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Thesis relevance

The Belle 11 experiment at the SuperKEKB asymmetric ete™ collider [1]2]
in the High Energy Accelerator Research Organization (KEK, Tsukuba, Japan)
is searching for CP asymmetries in different rare decays, as well as new physics
(NP) beyond the standard model (BSM) and aims to collect a high statistics
data set corresponding to an integrated luminosity of 5O[ab_1].

The primary physics goals of Belle II, as a next-generation flavor factory,
are to search for NP in the flavor sector at the intensity frontier, and to
improve the precision of measurements of Standard Model (SM) parameters.
The SuperKEKB facility is designed to collide electrons and positrons at center-
of-mass energies in the regions of the T resonances. Most of the data will be
collected at the Y(4S5) resonance, which is just above the threshold for the
production of B-meson pairs where no fragmentation particles are produced.

Its predecessor, the Belle experiment, was able to identify pions and kaons
with momenta up to 2[GeV /c| in the forward end-cap region. However, in the
Belle II experiment identification of charged particles with higher momenta
i.e. up to 4|GeV/c| in the forward region is required to search for new physics.
To identify high-momentum particles in the forward end-cap region, the effi-
cient Particle Identification Detector (PID) - Aerogel Ring Imaging Cherenkov
(ARICH) counter was designed for the Belle II spectrometer. The ARICH
counter construction was completed in October 2018 and the detector was
installed on the Belle II spectrometer in December 2018. At that point, ARICH
was integrated into the operation of the Belle II spectrometer.

The main characteristics of the ARICH detector are efficiency and mis-
identification probability which are essential for physics analysis. We study the
Aerogel Ring Imaging Cherenkov (ARICH) detector response in terms of loglike-
lihood functions using decay samples of D*t — D + 7+ and D*~ — D 4+ 7~
resonances. For this purpose we use experimental data corresponding to

368.091[fb~!] combined integrated offline luminosity and Monte Carlo run inde-



pendent sample with the integrated luminosity for each quark combination equal
to 1000[fb_1], which include different quark combinations like: wi, dd, s3, c¢
as well as B’BY, B~ B™ pairs combined with the weights proportional to the
corresponding cross section for e~et — g processes.

The particle identification efficiencies and mis-identification probabilities are

presented in 2D momentum and the polar angle bins.

Relevance of the research topic

Modern experimental setups used for high energy physics experiments are
essentially complicated and expensive. This is directly related to Belle I setup,
which consists of many sub-detectors, including a set of Particle Identification
Detectors (PID), where the Aerogel Ring Imaging Cherenkov (ARICH) detec-
tor[2] is one of important elements providing selection of hadrons at certain
momentum and angular regions of charged particles phase space. Optimization
of such a detector in the sense of providing maximal performance is very impor-
tant to increase the efficiency of data taking. The present thesis is devoted to
detailed studies of the mentioned problems based on the analysis of experimental

data and the corresponding Monte Carlo (MC) simulations.

The aims of the thesis

The main purpose of the work done during the thesis preparation was
extraction of ARICH detector efficiency and mis-identification probability based
on known decays such as D*" — D 4+ 7t and D*~ — D° 4+ 7~. Obtained
tabulated (parameterized) values of ARICH efficiencies and mis-identification
probabilities as a function of particle momentum and polar angle are very
important ingredients for any physics analysis using the global PID, for which

the information provided by ARICH is necessary. The procedure of extraction



includes many components, such as fitting of invariant mass spectra, estimation
of possible backgrounds using the information form MC simulated spectra,
knowledge and experience with complicated Belle II software, and experience

with details of ARICH functioning, obtained during many performed shifts.

Scientific novelty

The studies performed during the thesis preparation related to extraction of
the ARICH efficiencies and mis-identification probabilities in two-dimensional
(2D) momentum and polar angle space were performed for the first time. The
results obtained provided more detailed information on the kinematic depen-
dencies for ARICH performance. In addition, a possible dependence on the
multiplicity of the track (number of charged tracks) was investigated for the
first time. Another novelty is detailed studies of MC simulated invariant mass
spectra with very high statistics, where the limitation on statistics in 2D space
existing for experimental data can be overcome. Then based on achieved good
MC/Data agreement such approach allowed to extract 2D dependencies for the

performance in much more fine binning over momentum and polar angle.

