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Izvleček

V začeteku leta 2018 je na Japonskem v pospeševalniku SuperKEKB začel obra-
tovati spektrometer Belle II. Ob pričetku delovanja je potrebno spektrometer in
njegove komponente umeriti. V magistrski nalogi opišemo potek umeritve detek-
torja Čerenkovih obročev ali po angleško Aerogel Ring Imaging Cherenkov detector
(ARICH). ARICH je sestavljen iz sloja aerogela in fotonskega detektorja, razdel-
jenega na 60480 kanalov. V delu raziščemo, kateri kanali fotonskega detektorja
zaznajo fotone, tudi ko fotonov ni bilo, in kateri kanali fotonov ne zaznajo nikoli.
Nato pregledamo vpliv takšnih kanalov na meritve Čerenkovega kota in kako se
število napačno delujočih kanalov spreminja tekom obratovanja spektrometra Belle
II.

Ključne besede: Čerenkovo sevanje, detektor obročev Čerenkova, umeritev,
spektrometer, analiza podatkov, eksperimentalne metode in inštrumentacija
v fiziki onsnovnih delcev.

PACS: 41.60.Bq, 29.40.Ka, 06.20.fb, 29.30.-h, 29.00.00, 07.05.Kf





Abstract

In 2018, the accelerator SuperKEKB in Japan and the Belle II spectrometer started
their operations. At the beginning of a spectrometer operation researchers began
the calibration process of all sub-detectors. In this master thesis we present the
calibration of the Aerogel Ring Imaging Cherenkov detector (ARICH). ARICH sub-
detector consists of an aerogel plane and a position-sensitive photon detector plane.
We explore which channels of the photon detector detected photons when there were
not any photons present and which channels have never detected any photons at all.
Then we investigate how the number of none working channels changes throughout
the Belle II spectrometer operation. In the end we explore how the none working
channels influence the measurements of the Cherenkov angle.

Keywords: Cherenkov radiation, Cherenkov detectors, Standards and
calibration, Spectrometers and spectroscopic techniques, Experimental
methods and instrumentation for elementary-particle and nuclear physics,
Data analysis.
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Chapter 1

Motivation

In 2008 the development of the SuperKEKB electron-positron collider and the Belle
II spectrometer started. Different research groups from all around the world built
Belle II spectrometer components. At the start of 2018 most of the parts were in-
stalled into the spectrometer. In March 2018 all sub-systems started the calibration
phase.

The Belle II experiment will be running for seven years and during this time the
sub-systems will sustain radiation damage. Radiation will degrade their initial per-
formance. But to preserve the quality of produced data used for physics studies,
each sub-system of the spectrometer has to be monitored, serviced and calibrated
to maintain the optimal performance.

SuperKEKB collides beams of electrons and positrons to produce B mesons. Once
B mesons decay, the decay products are detected and identified by different Belle II
sub-systems. One of the particle identification devices in the Belle II spectrometer
is the Aerogel Ring Imaging Cherenkov counter (ARICH).

ARICH uses the Cherenkov effect to determine the identity or mass of charged par-
ticles produced by B meson decays. Each Cherenkov photon generated by charged
particles is then detected by one of the 60480 pixels of the position-sensitive photon
detector plane.

At the beginning of the 2018 calibration, ARICH sub-system group observed that
specific pixels of the photon detector never detected any photon hits (were dead)
and that some of the pixels were detecting photon hits too often (were hot).

Goal of this master thesis is to develop a calibration procedure that allows us to
identify the pixels of the position-sensitive photon detector that are misbehaving.

17
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Chapter 2

Experiment

2.1 Physics program

The Belle II experiment is part of the SuperKEKB collider located in Tsukuba,
Japan. Collider was developed to produce a large number of B mesons. During its
operation, the Belle II experiment will gather 50 times more data than its predecessor
Belle did. A large data set of measured B-meson decays will allow researchers to
perform:

• high precision flavour physics measurements,

• detailed studies of cases where charge-parity (CP) is violated,

• measurements of CKM matrix elements,

• searches for the deviations from the Standard Model and

• measurements of rare decays of B, D mesons, and τ leptons.

2.2 SuperKEKB: B meson factory

SuperKEKB’s main accelerator tunnel lies about 12 m below ground and has a di-
ameter of 1 km. The accelerator’s function is to collide bunches (groups) of positrons
and bunches of electrons.

