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Abstract

We report on the design, operation, and performance of a novel proximity-focusing Ring Imaging Cherenkov (RICH) detector
equipped with a multilayer focusing aerogel radiator, developed for the forward region of the Belle II spectrometer at the Su-
perKEKB e*e™ collider. The system achieves effective separation of charged pions, kaons, and protons across the full kinematic
range of the experiment, from 0.5 GeV/c to 4 GeV/c. To date, the detector has been successfully operated in data taking, contributing
to the collection and analysis of nearly 600 fb~! of Belle II collision data.
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1. Introduction 17
18

The Belle II experiment, located in Tsukuba, Japan, is ded-
icated to precision measurements of rare decays of B and D 20
mesons and 7 leptons. Following the highly successful opera- 2
tion of the original Belle spectrometer between 1999 and 2010, 22
and numerous landmark physics results [[1], the pursuit of possi- 2
ble deviations from the Standard Model in extremely rare decay 2
channels necessitated a two-order-of-magnitude increase in the 25
recorded data sample. 2
To achieve this goal, the KEKB e*e™ collider underwent a 27
major upgrade, resulting in the construction of the SuperKEKB 2
accelerator, designed to operate at event rates approximately 30 2
times higher than its predecessor and to ultimately deliver an 30
integrated luminosity of 50 ab~! [2]. The substantially higher =
interaction rates and corresponding background levels required 3

a comprehensive upgrade of the Belle spectrometer, with only 3
34
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the mechanical structure and the 1.5 T solenoid magnet retained
from the original detector 34, 5].

To meet its physics objectives, the Belle II experiment re-
quires highly efficient kaon—pion separation for charged parti-
cles with momenta up to 4 GeV/c, achieved using two dedi-
cated subsystems based on Cherenkov photon detection. Par-
ticle identification in the barrel region of the spectrometer
is provided by the Time-of-Propagation (TOP) counter [6]
while the Aerogel Ring Imaging Cherenkov (ARICH) detec-
tor—described in detail in this paper—was developed to distin-
guish kaons from pions across most of their momentum range
in the forward (end-cap) region of the Belle II spectrometer
(Fig.[T).

The ARICH is a proximity-focusing Ring Imaging
Cherenkov (RICH) counter (Fig. [2) comprising several
key components: a radiator, where charged particles emit
Cherenkov photons; an expansion volume, allowing the
photons to form ring images on the detection plane; an array of
position-sensitive photon detectors, capable of single-photon
detection in a strong magnetic field with high efficiency and
excellent two-dimensional spatial resolution; and a readout
system that records and processes the detected signals.

The remainder of this paper is organized as follows. Sec-
tions 2-9 discuss the design considerations and the main de-
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tector components, including the aerogel radiator, photon sen- s
sors, readout electronics, mechanical structure, and associated ss
services. Section 10 outlines the simulation and reconstruc- s
tion methods, and Section 11 presents the performance results o
obtained during operation with colliding electron and positron ss
beams. %

100

101
2. Design choices 102

103

The following considerations guided the design choices forw:

the ARICH detector. The kinematic range of the Belle II ex-
periment — covering pion and kaon momenta from 0.5 GeV/c
to 4 GeV/c — requires the use of aerogel radiators with a re-
fractive index of approximately 1.05 (Fig. [3). To achieve the v
desired performance, a sufficient number of Cherenkov pho-110
tons (N =~ 10) must be detected for each ring image, at least111
for one of the particle species. This requirement determines the112
total thickness of the aerogel radiator, which must be several
centimeters.

The Cherenkov angle resolution needed for 30~ pion-kaon'
separation (0y,ck & 7 mrad) can be obtained only if the ex-
pansion gap is about 20 cm and the photon detector granularlty
is on the order of a few millimeters.

A proof-of-principle prototype demonstrated excellent per-m7i
formance in both laboratory and beam tests [7]. However, two__
major challenges remained: increasing the number of detected
Cherenkov photons, and developing a single-photon detector
capable of reliable operation in the 1.5 T magnetic field of the121
Belle II spectrometer. Both challenges were successfully ad-122
dressed, as discussed below. .

The key performance parameter of a RICH counter is the
Cherenkov angle resolution per charged particle, Oack =0
o/ VN, where o is the single photon resolution and N is the
number of detected photons. Increasing the radiator thickness .
enhances photon statistics but degrades single-photon resolu-
tion in a proximity-focusing RICH due to emission-point uncer-
tainty. Within the spatial constraints of the Belle II spectrom-
eter, the smallest ok is achieved with a radiator thickness of .
about 20 mm [7, |8]. However, in this configuration the photon1 w
yield is insufficient for the required separation power. .

