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Introduction

Belle PID 
  Aerogel Cherenkov Counter (ACC). 
  Threshold type PID detector. 
  → Effective momentum range is  
      not wide enough for all particles  
      from various B meson decays.  
!
Belle II PID 
  Two detector systems cover the  
  whole momentum range. 
  - Barrel part: 
    Time Of Propagation counter (TOP). 
  - Forward endcap part: 
    Aerogel Ring Imaging  
    CHerenkov detector (ARICH).

7.0 GeV e-
4.0 GeV e+

Belle is a luminosity frontier B-factory experiment run until 2010. 
→ Upgrade for superKEKB and Belle II (to achieve 40 times peak luminosity). 
Particle identification (PID) system will be replaced with new detectors.
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Overview of ARICH detector

CHAPTER 8. PARTICLE IDENTIFICATION: END-CAP
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Figure 8.2: Left: Proximity focusing RICH with an inhomogeneous aerogel radiator in the fo-
cusing configuration. Center: the distribution of Cherenkov photon hits vs. Cherenkov angle for
a focusing configuration with n1 = 1.046 and n2 = 1.056. Right: the corresponding distribution
for a 4-cm homogeneous radiator.

The design choices are governed by the following criteria:

• To achieve the necessary performance, enough photons (about 10) have to be detected for
each ring image for at least one of the particle species. This requirement fixes the length
of the aerogel radiator to several centimeters.

• The required resolution in the measurement of the Cherenkov angle is achievable only for
an expansion gap of about 20 cm and a radiator thickness that does not exceed a few
centimeters, with a photon detector granularity of a few millimeters.

As already discussed in the LoI [1], a prototype of the counter showed excellent performance
both in on-the-bench and in beam tests. However, two major issues remained: the need to
increase the number of detected Cherenkov photons and the development of a detector for single
photons that would reliably work in the high magnetic field of Belle II. Both problems were
solved in a satisfactory manner.
The key parameter in the performance of a RICH counter is the Cherenkov angle resolution
per charged particle σtrack = σθ/

√
N . With a longer radiator, the number of detected photons

increases, but in a proximity focusing RICH the single photon resolution degrades because of
the emission point uncertainty. For Belle II, the optimal thickness is around 20 mm [1, 2, 3].
However, in the R&D phase following the LoI, we have found a solution to this limitation. The
problem is solved if a proximity focusing RICH with a non-homogeneous radiator is employed [3,
4, 5, 6]. By appropriately choosing the refractive indices of consecutive aerogel radiator layers,
one may achieve overlapping of the corresponding Cherenkov rings on the photon detector
(Fig. 8.2) [6]. This is equivalent to focusing of the photons within the radiator, and eliminates
or at least considerably reduces the spread due to emission point uncertainty. Note that such
a tuning of refractive indices for individual layers is only possible with aerogel, which may be
produced with any desired refractive index in the range 1.01-1.2 [7].
In Fig. 8.2, we compare the data for two 4-cm thick radiators: one with aerogel tiles of equal
refractive index (n = 1.046), the other with the focusing arrangement (n1 = 1.046, n2 = 1.056).
The improvement is clearly visible. The single photon resolution σθ = 14.3 mrad for the dual ra-
diator is considerably better than the corresponding value for the single refractive index radiator
(σθ = 20.7 mrad), while the number of detected photons is the same in both cases.
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エアロジェルRICH検出器
衝突で生成される�、Kをエアロジェルで発生したチェレンコフ光の
リングイメージを光検出器で再構成して捉え、粒子識別を行う

�構成
� 輻射体 シリカエアロジェル

� 光検出器 HAPD

�エアロジェルRICHのメリット
�/K中間子の識別可能な運動量

� 現在の閾値型ＡＣＣ・・・0.8～2GeV/c
� ＲＩＣＨ・・・～4.5GeV/cへ広げる

K中間子の識別効率
� 全データ量の87%⇒95%
を目指す

Cos�=1/n�

チェレンコフ光の輻射体として最適な屈折率を持つものは？

n=1.01~1.05ぐらい/の物質が
あれば数GeV/cの��K識別
が可能

詳しくはのちほど！
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160 mm
20 mm20 mm

- Identify particle by difference of Cherenkov angle emitted in aerogel radiator. 
  Cherenkov angle cosθC = 1/nβ  
  (n: aerogel refractive index, β: particle velocity) 
- Proximity focusing due to limited space between drift chamber and  
  electromagnetic calorimeter. 
- Aerogel radiator in the focusing configuration  
  (2 layers of aerogel with different refractive indices). 
   → Increase photon yield without degrading the single photon resolution.
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Requirement for system
- Requirement from physics analysis:  
  K/π separation is essential for many B decay modes sensitive to new  
  physics: B0→ K*0(→K+π−)γ/ B0→ρ0(→π+π−)γ, B0→K+π−/π+π− ... 
  Target: K/π separation at >5σ confidence level @ p =4 GeV/c. 
    Separation = ΔθC√Np.e./σC 
    ΔθC: Difference of Cherenkov angle between K and π (~23 mrad) 
    σC: Observed Cherenkov angle resolution.  
    Np.e : Detected number of photo electron. 
- Survives in Belle II environment for 10 years. 
  Radiation hardness both for γ/neutron. 
- Works in high background environment. 
- Covers acceptance of other sub-detectors 
  along beam direction.   
  → Round shape detector in endcap region.   