Electrons and positrons are produced in the linear injector and then accelerated
with radio frequency (RF) cavities. After initial acceleration particles are sent into
the accelerators ring.

The ring is constructed out of RF cavities, dipole magnets that bend the parti-
cles beams, and superconducting quadrupole magnets (QCS) that focus the particle
beams. Along the SuperKEKB accelerator beamlines lies the Belle II spectrometer.

SuperKEKB accelerator is designed to achieve a beam focusing of 60 nm along y
axis and 10 µm along x axis of the beamline. Such narrow focusing increases the
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For particle identification, the Belle II uses two detectors based on the Cherenkov
effect. The Time-Of-Propagation counter (TOP) is positioned in the barrel region
of the spectrometer. The Aerogel Ring Imaging Cherenkov counter (ARICH) is lo-
cated in the forward end-cap region.

To determine the energies of particles that interact via electromagnetic interaction
the Belle II uses Electromagnetic calorimeter (ECL) constructed out of CsI(Tl)
crystals. For detection of long-lived kaons, muons and neutral hadrons Belle II
spectrometer uses scintillator based KL-Muon (KLM) detector.

For the detailed spectrometer design see the technical drawing Figure 2.4.
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Figure 2.4: Technical drawing of Belle II cross section [1].
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3.2. Detector design

3.1.1 Cherenkov formula

The distance that charged particle travelled in the medium vt and the distance that
the photon travelled in the medium ct form a right-angled triangle (see Figure 3.1
right). By using simple trigonometry and definition of c one obtains the formula for
Cherenkov angle:

cos θc =
ct

vt
=

c0

vn
=

1
βn

β =
v

c0

(3.1)

Or if we rewrite the formula to calculate the Cherenkov angle from particles mo-
mentum and mass:

θc = arccos

(

1
nβ

)

β =
p/c

√

m2 + (p/c)2
(3.2)

From Jelley [6] we know that the number of the emitted photons N per specific
charged particle can be approximated by:

N ≈ d

(

1 − 1
n2β2

)

.

N is small (see Figure 3.9 for an example of the Cherenkov ring).

3.2 Detector design

The error of measured Cherenkov angle decreases with the number of emitted pho-
tons per charged particle. To improve our measurements, we want to increase the
number of emitted photons per charged particle. Number of emitted photons in-
creases if the thickenss of the medium that charged particle flies through is increased.

Inside the material the photons get emitted at different locations along the trajec-
tory of the charged particle. If the material is thick, the photon emitted at the
beginning of the material and the photon emitted at the end of the material will
result in the measurements of different Cherenkov angles. No matter the fact that
every photon is emitted under the same Cherenkov angle with respect to the charged
particle track.

When thick material is used the photons that hit the detector plane, no longer form
a thin ring (Figure 3.3 top) but a thick doughnut (Figure 3.3 middle). As a result,
the resolution of the measurement of the Cherenkov angle drops. To overcome the
spread of photons produced by a charged particle that flies through the thick mate-
rial, one can use a multi-layer radiator (Figure 3.3 bottom).

Instead of having one thick layer with a fixed n (Figure 3.3 middle), we employ
two radiator layers with n1 < n2 (Figure 3.3 bottom). If we compare the different
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Thick radiator

n

v

γ

v

Thin radiator

n Detector plane

v

γ
θc

v

Photon distribution

on detector plane

Dual radiator

n1 < n2

v

γ

v

n1 = 1.045

n2 = 1.055

Figure 3.3: Comparison of different detector configurations for a thin (top), thick
(middle) and dual radiator (bottom). (Left part): The structure of the radiator and
corresponding Cherenkov photon angles with respect to the detector plane. (Right
part): Cherenkov ring on the detector plane.

layer designs, we see that double layer radiator yields focused Cherenkov ring that
contains more photons (see Figure 3.3).

By using two planes that are half as thick with different refractive indices the pho-
tons end up on the same ring. A focusing effect is achieved. It was observed in
experiments that focusing configuration improves Cherenkov angle resolution.

But why not use more layers to get even better focusing? It was confirmed that
with more layers, the Cherenkov angle resolution does improve. But the limiting
factor in Cherenkov angle measurements is the spatial resolution of the position-
sensitive photon detector. Because photon detectors resolution is worse than the
photon spread in the Cherenkov angle adding more layers of the radiator does not
yield any improvements.