This limitation can be overcome using a non-homogeneous,,,
multilayer aerogel radiator [8, 9] 10} [T11]. By selecting differ-,,,
ent refractive indices for consecutive aerogel layers, the cor-,,,
responding Cherenkov rings can be made to overlap on the
photon-detector plane (Fig.[2) [819]. This creates an effective
focusing of photons within the radiator, significantly reducing'”
the spread arising from emission-point uncertainty. Such fine -
control of the refractive index is uniquely feasible with aerogel,
which can be produced with indices in the range 1.01-1.2 [12]
Beam-test results comparing two 4 cm-thick radiators — one
with uniform refractive index (n = 1.046) and the other with a
dual-layer focusing configuration (n; = 1.046,n, = 1.056) [13]]
— clearly demonstrate the benefit of this approach. As can be
seen in Fig. @] the single-photon angular resolution improves
from oy = 20.7 mrad in the uniform case to oy = 14.3 mrad

07

129

for the dual-layer radiator, while maintaining a similar photon
yield in both configurations ﬂ

The second primary design requirement concerned the de-
velopment of a photon sensor capable of detecting single pho-
tons in a strong magnetic field and withstanding the expected
radiation load, corresponding to a 1 MeV-neutron equivalent
fluence of about 10'> n cm™2 over the experiment’s lifetime.
This challenge was met with the Hybrid Avalanche Photodetec-
tor (HAPD) developed by Hamamatsu Photonics, a proximity-
focusing device selected as the baseline Cherenkov light sen-
sor. Two alternative sensor technologies were also successfully
evaluated: a multi-channel microchannel-plate photomultiplier
tube (MCP-PMT) [14} 1516} [17] and a silicon photomultiplier
(SiPM)-based photon detector [18][19].

Another important consideration in the detector design is the
loss of photons at the side walls of the ARICH vessel (Fig. [5).
This effect is mitigated by installing planar mirrors that reflect
photons back into the active region, thereby improving the over-
all Cherenkov light collection efficiency.

3. Aerogel

The radiator plane comprises two layers of wedge-shaped
hydrophobic aerogel tiles with nominal refractive indices of
n = 1.045 in the first and n = 1.055 in the second layer. As dis-
cussed in Sec. [2| they are chosen in such a way that Cherenkov
rings from the first and second layers overlap on the detector
plane (Fig.[2) for the relevant kinematic range and a wide range
of incidence angles [9].

The aerogel tiles, totaling 124 for each refractive index, were
fabricated using the super-critical drying method [20] at the
Japan Fine Ceramics Center. As shown in Fig. [0 the radia-
tor system is segmented into four rings, each equipped with a
separate type of wedge-shaped tiles. The tiles were cut out of
square-shaped 180 x 180 x 20 mm?® pieces of aerogel using a
water-jet cutting device.

To achieve a good PID performance, the aerogel tiles should
be physically undamaged (with no cracks or chips) and should
exhibit good transparency. Figures [7] [8] and [9] show the distri-
butions of the refractive indices and transmission lengths of the
aerogel tiles from the mass production.

The refractive index of the tiles was controlled with appropri-
ate precision so that the difference in the refractive index of the
downstream and upstream tile pairs, 7, —n; = 0.0098 + 0.0002
(Fig.[9), is well within the optimal interval [9].

4. Photon detector - HAPD

As the sensor for single Cherenkov photons, a hybrid
avalanche photodetector (HAPD) (Fig. is used, where pho-

4 An alternative geometry was also studied with a reversed order of the two
aerogel tiles that would produce two separate rings [8]]; while interesting, this
de-focusing configuration was not further pursued because, with two separate
rings that cover a larger area of the photon detector than a single ring, the back-
ground level would increase and could therefore deteriorate the particle identi-
fication performance.
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Figure 1: The Belle II spectrometer (left) and the geometry of the ARICH detector (right) with its main components, aerogel radiator (depicted in blue) and

photo-sensors (in dark red).
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Figure 2: Proximity focusing RICH with a dual radiator in the focusing config-
uration. .

155

toelectrons are accelerated in a static electric field and are de-'*
tected with a segmented avalanche photodiode (APD). The pho-'%
ton detector plane is covered with 420 HAPDs, arranged in'®
seven concentric rings as shown in Fig. 158

The HAPD employed in the Belle II ARICH detector haste
been developed in collaboration with Hamamatsu Photon-te
ics [231 22 [21]]. It has outer dimensions of 7.3 x 7.3 x 2.0 cm?, 12
a bi-alkali photocathode on the inner side of the quartz win-13
dow, and four pixelated avalanche photodiodes (APDs) at thets+
bottom of the tube, each with 36 5 X 5 mm? channels (Fig. .165
The pixel size is 4.9 X 4.9 mm?, and the gap between pixels is's
0.2 mm within the APD; APDs are separated by 1.5 mm. Ther’
active area is about 65% of the HAPD package size. The totaltes
gain of about 3 x 10*, comprised of the bombardment gain andres

3
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Figure 3: Cherenkov angle for pions and kaons for two refractive indices of the
Cherenkov radiator, 1.045 and 1.055.

the gain in the APD, is provided by the high voltage of 6 kV
applied to the tube; the bias voltage applied to the APD is such
that the gain in the APD amounts to 30. The quantum efficiency
(Q.E.) of the photocathode at 400 nm is between ~ 25% and
~ 40% as can be seen in Fig.[[1} The photoelectron detection
efficiency is around 90%.