} ⇒ Highly depends on  
    detector performance.

 4Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 1)

July 4– 7, 2013

15
th
 Open Meeting of the Belle II Collaboration

Outline:

Samo Korpar
(Belle II PID group)

University of Maribor and Jožef Stefan Institute, Ljubljana

15
th
 Open Meeting of the Belle II Collaboration, 4-7 July 2013

E-PID summary

Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 92)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

Simulation
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Photon detector
- Detect photon position with good resolution. 
- Number of detected Cherenkov photon is not large.  
  (~10 photons/charged track) 
⇒ Hybrid Avalanche Photo Detector (HAPD)  
    is developed with Hamamatsu Photonics K. K. 
   5 mm pitch pixelated 12×12 channels cathode APD. 
   High gain with hybrid amplification process.  
   Total gain ~7×105.  
    ⇒ capability for single photon. 
   420 HAPDs are used in total for ARICH.     

⇒

Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 27)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

Photon detector: HAPD

~20mm

Bi-alkali

photocathode photon

photoelectron

multi-channel APD 

Hybrid avalanche photo-detector developed 

in cooperation with Hamamatsu  (proximity 

focusing configuration):
● 12x12 channels  (~5x5 mm2/ch.)
● size ~ 72mm x 72mm
● ~ 65% effective area
● total gain ~ 104 – 105

(bombardment ~1800, avalanche ~40)
● detector capacitance ~ 80pF/ch.
● typical peak QE ~ 28%
● works in mag. field (~perpendicular to the 

entrance window)

1ph.2ph.

3ph.

4ph.

...

0ph.

CHAPTER 8. PARTICLE IDENTIFICATION: END-CAP

-8 kV
~20 mm

e-

photocathode

Pixelated APD

photon

Figure 8.3: Schematic drawing (left) and a photograph (right) of the HAPD, hybrid avalanche
photon detector.

The second open issue—development of a reliable sensor of single photons—has also been solved
in a satisfactory manner, as reported in Secs. 8.2.2 and 8.5.2. As the baseline detector, a hybrid
avalanche photo-detector (HAPD by Hamamatsu Photonics) of the proximity focusing type was
selected, while the Photonis MCP-PMT is kept as a backup option.

8.2 Basic Detector Elements

8.2.1 Aerogel Radiator

The silica aerogel Cherenkov radiator should be highly transparent in order not to lose photons
inside the medium via Rayleigh scattering or absorption. To obtain well separated patterns
from kaons and pions at 4 GeV/c, a refractive index near the range 1.04–1.06 is required. In
our design, two 20-mm thick layers of silica aerogel with refractive indices of 1.055 and 1.065 are
employed as Cherenkov radiators. As discussed above, the indices are chosen so that the rings
from the two aerogel layers overlap on the photon detector plane.
The optical quality of the aerogel can be characterized as T = T0 exp(−d/Λ(λ)), where T0 and
T are light intensities before and after passing through the aerogel tile of thickness d, and Λ is
the transmission length at wavelength λ. The value of Λ at λ = 400 nm is required to exceed
40 mm for both layers to guarantee high transparency.
The shape of one piece of the radiator is hexagonal in the baseline design. Thanks to the
hydrophobic property of our aerogel material, we can cut them from square tiles using a water-jet
device without degrading the optical characteristics. At present, the tile dimension is assumed
to be 160 × 160 × 20 mm3. In this case, about 300 square-shaped tiles are needed for each
refractive index, (600 tiles for two layers) to cover the entire radiator area.
Further R&D to increase the photoelectron yield as well as to establish technical procedures to
maintain uniform quality during large-scale production is still ongoing.

8.2.2 Photon Detector

The square-shaped HAPD produced by Hamamatsu Photonics (HPK) is the baseline photon
detector. This device consists of a vacuum tube with enclosed solid state sensor of the avalanche
photo-diode (APD) type (Fig. 8.3 (right)). Figure 8.3 (left) shows a schematic view of the HAPD
operation, while typical specifications are summarized in Table 8.1.
Cherenkov photons enter through the entrance window and generate photoelectrons from a
bialkali photocathode. Photoelectrons are accelerated along the electric field, where a typical

252

−8kV

Bombardment gain = 1500

APD gain = 50
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Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 26)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

HAPD specifications

● specifications for HAPD 

production, decided 

already on previous 

meetings

● film A type APD with intermediate electrode and  thin p+ selected for 

production

APD design is optimized considering 
results of γ/neutron radiation 
hardness test. 
Tolerance for >10 years  
Belle II operation. (1000 Gy γ,  
1.0×1012 neutron / cm2)
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Validation for HAPD
Before installation to ARICH, all HAPD samples are checked. 
- Leakage current and noise level without illuminating light. 
- S/N and 2D scan with laser light source and readout ASIC. 
- Quantum efficiency (QE) of photocathode. 
→ Confirm data sheet performance/Check unexpected problem 
    and feedback to Hamamatsu.

Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 25)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

HAPD specifications

● specifications for HAPD 

production, discussed 

already on previous 

meetings, were 

presented

# of dead  
channels

HAPD various factors
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≦ 10 
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Validation for HAPD
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Investigation of 2D scan noise issue 
Time dependence of the noise

ZJ5616

Left side is still noisy

2Dscan 
after
waiting 
40min

(center channels of chips: A22, ...)

40min
Need to wait >>40 min for some modules

(sample dependent)

Validation for HAPD
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Investigation of 2D scan noise issue 
Time dependence of the noise

ZJ5616

2Dscan 
after
waiting 
180min

(center channels of chips: A22, ...)

180min
Need to wait >>40 min for some modules

(sample dependent)

Left side is not noisy
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Investigation of 2D scan noise issue 
Time dependence of the noise
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(sample dependent)
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Quantum efficiency (QE) scan on photocathode with light (λ=400nm)

Validation for HAPD

 9

Q
E 

(%
)

0

5

10

15

20

25

x (mm)
0 20 40 60

y 
(m

m
)

0

20

40

60

Average QE / bin (%)
0 5 10 15 20

y 
(m

m
)

0

20

40

60

x (mm)
0 20 40 60

Av
er

ag
e 

Q
E 

/ b
in

 (%
)

0

10

20

Y 
(m
m
)

X (mm)

Q
E 
(%
)

In some sample, 
unexpected low QE 
region along diagonal 
line of photocathode. 
→ Under investigation.

- Average QE in effective area satisfies  
  requirement (>24%) 
- No damage on photocathode. 
- Flatness of distribution.

Q
E 

(%
)

0

5

10

15

20

25

30

x (mm)
0 20 40 60

y 
(m

m
)

0

20

40

60

Average QE / bin (%)
0 10 20

y 
(m

m
)

0

20

40

60

x (mm)
0 20 40 60

Av
er

ag
e 

Q
E 

/ b
in

 (%
)

0

10

20

Y 
(m
m
)

X (mm)

Q
E 
(%
)

Y 
(m
m
)

Q
E 
(%
)

X (mm)
Measured QE is consistent with 
data sheet from Hamamatsu  
within a few %. 
Some of measured QE are below  
requirement.  
→ Checking the discrepancy  
    between data sheet is real.  
    

measured QE (%)
20 25 30 35 40

da
ta

 s
he

et
 Q

E 
(%

)

20

25

30

35

40

Samples QE<24% at  
Hamamatsu are discarded.



Instrumentation for Colliding Beam Physics (INSTR14) , Novosibirsk, 26 February 2014 

Validation for HAPD
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History of HAPD measurement

Mass production of HAPD has been started in last September. 
Validation measurement keeps up with sample delivery from 
Hamamatsu. 
All produced 450 HAPDs will be measured before ARICH 
construction starts.

Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 2)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

ARICH schedule

● no major decision since last B2GM – decision on aerogel radiator soon
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HAPD front-end readout
144 channels of signal from HAPD is digitized by ASIC in front-end board. 
Data from 5 or 6 front-end boards is integrated by merger board. 
→ send to Belle II global DAQ readout through optics cable (Belle2Link). 

 11Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 59)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

ARICH readout electronics
● Front-end board with 4 ASICs 

and Spartan6 FPGA

● Merger board prototype with 

Virtex5 FPGA
Prototype of the merger board

• KEL SSL connector/cable bundle(40 ports, co-axial cables, the crosswise dimension of 
connector is 25mm.) was chosen for the communication between an FEE and the merger 
board.  

• Power line: +3.8V, +1.5V is provided from outside of Belle II detector.

• KEK Electronics System group developed a board.
5

Belle2Link

FPGA
(Virtex5 XC5VLX50T)

FEE IF 
Connecters
(KEL SSL00-40L3-0500) 

Power supply

150mm

100mm

36 ch/ASIC

144 ch 
signal 
readout
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Readout test from two FEEs, result

• Data readout from two FEEs to the merger board

•Output data of two FEEs are correctly merged in 
the merger board.

17

Event packed header

connecter #00

connecter #01

Ch data (connecter #00)

Start of data

Ch data (connecter #01)

HAPD front-end readout
Settings of ASIC (gain, peaking time, offset level) are controlled by FPGA. 
Hit information is stored on shift register in FPGA and send to back-end  
in response to trigger input from Belle II global DAQ. 
Mass-production of ASIC for front-end electronics starts.
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Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 60)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

to back-end

Shift register hit info.

