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Outline 
•  SuperKEKB and Belle II 

•  The dark sector 

•  Searches for dark sector particles at 
Belle II 
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On the Intensity Frontier: SuperKEKB 

•  Peak luminosity of 
8 x 1035 cm-2s-1 

–  40 times the 
peak luminosity 
of KEKB 

•  “Nano-beams” are 
the key: 
–  Vertical beam 

size is 50 nm at 
IP 

–  Beam current 
“only” a factor 2 
higher then 
KEKB 
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From KEKB to SuperKEKB 
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(1) Smaller Ey
* 

(2)   Increase beam currents 

(3)    Increase [y 

- sx~100mm,sy~2mm 

e- 

e+ 

e- 

e+ 

60nm 

        10mm 

... For a 40x increase in intensity you have to make the beam as thin as a 
few x100 atomic layers!  

From KEKB to SuperKEKB 

60nm 

x2 x20 

originally proposed by P.Raimondi for SuperB 9/1/17	
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The Belle II Collaboration 
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Belle II Collaboration 

•     23 countries 
• ~ 100 institutions 
• ~ 700 members (~ 250 graduate students) 
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Belle II Collaboration 

•     23 countries 
• ~ 100 institutions 
• ~ 700 members (~ 250 graduate students) 

700+ scientists  
100+ institutions  
24 countries 



The Belle II Detector   
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See J. Bennett talk 

Belle	
  II	
  TDR,	
  arXiv:1011.0352	
  



Belle II Trigger 

9/1/17	
   PANIC	
  2017	
   7	
  

•  Hardware trigger + Software trigger 
•  Level 1 (L1): hardware based, readout rate: 30 kHz 
•  High Level Trigger (HLT): software based, readout rate: 10 kHz 

•  L1 Trigger: 
•  L1 CDC Trigger with 3D tracking 
•  L1 ECL Trigger with 3D Bhabha-veto logic using cluster 

position information and cluster energy requirements 
•  L1 Track-Cluster Match 

•  High Level Trigger: 
•  Operating offline reconstruction algorithms as a component of 

DAQ  
•  Suppress event rate to 10 kHz for the offline storage 
•  Strong computing power to cope with high event rate 

•  From 1500 cores at beginning of data taking to 6000 cores 
with target luminosity 



The Schedule 
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First 
turns 

Belle II 
rolled in Beam 

studies 
First 

collisions 

cosmics 

Phase 3 

Belle II + SuperKEKB schedule 

IP commissioning 
detector 

~20r20 fb-1 

20r20 fb-1 for physics 
analysis without VXD 
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20±20 fb-1 for physics 
analysis without VXD 

•  Phase 1: done 
•  Beam commissioning 

•  Phase 2: Start of 2018 
•  Peak Lumi O(1034) 
•  Beam BG 

measurement 
•  Belle II detector 

with partial vertex 
sensors 

•  Phase 3: End of 2018 
•  Data taking with full 

Belle II detector	
  



Beam Background Studies at Phase 1 
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•  BEAST Phase 1 
analyses now near 
completion 
•  Documented in a 

O(100) pages note 
that will become a 
NIM paper 

•  A number of new 
techniques developed 

•  Current focus: ensure 
internal consistency, 
consult with 
SuperKEKB group, 
extrapolate to Phase 3 

BG
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Improved model and re-calibrated beam 
size measurements. BGs for a wide range 
of beam currents and beam sizes now 
described consistently by a single set of 
parameters.	
  

Beam	
  Gas	
  

Touschek	
  

Beam background control is a key point in searches for NP in 
events with missing energy 
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h'χ
1

χ
2 
(?)