Practical and experimental significance

The results for extraction of ARICH performance parameters in 1D and 2D
phase space are already and will be intensively used by BELLE II collaboration
in many analyses based on the necessity of hadrons separation with the set of
PID detectors, where the ARICH is one of essential components. Also, in many
other large experiments, where ARICH-like detectors are used and will be used,

the obtained results and developed methods can be applied effectively.



Approbation of the work

The results used for this thesis were reported on international conferences
(workshops), main meetings of Belle IT collaboration, as well on many seminars at
AANL. The results obtained were also presented during international conferences:
in the "11th International Workshop on Ring Imaging Cherenkov Detectors"
(Sept. 12-16, 2022, Edinburgh, UK) and in the "Recent Advances in Fundamental
Physics" school and workshop(Sept.24-Oct.1, 2022, Thilisi, Georgia).

Structure of the thesis

The dissertation work consists of an introduction, 5 chapters, a conclusion,
an acknowledgment, a list of codes, and a list of references used. Altogether, it
consists of 130 pages, includes 20 tables, and 300 plots. The thesis contains 40
publications.

The introduction describes the Belle II experiment [1][2], gives some
information about the structure of the setup with some details of various sub-
detectors. Furthermore, it gives us information about the physics goals of the
Belle IT experiment and explains which gaps in modern physics can be covered
with the help of Belle II experiment.

Chapter 1 gives information about the BELLE II experiment, shows the
overall setup of the SuperKEKB accelerator, describes different sub-detectors
and presents the importance of this experiment as one of the most important
experiments in particle physics and in the B-factory.

§1.1 describes the SuperKEKB accelerator and the physical goals of it.
SuperKEKB is a circular collider with a circumference of approximately 3 km,
located 11 meters beneath the surface. It accelerates beams of electrons and
positrons to nearly the speed of light, causing them to collide. Together with

the Belle II detector, SuperKEKB serves as a facility aimed at exploring new



physical phenomena that could provide insights into the fundamental mysteries
surrounding the origins of the universe.

§1.2 represents the BELLE II experiment. The physical characteristics of
it and gives information about its sub-detectoral structure. Various detector
components are arranged cylindrically around the beamline. The detector
components can detect the individual degradation end products of the decay
(such as electrons, muons, pions, and other particles).

§1.2.1 reveals about "Inner and Tracking detectors" in Belle IT experiment.
The VerteX Detector (VXD) system which consists of two inner layers of a
silicon PiXel Detector (PXD) followed by four layers of a Silicon Vertex Detector
(SVD) is fundamental for reconstructing the vertex of B-mesons decays. The
central drift chamber (CDC) that measures the trajectories, momenta, and
dE/dx information of the charged particles.

§1.2.2 demonstrates the electromagnetic calorimeter (ECL) which provides
the detection of photons and particles 7 from the decays of the B-meson. The
ECL’s energy resolution is crucial for distinguishing signal and background
events, especially in high-energy collisions.

§1.2.3 depicts the identification of muons and Kj; mesons in the largest
Belle IT sub-detector which is KLM (K-Long-Muon). It is positioned in the gaps
of the magnet yoke. Due to the distance between the interaction point and the
metal in the yoke, only muons and K7 particles can penetrate and reach the
KLM effectively.

§1.2.4 illustrates trigger-and-data-acquisition in the Belle IT experiment,
which is used to select and store interesting events while reducing the data flow.

§1.2.5 portrays the Particle Identification detectors used in the Belle II
experiment. A barrel-shaped array of Time-Of-Propagation (TOP) counters
reconstructs in spacial and time coordinates, the ring-image of Cherenkov light
cones emitted from charged particles passing through quartz radiator bars. The

Time-Of-Propagation (TOP) counter in the Belle II detector distinguishes pions



from kaons, crucial for identifying B meson decays.

Another ring-imaging Cherenkov counter with aerogel radiator in the forward
end-cap (A-RICH), is used to identify charged particles in the front-end endcap
region of the Belle II spectrometer. Its main objective is to separate kaons
from pions in the full kinematical region of the experiment (about 0.5-4.0 GeV).
About ARICH we will talk in the next section.

Chapter 2 describes the principle and the design of the Belle IT Aerogel
RICH counter.

§2.1 outlines the principles of Cherenkov radiation and Cherenkov detectors.
The dedicated particle identification Cherenkov counters detect charged particles
through the effect of Cherenkov radiation. Cherenkov radiation arises when a
charged particle moves in a dielectric material faster than the light travels in
the same material where the number of emitted photons depends on the charge
of the particle.