・
・
・

trigger

FPGA

Preamp Shaper Comparator

input DOUT

36ch

・
・
・ASIC

Front-end board

● 36 channel ASIC with preamp., shaper and comparator provides hit 

information. Settings: 4 step gain, 4 step peaking time, offset level
● peaking time >100 ns 
● FPGA (Spartan6→Virtex5 in August) for hit detection, DAQ and monitoring

Feb. 6,  2014 
ASIC  Status S. Nishida (KEK) B2GM 

3 

ASIC Production 
• SA03 (final version of the ASIC) has been in the mass 

production stage. 
9 ~4000 Bare chips were produced in May 2013. 
9 LTCC packaging was started around Sep. 2013 and  

planned to be delivered in Jan. 2014. 
• Trouble happened (end of Dec. 2013). 

9 The bare chip did not fit the cavity of LTCC. 
9 The chip size is 6.8mm×3.8mm in design, but the 

actual delivered chip size was 7.4mm×3.8mm. 
9 The chip size in the test production was correct.  

LTCC 
package 

Cavity 

unnecessary 

test data

Merger and FEE test

Prototype of merger is ready and tests (slow control, readout,  FPGA 
configuration…) are ongoing. Readout test from two FEEs,

Test setup

• The merger board  is connected to two FEEs.

• Test data from FEEs are header (trigger count only) + hit data.

• Hit data of FEEs are all zero.
16

connecter #00

connecter #01 

Red cable
FEE power line

An FEEs generated test data. 

The merger board send 
a test trigger to FEEs.

Data from 2 front-end boards is correctly transferred  
through merger. Further test is ongoing.

ASIC
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Aerogel radiator
- Distance between aerogel and HAPD window  
  is 200 mm. ⇒ refractive index ~1.04-1.06 
  From beam test results, we decide to use  
  combination of two aerogels whose refractive  
  indices are1.045 and 1.055.  
- Need to be transparent to suppress photon 
  scattering. 
  Target transmission length @λ = 400 nm: 
   >40 mm for refractive index = 1.045, 
   >30 mm for refractive index = 1.055. 
!
In total, 280 tiles are used for ARICH. 
Mass-production has been started. 
At the end of January, 150 tiles are available. 
100 tiles are checked.  
92% samples are crack-free and most of them 
satisfies requirements for optical performance.
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The 1st Sample 
8 

Optical Measurement Result 

90 tiles (4 batches) in 2013 (excluding class C tiles). 

Best possible transparency 

Batch dependences were seen in refractive index; however, 
within our expectation. 

7 

0 

10 

20 

30 

40 

50 

60 

1.040 1.045 1.050 1.055 1.060 

Tr
an

sm
is

si
o
n

 l
e
n

gt
h

 [
m

m
]

Refractive index

CA1

CA2

CA3

CA4

First sample for ARICH construction



Instrumentation for Colliding Beam Physics (INSTR14) , Novosibirsk, 26 February 2014 

Beam test
Setup prototype ARICH with 6 HAPDs in real geometry and check 
performance for hadron beam @SPS in CERN and electron beam @DESY 
and Fuji exp. hall in KEK. 
!
Several setups and checks of  performance. 
- Different refractive index of aerogel. 
- At different track incident angles.  
- Readout front-end ASIC settings. 
- Neutron/γ irradiated HAPD. 
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beam

MWPC for tracking

Aerogel HAPD

Picture in light shielding box

Light shielding box
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Beam test result

- Simple performance estimation from 
  cumulative Cherenkov angle distribution:   
  ΔθC  = 14.1 mrad, Np.e = 11.4. 
  ⇒ K/π separation = 5.5σ  
     (SPS 120 GeV/c hadron beam,  
      incident angle = 0° case, similar for  
      non-zero incidence) 
-  Neutron/γ irradiated HAPD works well  
   after HV/readout parameter tuning.

Incident angle = 0° Incident angle = 30°

 15
Samo Korpar

Univ. of Maribor and J. Stefan Institute

E-PID summary
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July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

Beamtest at DESY: irradiated HAPDs

Ring image 
from irradiated 
HAPD
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Simulation study

 16

  

Hi momenta Low momenta

3

  

Adding background hits and reducing Q.E.

B1 – +0 background hits                 (0.56 bkg photons per ring)

D2 – +70 background hits / m^2     (0.95 bkg photons per ring )

D3 – +140 background hits / m^2   (1.35 bkg photons per ring)

Q2 –  Q.E. peak = 30%        Q3 – Q.E. Peak = 24% 

From the 8
th
 campaign of 

background simulation 

N_bkg ~ 30 / m^2 

 

7

GEANT4 based study with full Belle II 
configuration is done and analysis software  
(reconstruction, probability calculation…)  
is developing.  
→ Confirm good PID performance for several 
    conditions. (background level, HAPD spec.…) 

  

Adding background hits and reducing Q.E.

