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The Aerogel RICH detector of the Belle II experiment
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In the forward end-cap of the Belle II spectrometer, an innovative proximity focusing Ring Imag-
ing Cherenkov counter with a multilayer focusing aerogel radiator has been installed. The detector
is designed to be operated in a magentic field of 1.5 T, and consists of a double layer aerogel radi-
ator, an expansion volume and a photon detector. In total 420 Hamamatsu hybrid avalanche photo
sensors with 144 channels each are used to read out single Cherenkov photons with high effi-
ciency. We expect the device to provide better than 4σ separation of pions from kaons in the full
kinmatic region of the experiment, from 0.5 GeV/c to 4 GeV/c. The detector components have
been successfully produced and installed in the spectrometer. After the commissioning phase in
2018, the detector is now included in the Belle II data taking, and is expected to contribute sub-
stantially to the performance of the spectrometer in looking for rare decays of B and D mesons,
and of tau leptons. In this contribution we review the detector design and present results of the
first detector performance studies.
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1. Introduction

The Belle II experiment is a next generation B physics experiment, operating at the Su-
perKEKB asymmetric energy e+e− collider (Super B-factory) at KEK, Japan [1]. It started its
operation in 2019 with the goal of collecting 50 ab−1 of data by the 2027 (50x Belle’s data sam-
ple). This unprecedentedly large collection of decays of B,D mesons and τ leptons will allow for
high precision tests of the flavor sector of the Standard Model, potentially leading to the discovery
of new physics phenomena.

One of the critical aspects at Belle II, in order to exploit its full physics potential, is efficiency
of its particle identification (PID) systems. Particle identification, mostly discrimination between
pions and kaons, is crucial not only for reducing background levels, but also for the neutral B meson
flavor tagging (to discriminate B0 and B̄0) essential to many CP-violation related measurements.
In addition, excellent lepton identification is required for measurements of possible lepton flavor
violating decays and tests of lepton flavor universality. At Belle II PID is provided by the time-of-
propagation counter (TOP) in the barrel and aerogel RICH counter (ARICH) in the end-cap region
[2]. The goal of the ARICH is mainly to provide very good π/K separation in the full kinematic
range of the experiment (4σ separation at momenta between 0.5 and 3.5 GeV/c), and to provide
discrimination between π,µ and e below 1 GeV/c (relevant for rare decays, such as B→ Kll).

In the following sections we describe the ARICH design along with operational experience
from the first period of Belle II data taking (March-July 2019). We conclude with results of the
first detector performance studies.

2. Detector design and components

The ARICH is a proximity focusing RICH with aerogel as a radiator. Its design and selection
of components were mainly guided by the limited available space, operation in the magnetic field
of 1.5T, and radiation hardness (to withstand neutron fluence of > 1011 1 MeV n eq /cm2/year).
The main detector components and their geometrical configuration are shown on the left picture of
figure 1.

The radiator plane is covered with two layers of wedge shaped aerogel tiles (in total 2x124
tiles are used, each of approximate size of 18× 18× 2 cm), with refractive indices of n1 = 1.045
in the first and n2 = 1.055 in the second layer. These refractive indices are chosen in a way that the
Cherenkov rings from the first and second layer overlap on the detector plane, which significantly
improves the Cherenkov angle resolution [3]. The middle picture of figure 1 shows the radiator
plane just before it was joint with the photon detector plane, shown on the right picture. The photon
detector plane is covered with 420 HAPDs (Hybrid Avalanche Photo Detector [4, 5]), arranged in
7 concentric rings. The HAPD consists of a vacuum tube (size of 7.3×7.3×2.0 cm) with bi-alkali
photo-cathode on the bottom side of quartz window and pixelated APD with 144 channels (∼ 5×5
mm) at the bottom of the tube. The total gain of about 6×104 is provided by the high voltage of 8
kV applied to the tube and bias voltage of ∼ 300 V applied to the APD. The quantum efficiency
of photo-cathode is ∼ 30% at 400 nm, and the active area is about 65% of package size. The
description of the photon detectors readout system can be found elsewhere [6]. On the outer side
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of the ARICH 18 planar mirrors are mounted to reflect the photons that would otherwise be lost
back to the photo-sensitive area.