Following a set of radiation tolerance tests [24]] with neutrons
and gamma rays, sensor production was optimized (thicknesses
of p and p* layers, and an additional intermediate electrode).
The final version of tested samples retained the required perfor-
mance at the 1 MeV-neutron equivalent fluence of 10'> n cm~2,
expected in the lifetime of the experiment. Another optimiza-
tion of the sensor production (getter re-activation in the vacuum
tube) was carried out to mitigate instabilities in the form of dis-
charges when operated in the 1.5 T magnetic field [23].

The high-voltage system for the HAPDs consists of 7 CAEN
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Figure 4: Proximity focusing RICH, proof of principle in a beam test: the ac-2°
cumulated distribution of Cherenkov photon hits depending on the correspond-207
ing Cherenkov angle for a 4 cm homogeneous radiator (right) and for a focusing,,
configuration with two 2 cm thick layers with ny = 1.046, ny = 1.056 (left) [13].209
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Figure 5: Recovery of photons emitted at the outer edge of the ARICH detector22

acceptance: planar mirrors on the side wall of the ARICH vessel.

1
222

223

SY4527 crates, 45 CAEN A7042P 48-channel 500 V commonz22+
floating return boards, supplying four bias voltages and one??s
guard voltage for each of the 420 HAPDs, and 28 CAEN A 159022
- AG590 16-channel 9 kV boards supplying 420 high voltages. 22

228

229
5. Readout Electronics

A total of 60480 readout channels are needed to equipas
420 HAPDs, with a single bit of on/off hit information for
each channel. As shown in Fig. @, a front-end board (FEB)zs
with 4 ASICs and an FPGA (Xilinx Spartan 6, XC6SLX45-232
2FGG484) is attached to each HAPD. The 36-channel ASIC,2s
named SA03, was developed in the X-FAB 0.35 um processz
technology in collaboration with Japan Aerospace Explorationzs
Agency (JAXA). 23

The ASIC consists of a preamplifier with a variable gain be-27
tween 17 mV/fC and 56 mV/fC, a shaper with a shaping time=
that can be set to 170 ns, 210 ns, 240 ns, and 350 ns, and a dis-2se
criminator [26]. It processes the analog signals from the HAPD .2«
A common threshold voltage is applied to the discriminator ofze
the ASIC, while the baseline voltage of each channel can be ad-2:2
justed so that, effectively, the threshold of each channel can bezs
set independently. 244

The digital signals, output from ASICs, are processed in thezs
FPGA [26, 27]], and sent to the back-end electronics boardzss
("merger’) located behind the front-end boards using parallelzs
cables. The merger board, equipped with another FPGA (Xil-2s

4

inx Virtex 5, XC5VLX50T-1FFG665C), collects data from 5
to 6 front-end boards, performs zero suppression to reduce
data size, and transfers them to the central DAQ through the
Belle2Link [28]]. The slow control, such as the read and write
of the parameters in the ASICs, FEBs, and in the merger, is
realized through the Belle2Link. The merger also receives the
first-level (L1) trigger signal and distributes it to the front-end
boards.

The hit information from the HAPD sensors is read out in
four adjacent time intervals. In the standard configuration, one
timing bin corresponds to 125.6 ns so that the time window for
the readout is 502.4 ns. The middle two timing bins are adjusted
to the correct timing with respect to the L1 trigger, and the two
side bins are used to estimate the background level on an event-
by-event basis (see also Sec.[9.2).

The front-end readout board and merger board were designed
to withstand a 1 MeV-neutron equivalent fluence of 10'? n/cm?
and a gamma radiation dose of 100 Gy, as expected over the
lifetime of the Belle II spectrometer.

The low-voltage supply system for the read-out electronics is
comprised of two Wiener MPOD systems and 12 low-voltage
Wiener MPV8008LI modules (with 8 channels, output voltage
0 V-8 V at 5A, 40 W per channel, floating with < 2 mVp-
p ripple). These modules provide supply voltages of +3.8 V,
+2 V, and -2 V to the 420 front-end boards and +1.5 V and
+3.8 V to the 72 merger cards. From the three supply voltages
at a front-end board, a reference voltage of 1.25 V is gener-
ated by a diode, while other operating voltages are provided by
low-dropout regulators (LDOs). For monitoring purposes, an
analog-to-digital converter (ADC) digitizes the various inter-
nal voltage levels, which are selectable via a multiplexer. The
discriminator threshold level is adjusted using a digital poten-
tiometer. The board is also equipped with an internal 42 MHz
oscillator to clock the FPGA; an external clock is used during
data taking operation with the Belle II detector.

5.1. Firmware Design

The firmware system integrates a 64-bit instruction decoder,
a data sender, a command receiver, and a response sender. In-
structions are received via a unidirectional asynchronous Serial
Peripheral Interface (SPI). The response to each command is
returned encoded in a response word through a separate, dedi-
cated one-way SPI channel. A trigger signal activates the data
encoder, which then transmits data to the merger board via an-
other one-way SPI.

Each hardware peripheral device is managed by a driver,
which is activated by the instruction decoder. Additionally, a
data register controls the mode of operation, sampling rates,
and encoder frequencies. The unique FPGA device identifier
(DNA) is used to identify the board.