3.2.1 Radiator material type

With ARICH we want to accurately distinguish between particles with momenta in
the range [0, 3.5] GeV/c. Refractive index of the radiator material determines the
Cherenkov angle of emitted photons. Refractive index thus determines how accu-
rately we can separate particles at different momenta p.

Cherenkov angle is a function of refractive index, momentum and mass θc(n, p, m)
according to Eq. 3.2. To obtain the resolution band or how Cherenkov angle reso-
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Figure 3.5: Left: Sketch of HAPD and photon conversion into an electron. Right:
HAPD grid with a dead part of the material (black region) in the middle. The
dead part of the material is not sensitive to photon detection and has the purpose
of holding together the APD chips.

for photon detection purposes that meets all of the above requirements is Hybrid
Avalanche Photon Diode (HAPD) see Figure 3.6.

Figure 3.6: (left) Front side of the HAPD and (right) back side of HAPD with
corresponding electronics [1].

Each HAPD is composed of 4 APD chips that each has 6 times 6 pixels. Pixels are
silicon diodes of size 4.9 mm x 4.9 mm. To determine photons positions the HAPD
leverages physics behind photo effect and the creation of electron-hole pairs in the
semiconductor.

When the photon hits the photocathode on top of HAPD it produces a photo-
electron via photo effect (see Figure 3.5). Produced photo-electron falls toward the
APD and accelerates under the high electric field to the energy of around 10 keV.
Once the accelerated photo-electron hits the silicon diode pixel in APD it produces

30











3.6. Particle identification

log(LK)− log(Lπ)

N

Distribution overlap

Threshold

Kπ

log(LK)− log(Lπ)

N

Distribution overlap

Threshold

Kπ

Figure 3.13: Overlap of distributions for a population of kaons and pions. Red
region represents pions we misidentified as Kaons. The size of the overlap is defined
by the position of the threshold. Distribution overlap when full knowledge about
the detector is known (left) and overlap when the detector behaves differently than
we assumed in our model (right).

we calculate the likelihood difference δL(p) defined as:

δL(p) = likelihood difference(p) = log LK(p) − log Lπ(p) (3.4)

We then fill δL(p) values into a histogram (one histogram for each momentum p)
and obtain Figure 3.13 (left). If the particle was a Pion, then LK is small, and Lπ is
significant. δL(p) is negative and results fall on to the left side of the distribution.
If the particle was a Kaon then Lπ is small and LK is significant. δL(p) is positive,
and results fall to the right side of the distribution.

To define which particles are kaons and which pions we pick a value of δL(p) and
call it the threshold. Particles with δL(p) smaller than the threshold are pions
and particles with δL(p) bigger then the threshold are kaons. But the distribution
Figure 3.13 has an overlap in the middle. That’s the region where we misidentify
the particles (assign them the wrong identity). In this region we declare a certain
amount of pions as kaons and part of kaons as pions.

To determine the efficiency of kaon identification we sum up the red and bluish region
of Figure 3.13 and divide the sum with the Gauss that corresponds to kaons. We
compute that value for every p. This gives us the pion misidentification probability
as function of particle momentum p or percentage of pions that we identify as kaons.

When we computed δL(p) for Figure 3.13 (left) we assumed that we knew everything
about our sub-system. But in reality our sub-system could be misaligned. Detec-
tion channels could misbehave. So when we calculate the likelihoods and δL(p) our
model is slightly wrong. As a result our accuracy for π and K separation is worse
than we modelled. We observe this as an increase in the overlap between π and K
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population (see Figure 3.13 right). Larger overlaps in kaon-pion population result
in higher misidentification probabilities.

To keep overlaps as small as possible we need to investigate how ARICH sub-system
behaves over time. Then we can use that knowledge in physics analysis to improve
the quality of the data. In other words, we need to monitor and continuously
calibrate our sub-system to ensure the highest quality of the measured data.
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DataStore objects. In order to group modules that one wants to execute sequen-
tially basf2.Path python object is used.

To store data objects to the disk ROOT CERN library [9] is used. Each module
is written in C++ then controlled via python steering file. An example of such

python steering file is:

from basf2 import *

input_file = register_module (" RootInput ")

tracking = register_module (" Tracking ")

arich = register_module (" ARICHReconstruction ")

output = register_module (" RootOutput ")

# specify control parameters on modules if needed

main = create_path ()

main. add_module ( input_file )

main. add_module ( tracking )

main. add_module ( arich )

main. add_module ( output )

process (main)

Steering file can be understood as a glue between C++ modules that one wants to
execute.