During the first period of Belle II data taking we did not experience any major problem in
the detector operation. The fraction of non-functional HAPD channels was about 1%, mostly on
the account of broken APD chips (to which bias voltage can not be applied) or individual broken
channels in the front-end readout ASICs.

Figure 1: Left: Sketch of geometry configuration of ARICH with its main components. Middle: Radiator
plane covered with two layers of aerogel tiles. Right: Photon detector plane covered with 420 HAPDs.

3. Detector performance

In this section we describe results of the first detector performance studies. In the first part we
compare the Cherenkov rings generated by high momentum muons as seen in the measured data
and in the detector simulation. In the second part we study the detector PID performance using
independently tagged kaon and pion tracks. The results are based on the data sample corresponding
to the integrated luminosity of 1.3 fb−1 (while in total about 6.5 fb−1 was collected in the 2019
spring run).

3.1 Cherenkov angle distribution in e+e−→ µ+µ− events

Using large number of available muon tracks originating from the e+e−→ µ+µ− events we
performed a detailed study comparing the Cherenkov ring image in measured and simulated events.
Muons from these events are nearly monochromatic with the energy of about 7 GeV, producing es-
sentially saturated Cherenkov rings in the ARICH. The left two plots of figure 2 show obtained
Cherenkov ring image in the angular coordinate system of a track1 for the measured and simulated
data. The image is obtained as a normalized sum of Cherenkov rings from O(10k) muon tracks.
Several detailed features, such as Cherenkov photons produced in the quartz window of photon
detectors and "echo ring" originating from the non-converted photons reflected from the APD sur-
face back to the photo-cathode, can be seen to be well reproduced in the simulation. The right
plot of figure 2 shows the rings integrated over the azimuthal angle. We determine the number of

1In 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.
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signal Cherenkov photons and the Cherenkov angle resolution for measured data and simulation
by fitting the obtained distributions with a single Gaussian function for the peak and a first order
polynomial for the background distribution. The obtained numbers of signal photons per muon
track are Ndata

sig = 11.38 and NMC
sig = 11.27 for the measured and simulated data respectively, while

the corresponding Cherenkov angle resolutions (i.e. signal peak width) are σdata
c = 12.70 mrad

and σMC
c = 12.75 mrad (with negligible uncertainties from the fit). Some discrepancy between the

measured and simulated data can be seen in the peak produced by charged tracks in the window
of photon detectors. This arises due to difficulty of correctly modeling the optical properties of
photo-cathode and the response of avalanche photo-diode to large number of photons. Based on
these observations mentioned effects will be adjusted for in the detector simulation.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
theta [rad]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

ph
ot

on
s 

/ t
ra

ck

DATA (exp 7)

MC

Figure 2: Left: Comparison of Cherenkov ring image as observed in measured data and in detector simu-
lation. Right: Comparison of measured and simulated Cherenkov angle distribution (integral of left plots
over the ring azimuthal angle).

3.2 Particle identification performance

We estimate the detector ability to discriminate between pions and kaons using pion and kaon
tracks from D∗+→D0[→ K−π+] π