To mitigate the impact of single-event upsets (SEUs) at the
FPGA s of the FEBs, a scrubber of the configuration data of the
FEBs is implemented in the firmware of the merger [30]. The
scrubber monitors the SEUs at FPGAs of FEBs and corrects
them by a partial reconfiguration.
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Figure 6: Two halves of the ARICH detector: radiator plane covered with two layers of aerogel tiles (left), photon detector plane covered with 420 HAPDs and
planar mirrors mounted on the side wall (right), before the two were joined to form a single vessel.

6. Mechanical structure and services 278

The ARICH detector components are mounted inside a”’
donut-shaped vessel as shown in Fig. |§l The vessel is com-,,
prised of two halves, one housing the aerogel radiator system, g,
and the other the photon detectors with the read-out electron-,,
ics. The total weight of approximately 400 kg is supported by,
two main mechanical components of the inner cylinder and the,,
plate on which the HAPDs are mounted. 085

On the photon detector side, the HAPDs and the associatedess
read-out electronics are mounted on an aluminum support struc-zs;
ture, comprised of six azimuthal sectors. The support structurezss
also provides a common electrical ground for the read-out elec-zss
tronics and sensors. It also conducts heat from the front-endzs
boards to the cooling system. Each of the six detector sectorszo
is cooled by water flowing through a 5 m long aluminum pipeas:
with 6 mm outer diameter and 1 mm thick walls as shown inass
Fig. With a water flow of 1 I/min per sector and the output-ze.
input temperature difference of ~ 2°C enough cooling is pro-zs
vided to extract ~ 130 W of heat from each of the sectors. Withzss
this arrangement, the temperature of FPGAs is maintained ata,
approximately 40°C (Fig.[T8). 298

On the inside of the outer wall of the ARICH vessel, 18 pla-2ss
nar mirrors are mounted to reflect the photons that would oth-so0
erwise be lost back to the photo-sensitive area (Fig. [5)), as dis-so1
cussed in Sec.[2l The mirrors are 13.1 cm wide and 37.3 cm
long, with a reflectivity exceeding 85% in the wavelength inter—302
val between 250 nm and 600 nm. The front surface technology
is used to reflect photons from the surface coating, to preventas
the emission of additional Cherenkov photons in the glass. 304

5

7. Construction

7.1. Quality assurance of the components

All ARICH components underwent several quality assess-
ment (QA) measurements before assembly. The operational
parameters of the photo sensors were determined, including the
operating values of high voltage and APD bias voltages, as well
as measurements of leakage currents, quantum efficiency and a
performance test in a magnetic field. Voltages and currents on
the front-end electronics were monitored and the response of
each channel was tested. Currents through high voltage distri-
bution boards were measured with an applied voltage of 9 kV.
If all components met a satisfactory quality and response, the
final module, consisting of an HAPD, a front-end board and a
high-voltage distribution board (Fig. [[3), was assembled and
re-tested.

We scanned the sensor surface over the channel centers and
measured its response to short, low-intensity laser pulses at dif-
ferent discriminator values (Fig. @[) From this measurement,
the gain of individual channels can be extracted. We anticipate
the gain will slowly decrease during operation due to irradia-
tion, requiring adjustments to the front-end board ASIC gain
and shaping time to compensate.

We also measured and monitored the refractive indices of
aerogel tiles and their transmission lengths (Figs. 7} [8] 9).

7.2. Construction

During the quality assurance of the photosensors we ob-
served a position dependence of the quantum efficiency of the
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photo sensors as displayed in Fig.[I2] The variation is signifi-
cant, since the production specification required only the mini-
mal quantum efficiency value. To equalize the ARICH detector
performance across the whole active surface, we randomly se-
lected the mounting positions of the HAPDs.

Since the measurements of the properties of aerogel tiles
showed minimal variations, the tile pairs were randomly dis-
tributed in the mounting frame during installation. The aerogel
tiles are fixed to the structure of one of the halves of the me-_
chanical structure of the ARICH detector using very thin car-_
bon fiber strings to keep them in place when the detector is in320
the vertical position. Photodetector modules were mounted to_
the aluminum structure of the other detector half. The cables322
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Figure 10: HAPD single-photon sensor; top: the principle of operation [21}[22],
bottom: a photograph of the sensor.

for power supply and data transfer were custom-made primar-
ily on-site. The eighteen planar mirrors were installed at the
sides of the detector plane.

The two halves of the ARICH detector were combined, and
aluminum panels were attached at the edges, as seen in Fig.[20]

8. Slow control system

The Belle II ARICH slow control system [31]] comprises four
subsystems. The High Voltage System controls and monitors
the HAPD high voltages, the Low Voltage Control System man-
ages the voltage supplies to the readout electronics, the Envi-
ronmental Monitor monitors the detector temperature, and the
Front-End Board Control System uploads firmware, sets param-
eters of the readout chip, controls temperature, and manages the
single event upset mitigation controller [30].