4.2 ARICH processing modules

Each of sub-systems has a set of processing modules and objects writen in basf2 .
In case of ARICH sub-system the following C++ objects are implemented into the
existing basf2 framework:

• ARICH Digits: objects used to store which of ARICH 60480 pixels were hit
in each measured or simulated event.

• ARICH Hits: module produces x, y coordinates from ARICH Digits object.

• ARICH Info: storage object for number of tracks and any other event data.

• ARICH Ntuple: object used for debugging and code development, contains
photon hits needed to calculate the Cherenkov angle.

and processing modules:

• ARICH Unpacker: unpacks the raw data from the ARICH sub-system data
acquisition system (DAQ).

• ARICH Packer: used to pack simulated data and test if ARICH Unpacker
works as its supposed to.

• ARICH Reconstructor: module used to fill ARICH Ntuple object. The
module takes the track from Belle II tracking system and extrapolates the
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track of the charged particle to ARICH photon detector plane. The module
computes the entire particle likelihood function needed in particle identifica-
tion.

• ARICH DQM: module is used to produce data quality plots to see how
ARICH sub-system performs.

• ARICH Btest: module is used to process test beam data.

• ARICH Background: is used to estimate the effects of the background
radiation on measurements of ARICH sub-system.

The Belle II experiment has a general data production group that processes all of
the data produced by Belle II spectrometer sub-systems. For ARICH the processing
chain that is used in general Belle II processing is described in Figure 4.2.

ARICH part of the processing chain produces and stores all the relevant ARICH
data into calibration data files named cdst.root . cdst.root files contain raw
and processed data from all sub-systems. They can be re-used when we want to
reprocess only the data from specific sub-system. cdst files are useful when we
perform studies that involve code changes only on the level of ARICH sub-system.

Raw Data

ARICH Unpacker

ARICH Digits

ARICH Info

ARICH Fill Hits

ARICH Hits

ARICH Reconstructor

ARICH Tracks
(photons)

cdst root file

Figure 4.2: Production of ARICH data in general Belle II processing scheme.

For calibration purposes the another independent processing chain was used:

cdst.physics file

ARICH Digits Rest of sub detector data

ARICH Fill Hits:
• apply new channel mask

ARICH Hits ARICH Reconstructor

ARICH DQM

ARICH Ntuple

DQM histograms

arich reconstructed ntuple

Figure 4.3: ARICH calibration processing chain.

Processing chain used in calibration process (See Figure 4.3) uses cdst.root files
to obtain all of the tracking information and allows us to reprocess only the raw
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data provided by ARICH sub-system. This approach reduces the complexity of our
code tremendously and saves us a lot of computing time since we need to re-run
only the ARICH part of the software in our studies.

4.3 Cherenkov distribution model

To determine wether our calibration was successful we want to check if there had
been a reduction of background in the Cherenkov distribution. In order to determine
amount of signal and background we perform the signal-background separation using
the model of two Gaussians:

gs(x) = ae
−

(x−θc1 )2

σ2
1 + be

−

(x−θc2 )2

σ2
2 .

The combination of two Gaussians is used to describe the presence of two popula-
tions. One Gaussian describes the Cherenkov distribution for population of clean
events and the other Gaussian represents the population of events that are corre-
lated to the background.

Background photons can be produced by charged particles from beam background;
by photons whose path is slightly changed due to Rayleigh scattering; damaged
electronics; or photon detector electronic components with wrong settings. The
uncorrelated background photons are uniformly distributed over the detector area
and their number linearly increases in range θc ∈ [0.1, 0.5]:

gb(x) = cx + d x ∈ [0.1, 0.5]

From θc ≈ 0.5 the background starts to linearly decrease since the photon detector
plane covers only a portion of the phase space.

The entire model for Cherenkov distribution:

g(x) = gs(x) + gb(x) (4.1)

where gs(x) represents the signal model and gb(x) the background model. Param-
eters a, b, c, d, θc1 , θc2 , σ1, σ2 are obtained from fitting the model to the measured
Cherenkov distribution.

If we now perform a fit on normalised Cherenkov distribution in range [0.1, 0.5] we
can then use the fit parameters to calculate the amount of signal Ns and background
Nb we have in the region around mean Cherenkov angle θc ≈ 0.3. The area we
integrate is defined by θcmin

= θmean − σθc
and θcmax

= θmean + σθc
(See Figure 4.4).