( ... )

A'

-A' mixingγ

Dask sector: how does it look like?Dask sector: how does it look like?
   ALPS 2017            Obergurgl, 17-22/04/2017                 Gianluca Inguglia (DESY)

The Dark Sector 
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The Dark Photon Cross Section 
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𝒍−, χ 

𝒍+, χ  

e- 

e+ 

J A' 

H 

Introduction 

At e+e- colliders 

two basic scenarios depending on Ac vs matter mass 
relationship   

mF > 1/2 mAc � Ac visible decays (SM particles) 
 
 
 

mF < 1/2 mAc � Ac invisible decays to LDMA 

Aco l+l- 
Aco π+π- 

hc Ac dark higgstrahlung 

Acoχ𝜒 
access to light dark matter particles 

F≡dark matter particle 

Some astrophysical observations suggest the possibility of the existence of a new light (GeV 
scale) hidden dark sector with a mediator Ac (dark photon), weakly coupled to the Standard 
Model via kinetic mixing, and light dark matter. 

hcoAcAc, AcAcAco 6 lr + πr 

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

The cross section depends on the 
mixing strength ε between the 
photon and the dark photon and on 
the dark photon mass 

where 

R.	
  Essig,	
  P.	
  Schuster,	
  and	
  N.	
  Toro;	
  Phys.	
  Rev.	
  D80:015003(2009)	
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A'= dark photon.
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity 
final states. 2 charged tracks and 1 photon, prompt or displaced vertex. Require dedicated 
trigger to increase efficiencies, especially for the displaced vertex case. 

“A' ” decays depend on M
A'
 :

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

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

Currently ongoing analyses at Belle for e+e-, 
μ+μ- , π+π- final sates (including displaced vtx), 
results expected this year.

(1)

A '

e
+
,μ+

,π+
, τ+

e
-
,μ-

,π-
,τ -~mm−cm

M A' [GeV /c2]ArXiv:0903.0363 [hep-ph]

π+ π-

Dark photon searches @ BELLE II Dark photon searches @ BELLE II 
   ALPS 2017            Obergurgl, 17-22/04/2017                 Gianluca Inguglia (DESY)

Dark Photon Decays (1) 
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A’ will decay to light DM if allowed 
by kinematics or to SM final states 
through kinetic mixing  
 

Low multiplicity final states: 1 
photon and eventually 2 charged 
tracks (prompt or displaced vertex).  

B.	
  Batell,	
  M	
  Pospelov,	
  A.	
  Ritz	
  ;	
  Phys.	
  Rev.	
  D79:115008(2009)	
  



Dark Photon Decays (2 ︎)	
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• If dark photon is the lightest DM particle, we 
expect to mostly observe decays to SM 
leptons (e or μ). 

• Dark Photon invariant mass “bump search”.

DARK PHOTON SIGNAL MODES AT BELLE II

• Otherwise, the dark photon will likely decay 
to light DM, signal of a monoenergetic 
photon. 

• More difficult to detect (larger irreducible 
backgrounds). 

• Search relies heavily on special triggers 
being employed at Belle II.

Dilepton Mode Monophoton Mode
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Dilepton Mode Monophoton Mode

•  If dark photon is the lightest 
DM particle, we expect to 
mostly observe decays to SM 
leptons (e or µ). 

•  Search for a “bump” in the di-
lepton invariant mass 
distribution. 

•  Otherwise, the dark photon 
will  decay to light DM. The 
signal will be a mono-energetic 
photon. 

•  More difficult to detect 
(larger irreducible 
backgrounds). 

•  Search relies heavily on special 
triggers. 



Dilepton Mode 
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• If dark photon is the lightest DM particle, we 
expect to mostly observe decays to SM 
leptons (e or μ). 

• Dark Photon invariant mass “bump search”.

DARK PHOTON SIGNAL MODES AT BELLE II

• Otherwise, the dark photon will likely decay 
to light DM, signal of a monoenergetic 
photon. 

• More difficult to detect (larger irreducible 
backgrounds). 

• Search relies heavily on special triggers 
being employed at Belle II.