B1 – +0 background hits                 (0.56 bkg photons per ring)

D2 – +70 background hits / m^2     (0.95 bkg photons per ring )

D3 – +140 background hits / m^2   (1.35 bkg photons per ring)

Q2 –  Q.E. peak = 30%        Q3 – Q.E. Peak = 24% 

From the 8
th
 campaign of 

background simulation 

N_bkg ~ 30 / m^2 
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X (cm) X (cm)

Y 
(m
m
)

Y 
(m
m
)

Kaon efficiency for 
high momenta track 
(p = 3.0-3.5 GeV/c)

Kaon efficiency for 
low momenta track 
(p = 0.7-1.0 GeV/c)

Kaon efficiency for several conditions 
(π mis-identification tate = 2%)

Momentum (GeV/c)

4 

放射角ヒストグラムの𝜎について 
⼊入射粒粒⼦子：𝐾ା,𝐾ି, 𝜋ା, 𝜋ି 
イベント数 : 10000  ,17 ≤ 𝜃 ≤ 35 𝑟𝑎𝑑  

𝝅中間子 𝑲中間子 

µμ 2.510 × 10ିଵ 2.602 × 10ିଶ 

𝜎 1.519 × 10ିଶ 1.204 × 10ିଷ 

𝑝 = 1.0 𝐺𝑒𝑉  𝑝 = 2.0 𝐺𝑒𝑉  

𝝅中間子 𝑲中間子 

µμ 2.722 × 10ିଵ 1.801 × 10ିଵ 

𝜎 1.538 × 10ିଶ 1.589 × 10ିଶ 

𝐾ା, 𝐾ି 
𝜋ା, 𝜋ି 

𝐾ା, 𝐾ି 
𝜋ା, 𝜋ି 

20
14

/2
/1

9 

Y 
(m
m
)

X (cm)

Accumulative photon hit 
map in ARICH (100 tracks)

■ track cross point on ARICH 
• photon hit position in ARICH

Cherenkov angle (rad)

!
p = 2.0 GeV/c
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Summary
- For endcap PID in Belle II, ARICH detector will be installed. 
  Identify charged particles using information of Cherenkov ring image. 
- To detect Cherenkov photon position with high efficiency, a new device  
  (HAPD) has been developed. 
  Hybrid amplification with electric field between photocathode and sensor part  
  and 5 mm pixelated 144 channels APD (total gain ~7×105). 
  HAPD samples after neutron/γ irradiation corresponding to 10 years Belle II  
  operation perform well in beam test. 
- Production of HAPD, aerogels and electronics components for ARICH  
  have  been started. 
  Validations for each component are ongoing without any serious problem.   
- Both results of beam test with prototype ARICH and GEANT based  
  simulation shows excellent performance on K/π separation.  
- ARICH will be installed at beginning of 2015.

 17
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backup
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PID impact on physics analysis

 19

CHAPTER 8. PARTICLE IDENTIFICATION: END-CAP
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Figure 8.41: Expected ∆E distribution at 7.5 ab−1 for (a) B0 → ρ0γ with Belle PID configura-
tion (B1+F1), (b) B0 → ρ0γ with TOP and ARICH (B2+F2), (c) B+ → ρ+γ with Belle PID
configuration (B1+F1), (d) B+ → ρ+γ with TOP and ARICH (B2+F2).

Tables 8.6 and 8.7 tabulate the FOM for four detector configurations. The ∆E distributions for
two PID configurations—F1+B1 with the Belle devices and F2+B2 with the ARICH and TOP—
are shown for ργ signals together with K∗γ backgrounds in Fig. 8.41. Comparing the histograms
for B0 → ρ0γ in this figure, the suppression of the K∗γ background is quite significant with
the TOP and ARICH. The K∗γ component below −0.2 GeV contains events that arise from
misreconstruction rather than a simple misidentification betweenK and π. In Fig. 8.41(b), where
the misidentification is highly suppressed by the good PID devices, such misreconstructed events
are more apparent. For the B+ → ρ+γ case in the same figure, we also observe a significant
improvement in the analysis, although the effect is smaller if compared to the ρ0γ channel:
misreconstructed events already represent a significant fraction of the background in the Belle
configuration. Tables 8.8 and 8.9 show the “luminosity gain” of the B2+F2 configuration relative
to the B1+F1 configuration, defined as the square of the ratio of the FOM; it is the luminosity
ratio that would be necessary to obtain the same sensitivity with the Belle PID configuration.
From Table 8.8, the TOP detector gives us a significant luminosity gain in the B0 → ρ0γ mode,
and the ARICH detector further improves the physics sensitivity: up to ∼ 80% gain. In the
B+ → ρ+γ mode, we obtain 20% higher sensitivity with the new PID system.

280

Belle II 7.5 ab-1 expectation from MC
with Belle PID with Belle II PID (TOP+ARICH)

ΔE: energy difference between  
       reconstructed B0 and beam 
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FIG. 2: ∆E (left) and MKπ (right) distributions for signal enhanced samples. The following

selections are applied: 5.27GeV/c2 ≤ Mbc ≤ 5.29GeV/c2 and 0.92GeV/c2 ≤ MKπ (left), and
5.27GeV/c2 ≤ Mbc ≤ 5.29GeV/c2 and −0.05GeV ≤ ∆E ≤ 0.1GeV (right). Points with error
bars are data. The solid histograms show the fit results. The areas divided by lines show the

breakdown; from top to bottom, B0 → K∗0γ, B0 → ρ0γ, and other BB̄ and qq̄ components. Note
that the other BB̄ component is too small to be visible in the plot on the right.

dates inside the signal box. Figure 2 shows the ∆E and MKπ projections of the fit result for
the signal enhanced samples. The observed MKπ distribution is described well by our PDF,
which implies there is no significant contribution from non-resonant π+π−γ or K+π−γ.