§2.2 presents the principle of particle identification in the Aerogel RICH
counter. The fundamental operating principle of all Cherenkov detectors is
consistent. They require a radiator material where Cherenkov photons are
produced along with a medium where these photons can travel (often aided by
mirrors or lenses to focus the photons). In addition, sensors are needed to detect
photons. The design and choice of materials for the detector are determined by
factors such as spatial constraints, desired signal resolution, and the need to
differentiate between particles across a specific momentum range. In particle
physics, momentum is typically used in place of velocity, so the focus is on the
relevant momentum range for operation.

A schematic representation of the ARICH detector and its operation is
shown in Fig.1.

§2.3 describes the main components of the ARICH counter which are: re a
double layer aerogel radiator for Cherenkov photon emission, an empty space for

a Cherenkov light-cone ex- pansion, the Hybrid Avalanche Photo-Detector(HAP
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Figure 1 The principle of the particle identification with the ARICH counter

D) sensor plane and the read-out electronics, which were developed for the Belle
Il experiment [3][4].

§2.2.1 gives insight into the radiator and explains the preferences of using
the dual layer scheme which is adopted to improve angle resolution without
reducing the number of detected Cherenkov photons [9][6] [7].

§2.2.2 gives the physical characteristics of a photon detector which is capable
of single-photon detection and tolerance to the high magnetic held. As a photon
detector, the HAPD Avalanche Photo Diode was developed [8][9].

82.2.3 describes the readout electronics for the ARICH system comprise
Front Bnd Boards (FBBs) and Merger Boards (MBs). In the ARICH system, the
primary function is to measure the image of the ring, and only hit information
is collected [10] [11][12].

82.2.4 depicts Aerogel material and its properties. Aerogel is an extremely
lightweight material known for its high optical transparency. Its structure
resembles that of a gel, but the liquid component is replaced by gas. Aerogels
vary depending on factors such as molecular structure, density, water interaction,
and more.

Chapter 3 describes the performance of the Belle Il Aerogel RICH counter
13|

83.1 informs us about the PID method [14]. For each charged track passing



through ARICH, the value of the likelihood function for six particle hypotheses
is evaluated: electron, muon, pion, kaon, proton, and deuteron. The separation
between kaons and pions is performed by imposing selection criteria. on the
logarithms of likelihood ratios.

The separation between kaons and pions is performed by imposing selection

criteria on the logarithms of likelihood ratios which are defined as

InL K
InLg + InL;

Rgjr = (1)

InL,
InLg + InL;

Rk = (2)

§3.2 describes the probability density function(PDF) which is constructed
from two parts: track-correlated and uncorrelated components. First, the track-
correlated part is built as a function of the reconstructed Cherenkov angle, which
corresponds to the Cherenkov angle for unscattered Cherenkov photons. The
expected number of hits on a specific channel (denoted as (4, )) is determined
by projecting the correlated part of the PDF onto the photon-detector plane
and integrating it over the surface of the pixel i. Additionally, the uncorrelated
part of the PDF is added to this calculation

83.3 presents efficiency determination. The registration efficiency of ARICH
detector as well as the mis-identification probability as a function of a particle
momentum and polar angle are very important characteristics for any Particle
Identification Detector (PID) in measuring of physical observables such as the
cross-section, branching fractions and others. Usual approach to calculate the
efficiency is based on usage of well-known resonance decays with pions, kaons,
and protons in the final state. Identification performance is discussed in terms
of identification efficiency € and the mis-identification probability 5. Both are
determined as a ratio of the number of reconstructed D* decays obtained with

and without the identification selection criteria applied, i.e.:

10



number of K tracks after Ry > Ry

€x = 3
K number of K tracks 3)
number of w tracks after Ry > Rey )
€r =
number of m tracks
number of K tracks after Ry > (Rou) 5)
= number of K tracks
number of m tracks after Ry > (Rew)
= ) (6)

number of m tracks

where R,k and Ry, are defined by Eq.(1, 2) and R, is fixed after
dedicated studies with typical values R.; = 0.6.

Chapter 4 describes the dataset that was used for our studies.

§ 4.1 refers to the selection of events for this thesis. To evaluate particle
identification performance D** — D*(D%)n* — (KFn%)nt decays were used.
Certain kinematic and geometric restrictions were applied to the decay product
in order to have a more clean sample.

§ 4.2 indicates the dataset which was used as a Data sample. A subset of
the Moriond 2023 dataset was used for this study. In the Belle II experiment,
some amount of data collections is called an experiment. The compatibility
between different data samples(experiments) was checked.