The control daemons communicate with other processes us-
ing the common Belle II Belle2Link [28] and the Network
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Shared Memory 2 (NSM2) protocol. They accept requests tosss
enable and disable supply channels and adjust hardware set-ss
tings. Configuration settings are loaded from a common Bellesso
II database, allowing for flexible and controlled value changes.as
The slow control system also continuously monitors voltage,as
current, and other detector parameters, such as temperaturesass

7

Figure 13: HAPD read-out and high voltage supply: the front-end board on top
of the HAPD and the high voltage supply board; when installed in the detector,
the high voltage supply board gets mounted above the front-end board.
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Figure 14: Readout electronics for ARICH: schematics.

and the number of hits. The values of the monitored param-
eters are regularly stored in the EPICS Archiver Appliance of
the Belle II experiment [32]], and only significant changes from
previous readings are saved. This approach reduces the need to
store large amounts of data from over 15,000 monitoring vari-
ables. The slow control graphical user interfaces implemented
in Control System Studio [33} 34]] visualise the current status
and history of the slow control variables in an organised man-
ner (Fig.[2T). Finally we note that a special tool was developed
with a graphical interface which visualises the connections be-
tween different detector parts. This feature was crucial during
the installation and commissioning phases as well as during op-
eration for identifying malfunctioning parts.

8.1. High Voltage and Low Voltage Systems

The high-voltage (HV) system is controlled by HV daemons
that communicate with the hardware using the CAEN HV wrap-
per library. To minimize discharge risks, all 6 HV channels sup-
plying a given HAPD are synchronous and follow well-defined
transitions between different system states. Hardware inter-
locks ensure safe operation. Over 10,000 parameters are read
from the high-voltage boards every ten seconds and recorded
in the archiver database. For instance, the history of bias cur-
rents helps estimate background irradiation levels on different
detector parts (Fig.[22).
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with services (bottom).
391

392

The low-voltage supply slow control system is controlled by,

a separate deamon that communicates with the Wiener MPODy,,
crate controller using the Simple Network Management Proto-ss
col (SNMP). In the same manner as the high voltage deamon, it
ensures that the groups of voltages supplying a group of HAPD,,
baseboards and merger boards are switch together. 308
399

8.2. Data quality monitors 400
Additional processes continuously extract key parametersaor
from the reconstruction running online on a fraction of the data.e
These parameters include the Cherenkov angle of high momen-«:
tum tracks, the number of hits per track, the number of hot andsos

8

Figure 17: Cooling system of the read-out electronics: cooling pipes are in
thermal contact with the merger support elements (dark blue) that are in thermal
contact with FPGAs (black squares) on the merger boards (transparent blue),
merger board ground-plane, and the main aluminum support structure (in grey).
The cooling of the FE boards (in green) is provided through the thermal contact
with the main aluminum structure. One of the merger boards was removed to
reveal the associated support element (in dark blue). For other mergers, the
PCB is displayed transparently, allowing the FPGAs to be visible in black and
the connectors in blue.

dead channels, and the temporal distribution of hits. The tempo-
ral changes of these parameters are monitored via various web

interfaces (Figs.[23]and 28).

8.3. Environmental monitors

The data acquisition controller implements a process that
controls the parameter settings of the readout cards and mon-
itors their basic functionality, including readings of supply
voltages, temperatures, and single-event upset (SEU) counts
(Figs. [I8]and [23). Additionally, it monitors the temperature of
inlet and outlet water cooling pipes and the status of the cool-
ing unit. Additional temperature sensors at various parts of the
detector are read from a common Belle II environmental moni-
toring system.

9. Commissioning and Operation

9.1. Commissioning

The ARICH detector commissioning phase began early in
2018, concurrent with the commissioning of all other Belle
II spectrometer components. During this phase, the detector
proved to operate reliably.

Before the start of data acquisition, the front-end boards had
to be programmed to set a common gain, discrimination thresh-
old, and channel-dependent offsets for each ASIC. An exam-
ple of a calibration of the channel offsets is shown in Fig. 24}
Offsets calculated from the upper plot were uploaded to the de-
tector, allowing one common threshold to discriminate between
hit and non-hit channels. Offsets calculated from the upper plot
were uploaded to the detector, allowing one common threshold
to discriminate between hit and non-hit channels.

The initial commissioning revealed that the cooling system
required an upgrade to enhance its performance through a more
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efficient thermal coupling to the read-out electronics boards.
This upgrade was carried out during the summer shutdown in
2018. By the end of 2018, the commissioning phase was com-
pleted, and was followed by the first physics data-taking runs in
the spring of 2019.

424
. 425
9.2. Operation 126
The ARICH detector proved to run stably from the commis-«7
sioning phase onward. As already discussed above, various pa-
rameters are continuously monitored to ensure a stable perfor—428
mance and react in case of deviations in performance. e
To monitor the performance of the photo-sensors, an LED"
light (4 = 470 nm) emitted from LEDs and distributed through431
optical fibers to 90 points in the gaps between the photo—sensors432
is used on a regular basis. The light is reflected from the aerogelss
surface and is spread over the surface covered by HAPDs; it issas
used to identify noisy and dead channels, as well as to measureass
the relative sensitivity and gain of each channel. 436
During the acquisition of beam collision data, the qualityss
of the data is constantly monitored. In the event-based filter,s

9

Figure 20: ARICH detector construction: combining the two detector halves.
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Figure 21: The main graphical user interface for slow control

HAPD sensors with too many hits are rejected. Checks of dead
and noisy channels (Figs.[25]and 26) is carried out for each run,
and new channels that appear in this list are taken into account
in the reconstruction.