Dilepton Mode Monophoton Mode

Background cross section includes requirement that final state particles 
are in the detector acceptance 

•  Background is mostly from events with ISR or FSR 
•  ISR effects in quarkonia resonances are well known and can be 

included into invariant mass fits 

Need to optimize the trigger efficiency with dedicated trigger 
schemes for different luminosity periods 



Dilepton Mode: Selection Criteria 
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1.  Two oppositely charged, 

“well- identified” lepton 
tracks 

2.  Total invariant mass (two 
tracks AND photon) near 
the Υ(4S) resonance (9.5 ≤ 
m(µ+µ- or e+e-)γ ≤ 10.8 
GeV/c2) 

3.  One photon with Eγ ≥ 0.2 
GeV (reduced background 
from bremsstrahlung) 

A’	
  Mass	
  
Hypothesis	
  

(GeV)	
  

Cut	
  1	
  
(%)	
  

Cut	
  2	
  
(%)	
  

Cut	
  3	
  
(%)	
  

0.6	
   67.8	
   56.6	
   56.6	
  
3.0	
   61.4	
   52.9	
   52.9	
  
6.4	
   74.6	
   65.6	
   65.6	
  
9.8	
   80.6	
   75.1	
   73.0	
  

Background	
   20.6	
   14.2	
   8.0	
  

Dimuon mode Belle II MC 



Dimuon Mode: Example Mass Peaks 
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•  Mass resolutions are 
determined by a double 
Gaussian fit 

•  Increased A’ mass 
degrades the signal 
resolution 



Expected Reach of Belle II in Dilepton Mode 
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90%  CL upper limits on the mixing strength parameter  
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e
-(e+)

e
+(e-)

γ

χ

χ
A '

A'= dark photon, �= dark matter particle (neutral under SU(3)xSU(2)xU(1))

A' decays to dark matter. On-shell or off-shell with different gamma spectrum .

 radiative production in e+e- collisions
 only one photon in the final state with 
 No existing limits

● Requires high rate single photon trigger, not available in Belle. The BaBar Collaboration 
implemented a single photon trigger ( arXiv:0808.0017 [hep-ex]). Single photon trigger 
will be implemented at Belle II.

● Plans to study e+e- →μ+μ-A', followed by A'→χχ (no special trigger required).

Eγ
*=(s−M A'

2 )/2√s (on−shell)

See R. Essig et al. JHEP11 (2013) 167.

Dark photon searches @ BELLE II Dark photon searches @ BELLE II 

On-shell 
M

A'
=6 GeV/c2

   ALPS 2017            Obergurgl, 17-22/04/2017                 Gianluca Inguglia (DESY)

Monophoton Mode 
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• If dark photon is the lightest DM particle, we 
expect to mostly observe decays to SM 
leptons (e or μ). 

• Dark Photon invariant mass “bump search”.

DARK PHOTON SIGNAL MODES AT BELLE II

• Otherwise, the dark photon will likely decay 
to light DM, signal of a monoenergetic 
photon. 

• More difficult to detect (larger irreducible 
backgrounds). 

• Search relies heavily on special triggers 
being employed at Belle II.

Dilepton Mode Monophoton Mode

•  Need a dedicated trigger 
•  Search performed by fitting the 

recoil mass distribution 

•  Background arises from events in which all final state 
particles except one photon are outside the detector 
acceptance 

•  Mostly from high cross section QED processes: 
•  e+e- —> e+e-(γ)  
•  e+e- —> γγ(γ) 



Monophoton Mode:Single Photon Trigger 
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Two level 1 single photon triggers, both excluding the innermost ECL 
crystal towers 
• E︎γ1* > 1 GeV, with the second cluster energy Eγ ︎2* < 0.2 GeV  (4 nb) 
• E︎γ1* > 2 GeV ︎ + Bhabha veto ︎+ e+e- —> γγ veto                       (2.5 nb) 
 

For comparison hadronic + ττ + µµ cross section is 6.8 nb at Υ(4S) 

E. Graziani – Dark Matter at Belle II – LDMA 2017 12 

Single photon trigger(s)  
Two level 1 single photon triggers, both excluding the innermost ECL crystal towers 