The integrals 〈Ns〉 , 〈Nb〉 are defined via:

〈Ns〉 =
∫

θcmax

θcmin

gs(x)dx (4.2)
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Figure 4.4: Left: Full Cherenkov distribution. Middle: Background distribution.
Right: Signal distribution.

〈Nb〉 =
∫

θcmax

θcmin

gb(x)dx (4.3)

We also tested the model of a single Gauss with linear background and a double
Gauss with the background of the second-order polynomial. But it turns out the
model of double Gauss and linear background is the most appropriate one and ac-
curately describes the physics behind photon sources that form the full measured
Cherenkov distribution.

4.4 Signal-background ratio improvment

The goal of our work is to reduce the background in the measured Cherenkov distri-
bution. So to quantify the signal improvement due to the background removal we
introduce the signal to the background ratio:

SB =
〈Ns〉
〈Nb〉

,

and the quantity that determines wether we improved the signal to the background
ratio with removal of the background:

SB improvement = SB after cut − SB before cut.

The cut indicates that we changed a specific parameter in our ARICH sub-system
data processing to remove particular photons. In the upcoming analysis, we use two
types of calibration cuts:

• the number that determines when a specific channel is hot and,

• the maximum number of hits per APD module that still represent Cherenkov
photons.
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cupancy distributions for every run from experiment 3 in 2018 and from experiment
7 in 2019 we obtain Figure 5.4. Colours in the plot tell us how often occupancy
distributions overlap one another.

Occupancy distribution overlaps allow us to see that the red part is characteristic
for most of the runs while we see slight differences in occupancy distributions from
one run to another. Another thing we observe from Figure 5.4 is that channel occu-
pancies for data from 2019 are smaller on average than channel occupancies in 2018.

There are several things that caused the differences in occupancy distributions. We
need to know that during the operation of ARICH sub-system in 2018 different
parts of the detector were turned on and off. Due to cooling problems only a half
of ARICH sub-system photodetector plane was turned on at any moment. In 2019
however the entire ARICH sub-system was operational.

Another contribution to the differences in run occupancy distributions can be at-
tributed to the fact that every run has a different amount of events per run. It’s also
worth mentioning that the particles produced by electron-positron collisions differ
from event to event. Thus the type of physics processes we measured vary slightly
from one run to another.

At each run different ARICH electronic components misbehave. They have to be
recalibrated via software reloads or bias voltage changes. Each such change can
influence the occupancy distributions we obtain for every run.

Despite all the effects that can cause changes to the occupancy distributions between
different runs, we still want to know when the specific channel is hot. We define
max. channel occupancy that allows us to distinguish between the hot channel and
channel that behaved properly. Every channel that has an occupancy higher than
the defined max. channel occupancy is hot.

From Figure 5.4, we see that any max. channel occupancy above 0.4% should be
high enough that we do not remove any signal. But to confirm this assumption,
we should take a closer look into the shape of the background attributed to the hot
channels as a function of max. channel occupancy we chose.

5.1.2 χ2 measure

If we now compute the background that was removed by setting max. channel oc-
cupancy to 0.4% we obtain a background distribution. Then we fit the obtained
background distribution with the background model described in section 4.5. We
then compute the χ2 of the fit for obtained background distribution. If we repeat
the process for every max. occupancy in range [0, 1.0] in steps of 0.01 for run
2018-exp3-02475 and 2018-exp3-02476 we obtain value of χ2 as function of
max. occupancy.
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5.2. HAPD flash events

ARICH HAPD plane: event 65892
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ARICH HAPD plane: event 65892

Figure 5.12: Example of a flash event where all pixels on the HAPD module detected
a photon.

However, from time to time events like the one in Figure 5.12 occur. We observe
that the entire HAPD or APD module glows. The only explanation why such an
event would be detected is that the module malfunctioned.

Charged particles produce only a few photons per track. Those photons land on the
area of several APD modules. Since there are only a few charged particles produced
per e+e− collision, there’s no reason why all of the 36 APD pixels could be hit. We
want to determine how many hits per APD could still be produced by Cherenkov
rings and in which case there was a detector malfunction.