+
slow and D∗−→ D̄0[→ K+π−] π

−
slow decay chains. Here, pion

and kaon tracks can be identified independently of ARICH information, based on their charge in
association with the charge of low momentum pion (π±slow) from D∗±. In addition, the background
level in this decay mode can be effectively reduced by requiring the difference of reconstructed
invariant masses of D∗ and D0 mesons to be within a narrow window around the expected value
(|MD∗−MD0−145.43 MeV/c2|< 1.5 MeV/c2 is used). We determine the efficiency of kaon iden-
tification2 and pion misidentification rate3 from the signal yield of reconstructed D0’s, where pion
or kaon track used in the reconstruction is required to satisfy the imposed selection criteria on PID
likelihood ratio obtained from the ARICH (R[K/π] = LK/(LK +Lπ)). The D0 signal yield is
determined from the fit of D0 invariant mass distribution using a Gaussian function for the signal
and a constant value for the background distributions. An example of such fit is shown in top two
plots of figure 3. Left (right) plot shows data distribution and fit of D0 invariant mass for candidates

2εK = Niden.
K /Nall

K , where Niden.
K is the number of correctly identified kaons by ARICH and Nall

K is the total number
of kaons entering ARICH.

3επ = Nmisiden.
π /Nall

π , where Nmisiden.
π is the number of pions identified as kaon by ARICH and Nall

π is the total
number of pions entering ARICH.
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with pion (kaon) track entering ARICH. Fainted points and lines show the case when no selection
is imposed on R[K/π] and solid points and lines after imposing R[K/π] > 0.6. By repeating such
fit using different R[K/π] criteria we obtain the bottom left plot of figure 3, which shows obtained
kaon identification efficiency at different pion misidentification rates. The right bottom plot shows
dependency of these two quantities on the track momentum, where fixed criteria of R[K/π] > 0.6
is used at all points. The obtained performance is slightly lower than expected from the simula-
tions (up to few % in K id. efficiency), mostly on the account of only very preliminary detector
calibrations available at the time of this study.

Figure 3: Upper: Example of fits of D0 invariant mass distribution which allow us to determine kaon
identification efficiency and pion misidentification rate at given criteria on R[K/π]. Bottom left: Kaon
identification efficiency versus pion misidentification rate for all kaon/pion tracks from D0 decays that enter
ARICH. Bottom right: Kaon identification efficiency and pion misidentification rate as a function of track
momentum.

4. Summary

Aerogel RICH detector was installed in the forward end-cap of the Belle II spectrometer, with
the main goal of providing excellent discrimination between pions and kaons in the full kinematic
range of the experiment (up to 4 GeV/c). During the early period of Belle II data taking the detector
performed well, without significant problems. With only preliminary detector calibrations available
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the performance is already relatively close to expected from the simulations. In the future our focus
will be on improving calibration methods and data reconstruction algorithms to provide even better
PID performance of the ARICH detector.

References

[1] BELLE-II collaboration, Belle II Technical Design Report , 1011.0352.

[2] S. Nishida et al., Aerogel RICH for the Belle II forward PID, Nucl. Instrum. Meth. A766 (2014) 28 .

[3] S. Korpar et al., Novel type of proximity focusing RICH counter with multiple refractive index aerogel
radiator, Nucl. Instrum. Meth. A572 (2007) 429 .

[4] S. Korpar et al., A 144-channel HAPD for the Aerogel RICH at Belle II, Nucl. Instrum. Meth. A766
(2014) 145.

[5] I. Adachi et al., Study of 144-channel multi-anode hybrid avalanche photo-detector for the Belle RICH
counter, Nucl. Instrum. Meth. A623 (2010) 285.

[6] R. Pestotnik et al., Front-end electronics of the belle ii aerogel ring imaging detector, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment (2018) .

5

https://arxiv.org/abs/1011.0352
https://doi.org/http://dx.doi.org/10.1016/j.nima.2014.06.061
https://doi.org/10.1016/j.nima.2006.10.269
https://doi.org/10.1016/j.nima.2014.05.060
https://doi.org/10.1016/j.nima.2014.05.060
https://doi.org/10.1016/j.nima.2010.02.223
https://doi.org/https://doi.org/10.1016/j.nima.2018.12.026
https://doi.org/https://doi.org/10.1016/j.nima.2018.12.026
https://doi.org/https://doi.org/10.1016/j.nima.2018.12.026