• EJ1CMS > 1 GeV, with the second cluster energy EJ2CMS < 0.2 GeV 
 
• EJ1CMS > 2 GeV � Bhabha veto � e+e-oJJ veto 

~4 nb  

~2.5 nb  

mostly e+e-oe+e- J 

Trigger efficiency is expected to be 
high and mostly limited by acceptance 
(up to 95% within angular acceptance) 

to be compared with ~ 10 nb 
hadronic+leptonic cross section 
� ~10 kHz at 8x1035 cm-2s-1 

Trigger efficiency is expected 
to be high and mostly limited 
by acceptance (up to 95% 
within angular acceptance) 
 
Main issue is sustainability of 
SPT with Luminosity increase in 
Phase 3  

Preliminary	
  



Monophoton Mode: Event Selection 
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•  Eγ ︎* > 1.8 GeV 
•  No KLM clusters back to back 
•  No KLM clusters in veto regions 

(various ECL gaps) 
•  Additional ︎angular dependent 

selection on Eγ ︎*  

E. Graziani – Dark Matter at Belle II – LDMA 2017 16 

Effect of selections on signal and background  

After selections most of the background is made of e+e-oJJ(J) with t 3J  
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Monophoton Mode: Expected Reach of Belle II	
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Belle II can perform competitive dark photon searches even in Phase 2 
Higher sensitivity than BaBar, mainly due to the non projective 
geometry of the calorimeter cracks  



Axion Like Particles 
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Axion Like Particle search  
e- 

e+ 

For Belle II the coupling gaY has by far the 
largest cross section.   

aoJJ  assumed 

three photon final state, but … 

• J’s from axion decay can overlap or be 
merged for low a masses 

 
• for very low couplings, a can fly away 

undected 
 

Three, two and one photon final states 

Sensitivities in Phase 2 being investigated  

arXiv:1409.4792 
arXiv:1611.09355 
arXiv:1607.01022 

theory papers 

JJ angle separation 
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JJ angle separation 

Assume︎︎	
  
gaγ is the relevant coupling︎	
  	
  

•  Three photon final state, but … 
•  γ ︎’s from axion decay can 

overlap or be merged for low 
a masses 

•  for very low couplings, a can 
fly away undetected 

•  Three, two and one photon final 
states 

•  Sensitivities at Belle II are being 
investigated 



Dark Higgs 
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 36OTHER DS WORK

• Axion-like particle 
searches following 
the theory laid out in 
the paper by K. 
Mimasu and V. Sanz.

K. MIMASU, V. SANZ, ALPS AT COLLIDERS, JHEP 1506 (2015) 
C. HEARTY, T. FERBER, B2TIP REPORT: SUBMITTED TO PTEP (2017)

J.P. LEES ET AL., BABAR COLLABORATION, ARXIV:1202:1313 (2012) 
I. JAEGLE ET AL., BELLE COLLABORATION, ARXIV:1502:00084 (2015)

• Dark Higgs searches 
following the work performed 
at Belle and BaBar. 

• The dark Higgs is produced 
via Higgsstrahlung (replacing 
the SM Higgs) in these 
searches.h' decays depend on Mh’ and MA’. Measures the coupling constant of the 

dark photon to the dark Higgs, αD. 
 

Mh’  > 2MA’ : h' →A'A', Very low background. 
Exclusive: 3 charged tracks pairs with same invariant mass and total 
energy of the event. 
Inclusive: 2 charged tracks pairs, same invariant mass, third A from 4-
mom. of e+e- system 
 

MA’ < Mh’<2MA’ : h' →A'A'* 
 

Mh’ <MA’ : h' long lived and h'→l+l-,π+π-. 

The dark Higgs is produced via 
Higgsstrahlung (replacing the 
SM Higgs) 



Summary 
•  Belle II successfully rolled in to its final 

position in SuperKEKB 
 

•  20±20 fb-1 expected for physics in Phase 2 
starting at the beginning of 2018 

•  Data taking with the full detector (Phase 3) will 
start at the end of 2018  

•  Belle II will have a strong impact on the search 
for New Physics in the coming years. 
–  The search for the invisible decay of the dark 

photon to light dark matter looks very promising, 
even in Phase 2 
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