We determine S and A from an UML fit to the observed ∆t distribution. For each event,
the following likelihood function is evaluated:

Pi =(1 − fol)

∫ +∞

−∞

d(∆t′)

[

∑

j

fjPj(∆t′)Rj(∆ti − ∆t′)

]

+folPol(∆ti),

(2)

where j runs over four components (B0 → ρ0γ, B0 → K∗0γ, other BB̄ and qq̄). The prob-
ability of each component (fj) is calculated using the result of the Mbc-∆E-MKπ fit on an
event-by-event basis. We also incorporate the flavor tagging quality r distribution. The r
distributions for K∗0γ and qq̄ are obtained by repeating the Mbc-∆E-MKπ fit procedure to
the signal sample and also to the control sample for each r interval with yield parameters
floated. We found consistent distributions for the signal sample and the control sample.
The r distribution for ρ0γ is expected to be consistent with K∗0γ, since the flavor is deter-
mined only by the tag side; this is confirmed by MC. The distribution of BB̄ background is
estimated from MC.

The PDF expected for the ρ0γ distribution, Pρ0γ, is given by the time-dependent decay
rate [Eq. (1)], modified to incorporate the effect of incorrect flavor assignment; the param-
eters τB0 and ∆md are fixed to their world-average values [17]. The distribution is then

6

Belle experimental data  
(657 million BB sample)

_
B0→ρ0γ signal

B0→K*0γ background

continuum 
background

other B0 
background



Instrumentation for Colliding Beam Physics (INSTR14) , Novosibirsk, 26 February 2014 

HAPD radiation hardness

Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 36)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

Neutron irradiation tests history

P

N-

N

Avalanche Amplification 

regionP+

N+

about

10μm

40μm

：electron

：hole

Modification of APD structure:
● Thinner p+ layer to increase bombardment gain
● Thinner p layer to reduce increase of the leakage 
current after irradiation – main source of leakage 
current are thermally generated electrons in p layer 
due to the lattice defects produced by neutrons

As expected the 
increase of the 
leakage current is 
smaller with thin p 

S/N for thin p sample 
is better than 7 after 
fluence ~4x1011n/cm2

⇒ Perform irradiation tests and determine APD  
   design and materials to minimize the effect.

Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 28)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

Requirement for 10 years Belle II operation: 
HAPD should keep performance for irradiation of 
  - 1000 Gy γ 
  - 1.0×1012 neutron / cm2  
!
APD degradation scenarios 
 - For γ:  
   Charge around structure on APD surface. 
   → Degrade breakdown HV and can not reach enough  
       APD gain. 
 - For neutron:  
   Neutron induce lattice defects in bulk and leakage  
   current increases.  
    → S/N becomes worse.  

neutron

 20

γ
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Samo Korpar

Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 33)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

Measurements during iradiation – 144 ch. APDs

cu
rr
en
t (
μ
A)

HAPD radiation hardness test

⇒ Changing the structure configuration  
    on APD surface prevents breakdowns.

cu
rr
en
t (
μ
A)

integrated dose (Gy)

0 1000 0

 21Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 26)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

HAPD specifications

● specifications for HAPD 

production, decided 

already on previous 

meetings

● film A type APD with intermediate electrode and  thin p+ selected for 

production

integrated dose (Gy) 1000

Prototype APD with different configuration (active area window film material,  
w/ or w/o alkali protection layer/intermediate electrode...) are tested. 
Apply bias during irradiation and measure leakage current.

Breakdown Breakdown

OK

OK

Remove alkali protection layer

γ irradiation tests

APD design to prevent breakdown
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Setup @ MLF in JPARC

HAPD radiation hardness test

⇒ Film material and P/P+ layer structure improves S/N.  It can be further improved  
    by increasing of HV and optimization of shaping time in front-end electronics.

 22

Neutron irradiation test
HAPD is irradiated by neutron beam from accelerator. 
Neutron flux > 1.0×1012 n/cm2 

4

Setup

b
e

a
m

b
e
a
m

KA082(C, thin P+)

KA079(A, Thinner P+)

KA086(C, Thinner P+)

KA067(A, thin P+)

Aerogel radiators

Aerogel radiators

Same as the previous test

b
e

a
m

HAPD
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Film type A thin P+layer

Film type C thin P+layer

Shaping time = 200 ns,  
HV = -7kV

Shaping time = 100 ns,  
HV = -7kV

Shaping time = 100 ns,  
HV = -8.5kV
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Feb. 21, 2014 HAPD測定 S. Nishida (KEK) 日本語 ARICH ミーティング 
3 