We want to check how many hits per HAPD/APD we have. By creating a his-
togram where we count how many hits per APD in an event we had we obtain
Figure 5.13 left. From Figure 5.13 left we see that in some cases all 36 APD pixels
were hit. By looking at the histogram for the number of hits per HAPD per event
we observe a similar effect - Figure 5.13 right. There are cases where all channels
of the HAPD chip are hit which has to be a consequence of the detector malfunction.

Next, we want to check if the number of hits per APD per event is somehow con-
nected to the number of hits per HAPD per event. To check for any correlations,
we create a two-dimensional histogram that has a number of HAPD hits per event
on x-axis and number of APD hits on the y-axis.

Once we fill the two-dimensional histogram, we obtain Figure 5.14. We observe that
slight correlation is present between the number of hits per APD and number of hits
per the corresponding HAPD. We observe that we have two types of events.
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5.3. Influence on µ+, µ−, e+, e− events

However, the background we have removed with APD cut is non-linear and not at
all what we would expect (see Figure 5.22). The non-linearity of the distribution on
figure 5.22 is most probably due to the low statistics but we can not claim that for
sure.
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Chapter 6

Conclusion

This thesis provides several results useful for ARICH sub-system calibration process:

• The best model for Cherenkov distribution is a combination of two Gaussian
functions and a linear function.

• To remove the hot channels we need to cut all the channels that have occupancy
above:

– 0.45% for 2018, the experiment 3 and,

– 1.0% for 2019, the experiment 7 measurement campaigns.

• To remove APD flash events we need to cut all APD modules where the number
of detected photons per APD exceeded 16 photons.

• Summation of background distributions from all runs for specific measurement
campaigns is the simplest method that checks if our hot channel cut or APD
cut have removed any signal.

• With proposed cuts we indeed improve the signal to noise ratio in the measured
Cherenkov distributions.

We proposed a set of calibration parameters that can be used by ARICH sub-system
group to improve sub-systems future operations. Obtaining above results required
much patience, learning and overcoming several obstacles :

• Navigation of the Belle II collaboration bureaucracy.

• Setup of the Belle II computing environment with all the authentication cer-
tificates.

• Learning the ropes of basf2 software framework that the Belle II collabora-
tion uses for data processing.

• How basf2 framework manages memory. How data is stored and passed
around.

• How the ARICH sub-system software modules work. What type of data they
produce and how.
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• Learning how to use the KEK computing cluster in Japan for processing of
large volumes of data.

• Learning the trade-offs between storing all processed data sets and storing a
minimal amount of probability distributions needed for analysis.
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Povzetek v slovenskem jeziku

7.1 Motivacija

Leta 2008 se je pričel razvoj spektrometra Belle II in trkalnika SuperKEKB. Trkalnik
preko trkov elektronov in pozitronov proizvaja mezone B. Posamezni poddetektorji
spektrometra Belle II nato izmerijo, kakšni delci so nastali ob razapdu mezonov B.
Eden izmed poddetektorjev, ki določa identiteto nastalih nabitih delcev, je detektor
obročev Čerenkova (ARICH). ARICH je sestavljen iz dveh slojev aerogela in sloja,
ki vsebuje pozicijsko občutljiv fotonski detektor. Posamezne Čerenkove fotone, ki
jih nabiti delci izsevajo, ko prečkajo aerogel, zaznajo kanali fotonskega detektorja.

Do začetka leta 2018 je bila večina komponent spektrometra končana in pričel se je
proces kalibracije poddetektorjev. V času kalibracije je bilo opaženo, da določeni
kanali ravnine fotonskega detektorja ARICH ne zaznavajo fotonov (mrtvi kanali) in
da nekateri kanali zaznavajo fotone tudi v primeru, ko fotonov na kanalih ni bilo
(vroči kanali).

Cilj te naloge je razvoj kalibracijskega postopka, ki omogoči identifikacijo napačno
delujočih kanalov fotonskega detektorja.