As discussed in Sec.[] the hit information is read out in four
adjacent 125.6 ns long time intervals, where the middle two are
adjusted to the correct timing with respect to the L1 trigger, and
the two side bins are used to estimate the background level on
an event-by-event basis (Fig. 27).

We also monitor the overall performance of the detector by
checking the two most relevant variables, the Cherenkov an-
gle and the number of detected Cherenkov photons of ultra-
relativistic muon tracks (p > 4 GeV/c). As shown in Fig. @
the detector indeed performs reliably over extended periods of
time.
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10. Simulation and reconstruction

The ARICH simulation and reconstruction software is inte-
grated into Basf2 (Belle Analysis Software Framework 2) [36]]
which provides a common framework for the Belle II detector
simulation, event reconstruction, and data analysis. The code
is organized in the form of independent modules (mostly writ-
ten in C++) that perform a specific task and are included in the
main event processing loop using Python-based steering files.
For the ARICH detector the basic structure of the event loop is
shown in Figure 29} For the simulated data the loop starts with
the Geant4 simulation of the event. In the simulation, photon
hits on the photon detectors are recorded. At the stage of dig-
itization, these hits are converted to the so-called digits, which
correspond to the actual output from the detector (i.e., contain-
ing only hit channel numbers). For the analysis of measured
data, the event loop starts with the collection of digits, obtained
directly from the raw data. Finally, the ARICH reconstruction
module uses the collection of tracks impacting on the aerogel
(obtained from the Belle II tracking system) and the collection
of photon hits to calculate the PID likelihoods for each track.
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10.1. Geant4 simulation 512

The geometry of the ARICH detector is implemented in de- o
tail in the Geant4 framework. This includes all the main com-_
ponents relevant to the emission, propagation, and detection Z
of Cherenkov photons, as well as the detector support struc- o
tures, cooling system, and neutron shielding and cabling ma-
terial. Since the detector geometry is described elsewhere we_
only address here items particular to the simulation, which are -
also relevant when comparing the measured and simulated data

522
Aerogel plane. In the simulation, all aerogel tiles of one layer

have equal optical properties and thickness. The refractive in-_,,
dices of 1.045 and 1.055, and transmission lengths of 45 mm,,,
and 35 mm, are used for all the tiles in the up-stream and down-52 .
stream layers respectively (the values given are at 400 nm, but_,,
their full wavelength dependency as measured in the QA tests_,
is implemented in the simulation). Tiles are of four different,_
“wedge” shapes (different in each concentric ring of tiles) and,_
have a uniform thickness of 20 mm. Tiles are placed at the

center of tile slots which are formed by aluminum strips with,,
1 mm of thickness, with an additional 1 mm of gap between,
the tile edge and aluminum, on all four sides of a tile (in totad,533
there is therefore a 3 mm of gap between the edges of aerogel,
tiles). The black paper that covers the tile slots is, for the sake,
of simplicity, not included in the simulation, but its effect of536
photon absorption is mimicked by non-specified optical prop-

erties of the aluminum, which results in optical photons beingss”
killed upon hitting it. 598

539

523

Photon detector - HAPD. In the simulation, we construct the®?

photon detector module as a ceramic box, featuring the quartz
window on top, a vacuum inside, and a silicon APD sensor at,,,
the bottom. The dependency of the quartz refractive index on,_,,
the wavelength is implemented by using data found in the lit-_,
erature. The emission of photoelectrons from the photocathode,
and their propagation to the APDs is not included in the simula-__
tion. Instead, for the optical photons that hit the bottom surface_,
of the quartz window, onto which the photocathode is coated,548
the quantum efficiency curve is applied (we randomly select a_,
number from 0 to 1 and compare it with Q.E. at the given pho-

ton wavelength). If the photon is registered as detected, it isss
killed and its position is passed to the so-called digitizer for thesst
next steps of processing (as described in the following subsec-ss2
tion). On the other hand, if the photon is not detected, it is left

to propagate further, either by being internally reflected in the™
quartz window or by entering into the HAPD where it can be™
then reflected from the APD back to the photocathode or ab-""
sorbed. The reflectivity of the APD surface in the simulation™
is wavelength-independent and is tuned so that the fraction of
reflected photons agrees with the one observed in the measured””
data. At this point, the same Q.E. curve is used for all HAPDs,ss9
which is corrected to the exact values during the digitisationsso
step (see below). 561

541

Other components. Here we provide a few relevant comments
on other detector components. The mirrors are implemented as

12

quartz planes coated with a reflective metal, where the reflec-
tivity and its wavelength dependency are set to the values as ob-
tained in QA measurements. The front-end electronics (HAPD
front-end boards and merger boards) are implemented as sim-
ple boxes, of correct dimensions, made of material commonly
used for effective PCB description. The geometry of cooling
bodies (behind each FEB and merger board) and cooling pipes
is implemented in fine details. On the other hand, the detector
cabling (HV, LV, read out) is included by placing a simple ho-
mogeneous thin plane with the amount and type of material that
effectively describes the cabling material, behind the photon-
detector plane. Finally, the borated polyethylene neutron shield
volumes are also included, with precisely described shapes and
sizes.