角野さんの測定 
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Jan. 31, 2014 2Dスキャン（左noisy問題） S. Nishida (KEK) 日本語 ARICH ミーティング 
4 

ZJ5594 

ZJ5594 

今週の測定 

10/13 1/28 

当時、「放電？」に分類したが、今から見返すと、単なる左noisy。 

HVON後 
30分待 

Jan. 31, 2014 2Dスキャン（左noisy問題） S. Nishida (KEK) 日本語 ARICH ミーティング 
7 

KA0225 
KA0225 

11/21 1/20 

1/24 

1/28 

HVON後 
30分待 

BiasON後 
120分待 

• このサンプルは30分待ちでは十分回復してない。 
• BiasON後（HVON前）に120分待つと、ほぼ安定。 

9 関係あるのはBiasを上げてからの時間か。 

Jan. 31, 2014 2Dスキャン（左noisy問題） S. Nishida (KEK) 日本語 ARICH ミーティング 
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1/28 

HVON後 
30分待 

BiasON後 
120分待 

• このサンプルは30分待ちでは十分回復してない。 
• BiasON後（HVON前）に120分待つと、ほぼ安定。 

9 関係あるのはBiasを上げてからの時間か。 

Jan. 31, 2014 2Dスキャン（左noisy問題） S. Nishida (KEK) 日本語 ARICH ミーティング 
7 

KA0225 
KA0225 

11/21 1/20 

1/24 

1/28 

HVON後 
30分待 

BiasON後 
120分待 

• このサンプルは30分待ちでは十分回復してない。 
• BiasON後（HVON前）に120分待つと、ほぼ安定。 

9 関係あるのはBiasを上げてからの時間か。 

sample A

30 min after  
exposing to light

sample B
30 min after  

exposing to light
120 min after  
exposing to light

Just after  
exposing to light

Just after  
exposing to light

Quench of noise induced by light
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HAPD lifetime for normal use

 25

17

Life test
Life test :1000hours operation w/ 70mC/10d anode current

Finished above test for two HAPD chips 
(KA0136 ChipC, ZJ5591 ChipC)

- HAPDs are not broken after 1000 hours operation

- Leakage current of APDs are below 0.1µA for all the channels
- degradation of QE is not seen 

Test @ HPK



Instrumentation for Colliding Beam Physics (INSTR14) , Novosibirsk, 26 February 2014 

䃩 శ㔚㕙㊂ሶല₸ 
శ㔚㕙ශട㔚㩷 -1500V 

0

5

10

15

20

25

30

35

200 300 400 500 600 700
Wavelength [nm]

Q
ua

nt
um

 E
ffi

ci
en

cy
 [%

]

 
䃩 ౝ⬿䉝䊋䊤䊮䉲䉢䉻䉟䉥䊷䊄䈱․ᕈ 

chipA-ch22 䈱䉭䉟䊮(ടㅦ㔚-8kV ᤨ)䈫ో ch 䉕᧤䈰䈢ᤨ䈱䊥䊷䉪㔚ᵹ 

0.01

0.1

1

10

100

1000

0 50 100 150 200 250 300 350 400
AD Reverse Bias Voltage [V]

A
va

la
nc

he
 G

ai
n

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

A
D

 L
ea

ka
ge

 C
ur

re
nt

 [A
]

avalanche gain (chipA-ch22)

leakage current (chipA-22)

leakage current (chipA-All)

 
 
 

 6

䃩 శ㔚㕙㊂ሶല₸ 
శ㔚㕙ශട㔚㩷 -1500V 

0

5

10

15

20

25

30

35

200 300 400 500 600 700
Wavelength [nm]

Q
ua

nt
um

 E
ffi

ci
en

cy
 [%

]

 
䃩 ౝ⬿䉝䊋䊤䊮䉲䉢䉻䉟䉥䊷䊄䈱․ᕈ 

chipA-ch22 䈱䉭䉟䊮(ടㅦ㔚-8kV ᤨ)䈫ో ch 䉕᧤䈰䈢ᤨ䈱䊥䊷䉪㔚ᵹ 

0.01

0.1

1

10

100

1000

0 50 100 150 200 250 300 350 400
AD Reverse Bias Voltage [V]

A
va

la
nc

he
 G

ai
n

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

A
D

 L
ea

ka
ge

 C
ur

re
nt

 [A
]

avalanche gain (chipA-ch22)

leakage current (chipA-22)

leakage current (chipA-All)

 
 
 

 6

  chipD-ch22 䈱䉭䉟䊮(ടㅦ㔚-8kV ᤨ)䈫ో ch 䉕᧤䈰䈢ᤨ䈱䊥䊷䉪㔚ᵹ 

0.01

0.1

1

10

100

1000

0 50 100 150 200 250 300 350 400
AD Reverse Bias Voltage [V]

A
va

la
nc

he
 G

ai
n

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

A
D

 L
ea

ka
ge

 C
ur

re
nt

 [A
]

avalanche gain (chipD-ch22)

leakage current (chipD-ch22)

leakage current (chipD-All)

 
 