7.2 Eksperiment Belle II

7.2.1 Fizikalni program

Spektrometer Belle II je del trkalnika SuperKEKB v Tsukubi na Japonskem. Trkalnik
je zasnovan z namemon, da proizvede veliko število mezonov B. Tekom delovanja bo
eksperiment Belle II zbral 50 krat več podatkov, kot jih je zbral njegov predhodnik
Belle I. Velik vzorec izmerjenih mezonov B bo raziskovalcem omogočil:

• natančne meritve s področja fizike okusa,

• študije primerov, kjer je kršena nabojno-parna (CP) simetrija,

• meritve elementov CKM matrike,

• iskanje fizikalnih procesov, ki jih Standardni model ne popiše,

• natančne meritve redkih razpadov mezonov B, D in leptonov τ .
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in razdalja, ki jo prepotuje izsevan foton ct tvorita pravokotni trikotnik (slika 7.4).
Posledično lahko Čerenkov kot definiramo preko preproste trigonometrije kot:

cos θc =
ct

vt
=

c0

vn
=

1
nβ

β =
v

c0

n

v

γ

θc

t = 0

ct

vt

Slika 7.4: Shema poti nabitega delca, ki potuje skozi blok materiala (z lomnim
količnikom n) in foton γ izzsevan pod Čerenkovim kotom θc.

Če poznamo Čerenkov kot in lomni količnik, lahko določimo hitrost nabitega delca.
Za vsak nabit delec lahko ocenimo, koliko fotonov N bo izseval ob preletu materiala
z enačbo povzeto po Jelly [6]:

N ≈ d

(

1 − 1
n2β2

)

.

Število izsevanih fotonov je sorazmerno debelini d materiala, skozi katerega potuje
nabit delec in faktorju, ki je odvisen od lomnega količnika in hitrosti nabitega delca.
Število izsevanih fotonov za nabit delec je majhno.

Napaka pri meritvi Čerenkovega kota je definirana preko enačbe:

σΘc
∝ 1√

N
.

Napaka je obratno sorazmerna s korenom števila izsevanih fotonov. Da bo napaka
meritve Čerenkovega kota čim majnša, želimo, da nabiti delec izseva čim več fotonov
ob preletu materiala.

7.3.2 Zmajnšanje napake pri meritvi Čerenkovega kota

Ko nabiti delec leti skozi material na različnih mestih, izseva fotone. V primeru
tankega materiala je število izsevanih fotonov majhno, a so fotoni izsevani na pri-
bližno enakem mestu. Čerenkov obroč je tanek (slika 7.5 zgoraj). Če vzamemo
debelejši material, bo število izsevanih fotonov večje, vendar bo Čerenkov obroč de-
belejši (slika 7.5 sredina). Lahko pa vzamemo kombinacijo dveh materialov, kjer
je lomni količnik prvega sloja n1 majnši od lomnega količnika drugega sloja n2. S
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tem povečamo število izsevanih fotonov in ohranimo oster Čerenkov obroč (slika
7.5 spodaj). V primeru Belle II sta v detektorju Čerenkovih obročev za material
uporabljena dva sloja aerogela z lomnima količnikoma n1 = 1.045 in n2 = 1.055.

Debel sevalec
n

v

γ

v

Tanek sevalec
n

Detektroska ravnina

v

γ
θc

v

Porazdelitev fotonov

na detektorski ravnini

Dvojni sevalec
n1 < n2

v

γ

v

n1 = 1.045

n2 = 1.055

Slika 7.5: Primerjava različnih konfiguracij detektojra za tanek (zgoraj), debel (sre-
dina) in dvojni (spodaj) sevalec. Na sliki (leva stran) so prikazane strukture sevalca
in pripadajoči Čerenkovi fotoni, na sliki (desna stran) so prikazani Čerenkovi obroči
na detektorski ravnini.

7.3.3 Detektor fotonov

Nastale Čerenkove fotone zaznava pozicijsko občutljiv fotonski detektor. Detektor
fotonov mora dobro delovati v magnetnem polju B = 1.5T , imeti dobro prostorsko
ločljivost za zaznavanje posameznih fotonov in biti odporen na nevtronske poškodbe.
Detekor Čerenkovih obročov uporablja module tipa Hybrid Avalanch Photo Diode
(HAPD) za zaznavanje posameznih fotonov. HAPD je sestavljen iz štirih APD
čipov, ki zaznavajo fotoelektrone. Vsak APD čip ima 36 kanalov. Stranski ris in
tloris HAPD sta prikazana na sliki 7.6.