Since the peak Q.E. of HAPDs is ~ 40%, only this fraction of
emitted optical photons is actually propagated in the simulation,
while the rest are killed immediately at the emission time. This
allows to speed up the detector simulation without affecting its
output.

10.2. Digitization

In the digitizer module the photon hits obtained from the
Geant4-based simulation are converted into a data format
equivalent to that of the measured data (i.e., a collection of
channel numbers for hit APD pixels). There are four processes
that are performed at this stage:

o Pixelization: based on the registered photon hit position
we calculate the pixel number to which this position cor-
responds. Here we assume that the emitted photoelectron
only moves in the z-direction, i.e. along the magnetic field
lines.

e Channel-by-channel Q.E. correction: at the simulation
level a common wavelength dependence of Q.E. is used
for all HAPDs. However, since relatively large differences
in the Q.E. are observed between individual samples, and
the Q.E. non-uniformity over the surface of individual sen-
sors cannot be neglected, we apply a channel-by-channel
Q.E. correction, using the measured Q.E. surface maps of
individual HAPDs.

e Dead channel masking: about 5% of channels are non-
operational; we maintain a list of these channels in the
database and use it for the production of simulated data.

o Effect of negative polarity cross-talk: if a single pixel is
hit by a large number of photoelectrons, the efficiency
of neighbouring pixels to detect photoelectron is reduced.
This effect is included in the digitizer where we count the
number of photoelectrons on each pixel and proportionally
to it lower the efficiency of the neighbouring pixels.

The list of so-called digits, which contain the photon-detector
module ID number, channel ID number, and a hit bitma[ﬂis the
final output of the Geant4 simulation.

5These are four time-consecutive bits, which indicate whether the signal
exceeded the threshold value in a given time bin or not.
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high momentum muon tracks from the e*e™ — u*u~ events,ss
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610
structed Cherenkov ring image in the angular coordinate systems;,

of a trackEl for the measured and simulated data. The image isq;,
obtained as a normalized sum of Cherenkov rings from O(10k)g,,
muon tracks. Several detailed features, such as Cherenkov pho-g,,
tons produced in the quartz window of photon detectors andg,s
an “echo ring” originating from the non- converted photons re-g,,
flected from the APD surface back to the photocathode, can bes,,
seen to be well reproduced in the simulation. Some discrepan-;,
cies between the measured and simulated data can be seen in

the peak produced by charged tracks in the window of photon,,,
detectors at small Cherenkov angles. This arises due to the dif-

ficulty of correctly modeling the optical properties of the photo—620
cathode and the response of the avalanche photodiode to a large621
number of photons. Based on these observations mentioned ef-"*

fects will be adjusted for in the detector simulation. o
624

625
10.3. Event reconstruction 626

Reconstructed tracks from the Belle II tracking system are™

extrapolated to the ARICH detector volume. For those that®™

629

630

®Tn this system the track direction corresponds to (0,0) and the distance from®®"
the origin shows the photon direction polar angle, i.e. Cherenkov angle. 632

13

pass through the aerogel layer, a likelihood function is con-
structed for each of the six different particle type hypotheses
(e, u, m, K, p,d). The likelihood function compares the observed
pattern of photon hits with the expected one for the given par-
ticle type hypothesis and track parameters (position, direction
and momentum on the aerogel plane) as obtained from the track
extrapolation.

The likelihood function is constructed as a product of prob-
abilities of individual pixels recording the observed number
of hits (which can only be 0 or 1 since we do not discrimi-
nate between single and multiple photon hits) for a given par-
ticle type hypothesis. The probability of pixel i being hit by
m; photoelectrons is given by the Poissonian distribution, i.e.,
pi = e‘""n:”’ /m;!, where n; is the number of photoelectrons ex-
pected to hit the pixel i. The value of n; is a sum of the ex-
pected number of hits from two radiator layers and from the
background. The contribution of each radiator to the signal on
the pixel i is calculated according to the probability distribution
in the polar and azimuthal angles relative to the track direction
over the solid angle subtended by the pixel. The method is dis-
cussed in detail in [37]].

Following P. Baillon [38] and R. Forty [39] to construct the
likelihood function, we first note that the probability of a pixel
being fired or not is 1 — e and e™™, respectively, and the log-
arithm of the likelihood function is

mL=>mda-e"m+ > ™)

hit no hit

= Z[n,-+1n(1 — )] —Zn,- = Zln(e”" ~1)-N,

hit all hit

where hit / no hit / all indicates the subset of pixels included
in the sum, and we note that the sum of n; over all pixels is
equal to the total number of photons expected to be detected
(denoted by N). Instead of having to obtain n; for all pixels,
in this form evaluating the likelihood reduces to calculating n;
only for pixels that registered a hit, and to estimating N. Both
n; and N have to be evaluated for each particle type hypothesis.
Finally, the difference of likelihoods of two hypotheses (e.g.
In L™ — In LX) is used for separation between particle species
(m, K).

104. Calibration and alignment

Calibrating the detector is essential due to its significant im-
pact on algorithm performance. Calibration affects the expected
number of photons per pixel (n;) in the likelihood function, in-
corporating both background and signal contributions. The sig-
nal component relies on the detection efficiency of the pad (7;)
and the probability density function, which is determined by
the Cherenkov angle resolution (o). Without proper calibra-
tion, identification efficiencies decrease and misidentification
probabilities increase.