䃩 㔚ሶᛂㄟ䉭䉟䊮․ᕈ  
㪘㪛 䊋䉟䉝䉴㔚䉕 㪊㪇㪭 䈮࿕ቯ䈚䇮䉝䊋䊤䊮䉲䉢േ䉕䈘䈞䈭䈇䈫䈐䋨䉝䊋䊤䊮䉲䉢䉭䉟䊮䋽䋱䋩䈱䇮

శ㔚㕙ශട㔚䈫䉭䉟䊮䋨㔚ሶᛂㄟ䉭䉟䊮䋩䈫䈱㑐ଥ㩷

0

200

400

600

800

1000

1200

1400

1600

1800

0 1 2 3 4 5 6 7 8 9

Photocathode Applied Voltage [-kV]

E
le

ct
ro

n 
B

om
ba

rd
ed

 G
ai

n

a-22
b-22
c-22
d-22

㩷

㩷

 8

䃩 䊙䊦䉼䊐䉤䊃䉣䊧䉪䊃䊨䊮䉦䉡䊮䊁䉞䊮䉫(chipB ch22)㩷

0

200

400

600

800

1000

1200

1400

0 500 1000 1500 2000 2500 3000 3500 4000
Output Pulse Height (ADC ch)

Fr
eq

ue
nc

y

㫊㫀㫅㪾㫃㪼㩷㫇㪅㪼㪅

 Photocathode Voltage:  -8kV 
AD Reverse Bias Voltage: 341V 
Guard Voltage: +200V 
Amplifier: Clear-Pulse 580K 
Light Source: LED 470nm, 2kHz 

㩷

 9

․ᕈ 
㗄⋡㩷 㪢㪘㪇㪇㪋㪈㩷 න

㪋㪇㪇㫅㫄㩷 㪉㪍㪅㪉㩷 㩼㩷
శ㔚㕙㊂ሶല₸㩷 㩷

䊏䊷䉪㩷 㪉㪏㪅㪐㩷 㩼㩷

ᦨᄢශട㔚㩿శ㔚㕙㪀㩷 㪄㪏㪌㪇㪇㩷 㪭㩷

㪘㩷 ή䈚㩷

㪙㩷 ή䈚㩷

㪚㩷 ή䈚㩷
ਇ⦟ 㪺㪿㩷

㪛㩷 㪺㪿㪈㩷

㩷

㪘㩷 㪊㪎㪎㩷

㪙㩷 㪊㪍㪏㩷

㪚㩷 㪊㪍㪋㩷
ฦ䉼䉾䊒䈱ᦨᄢශട㔚㩷

㪛㩷 㪊㪎㪎㩷

㪭㩷

㪘㪄㪺㪿㪉㪉㩷 㪈㪍㪈㪐㪇㪇㩷㩿㪏㪅㪌㫂㪭㪃㩷㪊㪎㪎㪭㪀㩷

㪙㪄㪺㪿㪉㪉㩷 㪈㪍㪋㪍㪇㪇㩷㩿㪏㪅㪌㫂㪭㪃㩷㪊㪍㪏㪭㪀㩷

㪚㪄㪺㪿㪉㪉㩷 㪈㪇㪋㪇㪇㪇㩷㩿㪏㪅㪌㫂㪭㪃㩷㪊㪍㪋㪭㪀㩷
ᦨᄢ䉭䉟䊮㩷

㪛㪄㪺㪿㪉㪉㩷 㪈㪍㪉㪌㪇㪇㩷㩿㪏㪅㪌㫂㪭㪃㩷㪊㪎㪎㪭㪀㩷

㩷

 

䉧䊷䊄㔚ᭂ䈮䈲 㪉㪇㪇㪭 䉕ශട䈚䈩䈗↪䈒䈣䈘䈇䇯㩷

䈖䈱▤䈲㩷

䉝䊦䉦䊥⼔⤑䈅䉍䇮ጀ㑆⛘✼⤑䈅䉍䇮ฃశ㕙⼔⤑⾰ 㪙㩷

䉮䊷䊁䉞䊮䉫䈅䉍䋨ᮡḰ䋩㩷

䈱᭽䈪䈜䇯㩷

 
 
 
 
 
 
 
 
 

 5

Quantum efficiency
Maximum high voltage

Bad channel

Maximum high voltage  
for each APD chip

Maximum gain

peak

None
None
None

Typical HAPD performance 
(data sheet)
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条件：エアロジェルの屈折率n=1.05,厚さ2cmとしたときの発生光子数
エアロジェルで発生する光子数の試算

�波長260nm以上での波長領域において、測定できることが望ましい。
�短波長側での発生光子数は非常に少ないため、長波長における測定が重要で
ある。
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Samo Korpar
Univ. of Maribor and J. Stefan Institute

E-PID summary
(slide 50)

July 4– 7, 2013

15th Open Meeting of the Belle II Collaboration

HAPD decision

● special meeting on September 28 to review HAPD irradiation tests and make 

the decision on APD type

● film A type APD with intermediate 

electrode selected for production
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