Ko Čerenkov foton zadene kvarčno steklo HAPD, proizvede fotoelektron. Fotoelek-
tron se nato odvrti v močnem električnem in magnetnem polju proti polprevod-
niškim plazovnim diodam (štiri APD ploščice). Ko fotoelektron zadane plazovno
diodo, povzroči v polprevodniku plaz parov in vrzeli. Plaz povzroči električni sunek,
preko katerega zaznamo katera dioda je bila zadeta.
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Kvarčno okno
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APD mreža: 6 x 6 pixels

Slika 7.6: Levo: Skica HAPD in konverzija fotona v fotoelektron na kvarčnem steklu.
Desno: Mreža HAPD kanalov. Ena četrtina mreže predstavlja APD. Črno območje
predstavlja material, ki je neobčutljiv za zaznavanje fotonov. Kanal obarvan z modro
predstavlja pozicijo zadetka fotoelektrona.

7.3.4 ARICH

Detektor Čerenkovih obročov ali Aerogel ring Imaging Cherenkov counter (ARICH)
je sestavljen iz 420 fotonskih detektorjev HAPD in 124 dvojnih kosov aerogela.
Elektronika fotonskih detektorjev poskrbi, da se meritve prenesejo na podatkovne
diske. Izgled obeh slojev Čerenkovega detektorja je prikazan na sliki 7.7.

Slika 7.7: Sestava slojev ARICH: ravnine aerogela in ravnine fotonskega detekroja
[1].

Poddetektor ARICH je eden izmed dveh sistemov v spektrometru Belle II, ki uporablja
Čerenkov efekt za identifikacijo delcev. ARICH s pomočjo Čerenkovega efekta določi
identiteto kaonom in pionom z gibalnimi količinami med 0.5 in 4 GeV/c. Za nižje
gibalne količine med 0.5 in 1 GeV/c se lahko ARICH poddetektor uporabi tudi za
ločevanje med mioni in pioni.

Pri določanju identitete delcev se ARICH opre na uporabo logaritma funkcije maksi-
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Slika 7.10: Levo: Celotna izmerjena Čerenkova porazdelitev. Sredina: Porazdelitev
ozadja. Desno: Porazdelitev signala.

g(x) = gs(x) + gb(x).

Širina porazdelitve nam poda ločljivost Čerenkovega kota, pozicija vrha pa Čerenkov
kot. V naših meritvah želimo zagotoviti, da bo ozadje Čerenkove porazdelitve čim
majnše. Zmajnšanje ozadja dosežemo s postopkom kalibracije detektorja.

Če sedaj prilagodimo izbrani model izmerjeni Čerenkovi porazdelitvi, lahko s po-
močjo dobljenih parametrov modela ocenimo količino signala Ns (slika 7.10 desno):

〈Ns〉 =
∫

θcmax

θcmin

gs(x)dx

in količino ozadja Nb (slika 7.10 sredina):

〈Nb〉 =
∫

θcmax

θcmin

gb(x)dx

okoli povprečnega Čerenkovega kota. Meje integrala so definirane kot θcmin
= θmean−

σθc
in θcmax

= θmean + σθc
.

7.3.7 Izboljšava razmerja S/B

Vpeljimo še razmerje med signalom in ozadjem:

SB =
Ns

Nb

in količino, s katero merimo, ali se je razmerje signal/ozadje izboljšalo:

SBizboljšava = SB pred rezom − SBpo rezu
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7.5 Zaključek

V okviru dela smo prišli do naslednjih rezultatov, ki so uporabni za potrebe kali-
bracijskega procesa poddetektorja ARICH:

• Najbolj primeren model za opis Čerenkove porazdelitve je kombinacija dveh
Gaussovih funkcij in linearne funkcije.

• Za odstranitev vročih kanalov moramo iz naših podatkov odstranit fotone, ki
pripadajo kanalom, katerih zasedenost je bila večja od:

– 0.45% za leto 2018,

– 1.0% za leto 2019.

• Za odstranitev APD bliskov moramo odstraniti vse primere, kjer je število
zaznanih fotonov na APD čip preseglo 16 fotonov za leto 2019.

• Vsota odstranjenih ozadji za vse merske kampanje iz posameznega leta je na-
jboljša metoda, s katero lahko preverimo, ali so rezi vročih kanalov in APD
bliskov odstranili kaj singala.

• Potrdili smo, da s predlaganimi rezi res izboljšamo razmerje S/B med signalom
in ozadjem v izmerjeni Čerenkovi porazdelitvi.

S pomočjo ugovotitev te naloge bo lahko raziskovalna skupina, zadolžena za obra-
tovanje poddetektorja ARICH, izboljšala obratovanje detektorja v prihodnosti.
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