Fig. 2 shows the invariant mass distributions for D* and D® where different
colors correspond to different experiments and normalization was performed
through cross sections.

For final results, the combined sample was used with combined integrated
offline luminosity 368.091 [fb™].

11
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Figure 2 The invariant mass distributions for D° (a) and D° (b).

8 4.3 portrays the dataset that was used for the MC sample and includes
different combinations of quarks like uu, dd, s.s, cc as well as B°B °, B~B + pairs.
With the integrated luminosity for each quark combination equal to 1000[fb 1].
Since the reconstruction of the D*~ —=D° + *~ and D*+ —D° + T+ samples
was done separately the compatibility between those samples was checked. The

invariant mass distributions of the D° and D° particles for different MC samples
are shown in Fig. 3.
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Figure 3. The invariant mass distribution for D° (a) and D° (b).

8 4.4 shows the previous studies about ARICH efficiency and mis-
identffication probability studies [15] [16].

8 4.5 indicates the technical steps that were taken to obtain these results.
To perform this analysis a python code was written which allows us to re-

construct necessary particles. In this case D*+ — D°(D°)7rx — (A'¥Hrt)7r+

12



decay was reconstructed. The slight changes on fallowing code may allow
for the reconstruction off different particles, and also similar studies for other
sub-detectors.

Later, codes were sent to the GRID system and after being done were
downloaded to AANL, Belle local machine. In order to continue further studies
ROOT and JupiterN otebook programs were used. We also wrote a code for
fitting procedures as well as another code for checks of different distributions
for different variables.

Chapter 5 shows the results obtained during these studies.

8 5.1 indicates the comparison that was done between Data and MC run
independent samples. Furthermore, the comparison quality dependence of
different variables was shown and the most optimal restrictions were chosen for
further studies. Fig. 4 shows the comparison between Data vs. MC samples for

D°D° invariant mass distributions.
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Figure 4: The invariant mass distribution of D°D° for Data and MC samples.

8 5.1.1 since the Data vs MC15ri(run independent) samples had some
difference in signal region, it was decided to generate the MC15rd (run dependent)
sample and compare it with the MC run independent and Data samples. The
comparison shows (Fig. 5) that there is a good agreement between MC15ri vs.
MC15rd samples but still not a good agreement between Data vs. MC15rd

samples in the signal region.
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Figure 5. The invariant mass distribution for D°D° for MCrd vs. MCri vs.
Data samples.

8 5.2 describes the RooFit tool, which was used to perform a large amount
of necessary fitting procedures. Different fit options were checked, and the best
one was chosen for further studies which is Double Gaussian and Chebyishev
polynomial.

Fig. 6 shows an invariant mass fit of D°D° with double Gaussian and 1st

order of the Chebyshev polynomial.
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Figure 6. The fitted D°D° invariant mass distributions for Data (a) and MC
(b) with double Gaussian + \st order of Chebyshev polynomial.

8 5.3 shows the calculated efficiency and mis-identihcation probabilities for
kaons and pions for Data and MC samples in momentum and polar angle bins.
For these studies 6 x6 two-dimensional binning over momentum and polar angle

was used as shown in Table 1
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p bins [GeV/c 0 bins [rad]
[0.3;1.0] [0.30;0.36]
[1.0; 1.7] [0.36;0.39]

[1.7:2.4] [0.39;0.42]
[2-4;3.1] [0.42:0.45]
[3.1;3.] [0.45;0.49]

[>3.8' 0.49;0.53]

Table 1 2D bining for kaons and pions

Using Eq.(3-6) we calculated the efficiency and mis-identification probability
values for kaons and pions obtained for Data, and MC. For this purpose, we use
the binning over momentum and the polar angle shown in Table 1.

The efficiency and mis-identification probability values are determined as
e= Az (a/B £ ab, where A, aA,B, as is defined from fitting procedures. For
this purpose, bin-by-bin fitting was performed. Furthermore, the efficiency and

mis-identification uncertainty values ae were determined from the equation:

GE= b+ aB - 2e2i (A(B 7

The efficiencies and mis-identification probability values in the one-

dimensional frame over momentum binning can be seen in Fig. 7.
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Figure 7. Efficiencies and mis-identification dependencies in momentum
binning.
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And Fig. 8 shows the calculated efficiencies and mis-identification probabili-

ties for kaons and pions for Data, and MC samples over polar angle bins.
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Figure 8. Efficiencies and mis-identification dependencies over polar angle
binning.

