (gamma) clusters CMS energy sorted: G0, G1 
33° < Theta0Lab < 127° 
E0CMS dependent cut on Theta0Lab for low E0CMS  
E1CMS < 0.1 GeV*
All Tracks pt < 0.2 GeV 
No KLM cluster back to back to G0 
No KLM clusters in KLM veto regions (various gaps)*  
*Needed after using new MC14 Phase2 background.

ε = (30-40) %
Signal MC

Background MC
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12PHOTON RECONSTRUCTION AND RESOLUTION
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Belle II 2019 Preliminary

-1 L dt=2.62 fb∫
 candidates3 19.9 ) 10±( 3991.3 

2 0.005 ) MeV/c± = ( 132.296 µ
2 0.013 ) MeV/c± = ( 5.356 σ

>0.12 GeVγE

FIG. 1: Invariant mass of �� for data phase III. The functions superimposed are the result of a

binned ML fit to the data using as signal a Crystal Ball plus a Gauss (with the same mean) and

a first order polynomial for background. A clear peak for the decay ⇡0 ! �� is visible. Data

corresponds to an integrated luminosity of 2.62 fb

�1
(proc9 hadron skim). The selection criteria

are E� > 120MeV, E9/E21 > 0.9, Nhits > 1.5.

2

π0 → γγ 

Resolution ~5 MeV/c2

‣ Proper photon reconstruction is crucial in DS searches.

‣ Photon energy resolution directly impacts the 
sensitivity to many DS modes.
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13DARK A’ PROJECTIONS FOR BELLE II

A’ → Invisible Projections for Belle II
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A’ → Visible (dilepton) Projections for Belle II

‣ Belle II is competitive in these searches:

‣ offset pointing angle of Calorimeter crystals (avoid 
introduction of gaps between crystals)

‣ Smaller boost and larger Calorimeter — larger 
acceptance

‣ This results in an increase in efficiency for photon 
detection, as well as lepton ID in the Calorimeter

Electromagnetic 
Calorimeter 

Geometry (ECL)
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14LEPTON RECONSTRUCTION IN PHASE 3
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-1 L dt = 2.62 fb∫

 48± = 1684 sigN

FIG. 4: The dimuon invariant mass of J/ ! µ+µ� candidates for an integrated luminosity of
2.62 fb�1 using the same environment and track selection as Fig. 2, with extra selection criteria
applied to isolate J/ candidates in BB events, listed in Fig. 3.
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FIG. 2: The dimuon invariant mass of J/ ! µ+µ� candidates for an integrated luminosity of
2.62 fb�1 using the same environment and track selection as Fig. 1, but with muonID > 0.95 for
each muon candidate.
A Gaussian function summed with a Bifurcated Gaussian is used to model the signal and a first
order polynomial is used to model the background.
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FIG. 3: The dielectron invariant mass of J/ ! e�e� candidates for an integrated luminosity of 2.62
fb�1 using the same environment and track selection as the Fig. 1, but with further selection criteria
applied to J/ candidates in BB events. The momentum of the reconstructed J/ candidate in
the ⌥ (4S) frame is required to be below 2.0 GeV/c and the ratio between the (event-based) second-
order and zeroth-order Fox-Wolfram moment, R2, is below 0.4.

3

‣ Signals for B→J/ψ X in ~1/2 of Phase 3 data.

‣ Radiative tail present in dielectron sample — analysis included Bremsstrahlung recovery.

‣ Successful reconstruction indicates Belle II has equally strong capabilities for electrons and 
muons.

‣ Fine resolution for dilepton events — critical for searches like A’ → dilepton, as well as other 
DS searches.
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‣ Vector portal, Z’, coupling to μ and τ 

‣ Search for e+e-→ μ+μ-+inv, where Z’ decays to 
sterile neutrinos or DM

15DARK Z’→INVISIBLE 

B. Shove, I. Yavin (2014) https://arxiv.org/abs/1403.2727 
W. Altmannshofer et al. (2016) https://arxiv.org/abs/1609.04026

(Lμ-Lτ Model)

DM charge under 
U(1)μ-τ (set to 1)

https://arxiv.org/abs/1403.2727
https://arxiv.org/abs/1609.04026
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‣ Signal Signature:

‣ fit to the recoil mass:

‣ nothing in rest of event

‣ Background Sources:

‣ e+e-→μ+μ-(γ)

‣ e+e-→τ+τ-(γ) [τ→μνν]

‣ e+e-→μ+μ-e+e-

‣ tau suppression implemented

16DARK Z’→INVISIBLE (Lμ-Lτ Model)

Sources of Systematic Uncertainty
Tracking — 4%
Trigger — 4%
Lepton ID — 4%
Luminosity — 1.5%
Analysis Selection (Background) — 22%
Muon Yields (Signal) — 12.5%
Muon Yields (Background) — 2%

Systematic uncertainties 
resulting from poor Data/MC 

agreement and limited statistics



UNIVERSITY OF MELBOURNE | BELLE II COLLABORATION CAITLIN MACQUEEN | SEPTEMBER 2019

17DARK Z’→INVISIBLE 
‣ First results for Z’ to invisible (publishing very soon)

‣ Only using 276 pb-1 due to trigger conditions for two-
track events

‣ No sensitivity in parameter space MZ’ > 8.0 GeV/c2 — 
tapering of production cross-section in this regime

‣ Consistent with SM, constraints on g’ presented

(Lμ-Lτ Model)
Able to probe MeV 

scale DM candidates
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18

‣ Search for e+e-→ e+μ-+inv, where Z’ 
decays to sterile neutrinos or DM

‣ Same analysis selection criteria as the 
non-LFV case

‣ Much cleaner — background from 
converted taus, e+e-→τ+τ-(γ) [τ→μνν]

‣ Efficiencies are model dependent, but 
no LFV model currently exists

DARK Z’→INVISIBLE (LFV MODEL)

I. Galon et al. (2016) https://arxiv.org/abs/1610.08060  
I. Galon, J. Zupan (2017) https://arxiv.org/abs/1701.08767

https://arxiv.org/abs/1610.08060
https://arxiv.org/abs/1701.08767
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MC

‣ “Axiflavons”:

‣ B+→K+a’ OR B0→D0a’; a’→γγ, gg, 
invisible (ALPs in EWP decays)

‣ ALP searches:

‣ e+e-→γ+ALP; ALP→γγ (tri-photon search)

‣ Performed in 0.472 fb-1 of data (2018)

‣ Calorimeter performance is primary hurdle

‣ Analysis currently under internal review

19OTHER DARK SECTOR SEARCHES

‣ Others: Dark Higgs, Long-lived particles, Magnetic Monopoles, etc…

Search could proceed via a 
recoil mass-squared fit:
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‣ Belle II data taking has begun and the first physics analyses are 
underway — active DS program

‣ Looking forward to many publications in the near future

‣ Standard Candle Luminosity Measurements

‣ Z’→invisible analysis (276 pb-1 of 2018 data)

‣ A’→invisible analysis (monophoton search)

‣ Many more under internal review…

‣ Performance Studies are promising

‣ Lepton ID

‣ Trigger System

‣ Tracking Quality

‣ Exciting DS prospects with our increasing data sample

20CONCLUSION
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Overlap Region at IP

�6

Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase2)

σ = 550 μm
σ = 4.5 mm

measurement at Belle II 
measurement at Belle 

The vertex distribution is constrained 
in the nano-beam scheme.bunch length x 2

I. Adachi, T. Iijima

Overlap Region at IP

�6

Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase2)

σ = 550 μm
σ = 4.5 mm

measurement at Belle II 
measurement at Belle 

The vertex distribution is constrained 
in the nano-beam scheme.bunch length x 2

I. Adachi, T. Iijima

22SUPERKEKB — THE LUMINOSITY FRONTIER
Beam 

Current

Vertical Beta 
Function

‣ 40 times the peak luminosity (design 
luminosity of Lpeak ~ 8 x 1035/cm2/s) of KEKB

‣ 2 times as much current

‣ 20 times smaller vertical beam size

SuperKEKB will 
have the world’s 

highest luminosity
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23HADRON ID

‣ Separation of e and μ from charged hadrons (particularly pions) is critical for many of 
our dark sector signatures