The detector response and alignment with the tracking
system were calibrated using recorded data, primarily from
ete” — utu events [37,[40]. This calibration process involved
several steps. First, the operational parameters of the detector
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components were measured. Next, the detector was calibratedsss
using the acquired data. Finally, the crucial step for subsequentess
physics analyses was determining the efficiencies and misiden-ess
tification probabilities from beam collision data. 690

The reconstruction algorithms could access all the measuredeer
and calculated parameters in a central experiment database. e

Cherenkov angle distribution for saturated rings is used toss
calculate the number of detected photons per track. With thesss
procedure described above, the detection efficiency of each hit,ess
n;, and the total number of photons per hypothesis, N, can thenss
be calculated. 697

To complete the calibration, the Cherenkov angle resolution,se
09, must be optimized by aligning the detector [40]]. From dis-ss
placements at different positions of the detector, new alignmentoo
constants are determined, leading to the correct oy, which canror

then be used in the algorithm. 702
703

704
11. Particle identification performance 708
706

The ARICH detector has been running stably throughout all;
running periods of the Belle II experiment. The fraction of deady
or noisy channels has been at the 5% level; as determined fromye,
simulation, such a level of missing channels is by a large mar-4,
gin below the level that would impact the particle identification;y,
performance of the device.

The performance of the detector was first checked by a large
number of available muon tracks originating from the e*e” -,
uu” events. Muons from these events have the energy of about
7 GeV, producing essentially saturated Cherenkov rings in the
ARICH. From the bottom plot of Fig. we determine thers
number of signal Cherenkov photons and the Cherenkov an-71
gle resolution for measured data and simulation by fitting thers
obtained distributions with a single Gaussian function for thezs
peak and a first-order polynomial for the background distribu-77
tion. The obtained numbers of signal photons per muon trackze
are N4 = 11.38 and N}IC = 11.27 for the measured and simu-rs
lated data respectively, while the corresponding Cherenkov an-7z0
gle resolutions (i.e. signal peak width) are o%¢ = 12.70 mrad-=:
and oM€ = 12.75 mrad (with negligible uncertainties from ther
fit).

We estimate the detector ability to discriminate between pi-
ons and kaons using pion and kaon tracks from D** — DO[—>7
K n*] nf and D*~ — D°[— K*rn"] m, decay chains.
Here, pion and kaon tracks can be identified independently of
ARICH information, based on their charge in association with7z
the charge of low-momentum pion (75 ) from D**. In addi-7
tion, the background level in this decay mode can be effectivelyzs
reduced by requiring the difference of reconstructed invariantrz
masses of D* and D° mesons to be within a narrow windowrzs
around the expected value (|Mp- — Mpo — 145.43 MeV/c?| <o
1.5 MeV/c? is used). We determine the efficiency of kaon iden-7so
tification and pion misidentification probability from the signalvs:
yield of reconstructed D° mesons, where pion or kaon trackzs
used in the reconstruction is required to satisfy the imposed se-7s
lection criteria on PID likelihood ratio R[K/n] obtained fromszss
the ARICH detector, with R[K/n] = Lx/(Lx + L;). The DOs

12

23

14

signal yield is determined from the fit of D° invariant mass dis-
tribution using a Gaussian function for the signal and a constant
value for the background distributions. An example of such a
fit is shown in the top two plots of figure Left (right) plot
shows data distribution and fit of D° invariant mass for can-
didates with pion (kaon) track entering ARICH. Fainted points
and lines show the case when no selection is imposed on R[K /7]
and solid points and lines after imposing a R[K/x] requirement.
Repeating such fit using different R[K/n] criteria results in the
bottom left plot of Fig.[31] which shows the obtained kaon iden-
tification efficiency at different pion misidentification probabil-
ities. The right bottom plot shows the dependence of these two
quantities on the track momentum, where a fixed criterium of
R[K/r] > 0.5 is used at all points. The obtained performance is
slightly lower than expected from the simulations (up to a few
% in K identification efficiency), further improvements are un-
der study. In a similar manner, A — pn~ decays are utilized to
verify the pion-proton separation; at 4 GeV/c, the proton iden-
tification efficiency is 91% with a pion misidentification proba-
bility of 8%. We note that the hadron identification performance
of all involved subsystems in the Belle II spectrometer is dis-
cussed in detail in a dedicated report [41]. To summarize, the
ARICH detector provides excellent pion-kaon, pion-proton and
kaon-proton discrimination, and at momenta below 1 GeV/c a
modest discrimination between pions, muons and electrons.

12. Summary

The Aerogel RICH detector in the forward end-cap of the
Belle II spectrometer is an integral part of the Belle II particle
identification system. It is based on a novel multi-layer radiator
configuration and utilizes a new type of single-photon sensor,
hybrid avalanche photodetectors (HAPD). It provides excellent
discrimination between pions and kaons in the full kinematic
range of the experiment (up to 4 GeV/c). The detector has been
performing very well throughout the Belle II data-taking and is
expected to continue contributing to the future physics harvest
of the experiment.
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