As can be seen from the obtained results, in general there is good agreement
between the Data, and MC samples. Kaon detection efficiency for all bins in
the above bins from 90% and defers from 91-94%). Meanwhile, pion detection
efficiency is higher than 80% and is delayed from 81-87%). Furthermore, the
mis-identification probability for kaon is changed from 5-12%). It reaches its
minimum value for the small momentum bins and its highest value for higher
momentum bins. For the pion mis-identification probability is lowest for the
smallest momentum bins and about 6% but reaches its maximum for highest
momentum bins until 13%.

8 5.3.2 indicates the calculated 2D efficiency and mis-identification proba-
bility values for kaons and pions for Data, and MC samples in the momentum
and polar angle bins with respect to each other.

Fig. 9 shows the 2D efficiency frame for kaons and mis-identification frame

for pions based on Data, results.
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Figure 9: 2D efficiency plot for kaon(a) and mis-identification plot.(b) for pion
based on Data results.

Fig. 10 shows the 2D efficiency frame for kaons and mis-identification frame
for pions based on MC results and Fig. 11 shows the 2D efficiency frame for

pions and mis-identification frame for kaons based on Data, results.

8, [rad.]

(b)

Figure 10: 2D efficiency plot for kaon(a) and mis-identification plot(b) for pion
based on MC results.

As can be seen in Figs. 9 (a) and 10 (a), the ka.on efficiency is low for
low- and high-momentum bins, meanwhile, it is higher for middle-momentum
and high-polar angle bins. Furthermore, as can be noticed in Figs. 9 (b) and
10 (b), the pion mis-identification probability is low for small momentum bins
and higher for high momentum bins, which explains the low ka.on efficiency

17



in high-momentum bins. Moreover, there is good agreement between Data.
(Fig. 9) and MC (Fig. 10) samples for the kaon detection efficiency and pion

mis-identification probability values in the 2D frame.
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Figure 11: 2D efficiency plot for pion(a) and mis-identification kaon(b) for
pion based on Data results.

Fig. 12 shows the 2D efficiency frame for pions and mis-identification frame

for ka.ons based on MC results.
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Figure 12: 2D efficiency plot for pion(a) and mis-identification plot(b) for kaon
based on MC results.

As can be seen in Figs. 11 (a) and 12 (a), the pion efficiency is low for low-
momentum bins, meanwhile, it is higher for middle- and high-momentum bins.

Moreover, those 2D results prove the noticeable difference between Data and MC
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for pion efficiencies which was caused clue to a release problem. Furthermore, as
can be noticed in Figs. 11 (b) and 12 (b), the pion mis-identihcation probability
is low for all momentum bins and there is good agreement between Data, and
MC samples for kaon mis-identihcation.

8 5.3.3 refers to the efficiency and mis-identihcation probability values with
respect to the dependence of the R variable which is the ratio of two loglikli-
hoocl functions. Fig. 13 shows the efficiency and mis-identihcation probability

dependencies of the koa.n and pion over the R variable.
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Figure 13: Koan and pion efficiency and mis-identification probability
dependence over R variable.

As we can see from obtained results there is a good agreement between
Data and MC samples for kaon efficiencies and pion mis-identihcation probabili-
ties(Fig. 13(a)).

Meanwhile, for pion detection efficiency (Fig. 13(b)) we see a shifted results
between Data and MC. Detection efficiency for Data on average estimated about
4-5% is higher from the MC results. This phenomenon has been noticed in other
Belle Il analyses and was related to release06. This problem exists only in
release06 and was hxed in higher releases. Whereas the kaon mis-identihcation
probability is mainly constant and in average it is about 9-10%).

8 5.3.4 refers to the efficiency and mis-identihcation probability values with

respect to the dependence of the Q variable, which is the energy released in
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decay.
Fig. 14 shows the dependence of the koa.n and pion efficiency and the

mis-identffication probability on the Q variable.
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Figure 14: Koan and pion efficiency and mis-identification probability
dependence over Q variable.

As we can see from the results obtained there is mainly a good agreement
between Data, and MC samples for ka.on efficiencies (figure 14(a)) except for
few points where we see that the efficiency obtained for Data, is higher than
that for the MC. Meanwhile, from (Fig. 14(b)) we see slightly shifted results
for pion efficiencies between Data, and MC samples. As was explained above,
this is a release problem and was fixed in later releases. Furthermore, for
pion(hgure 14(a)) and ka.on (figure 14(b)) mis-identffication probabilities we
see g good agreement between Data, and MC. In general, ka.on efficiency varies
from 91.4-97.13% and for pions its 80-90%). Overall, the ka.on mis-identffication
probability in average is about 9.2-10%), meanwhile for pions it is about 11-12%).

Conlusion briefly presents the information presented throughout the thesis

and states its main results:
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Main results

The efficiency and mis-identification probabilities via momentum and polar
angle binning for Belle [T ARICH counter were calculated for pions and kaons.
The results obtained for Data and MC samples are in good agreement with each

other and match the previous obtained results in Belle II.

Conclusion

The physical program of the Belle IT experiment requires prompt reconstruc-
tions of different decaying particles, which means the separation of final-state
hadrons. This is provided with the set of PID detectors, including the ARICH-
aerogel Cherenkov detector, which is one of the most important ones. Separation
is performed with the combined PID information from all PID sub-detectors.
Thus, the studies of ARICH performance performed during the preparation of
this thesis are very important to provide an effective global PID. The efficiencies
and mis-identification probabilities determined as a function of charged particle
momentum or polar angle, as well as two-dimensional values of mentioned
characteristics determined for both: momentum and angle, are essential ingre-
dients for look-up tables used to be included into the final criteria of global
PID. In order to extract the performance dependencies, well-known decays like
D+ — DY(Da* — (KTr)a* were reconstructed from Belle II data, also
necessary Monte Carlo studies were performed to estimate possible backgrounds.
In addition to momentum and polar angle dependencies, possible influence on

track multiplicity has also been investigated.
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ARICH gpuiighgsh jumuwpnnuijum pjuit munidbumuhpmpniap,
npytiu thgpuynpjud dwmuthatiph ngytujuaugdwh Quptianp
pununnphstiphg dkiljp BELLE II ghnwuthnpdnid

Withmhwghp

Pupan Eokpghwttph wpugugnighsitiph hbhnwugnnnieniattph
Jqugquultpuynipjuh (KEK, Snijnipw, Xwynithw) SuperKEKB wuhubwphl
Unpuyntnh ypw hpwjwubhwgynn Belle II ghmwthnpéan Guyyuwmwl] nlth quntby
CP-umuhuitimphw wmupptnp hwgyunbu wmpnhnoibbpnud, hbpwytu Gule Unp
Phaghiw, npp nnmipu b qujhu Uwinupm Unpbih uvwhdwbbbphg:
Qhununhnpan Gwhiunbunid B opupap Jhwlwugpnipjundp” dhighye 50[ab™]
htwmbgpu) nLuumnyni ppudp mjjutinh hwmjwpwgpnid: dpwua bwhanpnnn
Belle ghwmunhnpan eny] En mwhu hwpuowbtwpbpl) e gpuagl) dhagl 2
[GeV/e] huwniubbtpny whn@iiip W unbbttp gpuwbghsh wnwetiwght
opswitinid: Uwljuy@t Belle 1T ghwmunhnpdanmd, Unp $hghuyh npn-inudabtph
hwidwip, ophtwly™ B - py(p - nm) wnpnghuitipnid, withpuwdtowm  huymbwupbptyg
tL gputgh) wybh pupan hdwnyuatpny thgpudnpyud dwudhlyttn dhasle
4 [GeV/c]:

Uoywo habtinhpp nudhne hundwnp Belle 1T vwhjundbwphlt wdbugyt) k
dwulihyttph nybwyubwgdwut (PID) jpuugnighy; gpnuaighy, npn Yngynid k
Aerogel Ring Imaging Cherenkov (ARICH): ARICH qgpwuighsh Yuwwmwnpnnw-
Jwinipyui wppgmbuwybnmmpmin L uvhuuy  Gnyghwjuiiugdud
hwjuiwuinipmnman juwhjuwd  dwutthlh hdwnyuhg G phitnught
wiynifthg yuplnp pinipugptn G, npntp huwm juplinp &G $hghuljut
Jbinnuonipyul hwdwp: Cinhwipuwbtu, wpynibubunipyui hwydupyh
Ununbignidp hhdtjws E hwpm@h phgniwiiuttiph wupnhnod@ibph ypw, npnig
Yhngbwnnyniipnd vnmwugynid B whndbtp, juntiibp L ypnunntiitn:

Yju nrunidiuuhpnipyud by ghwhwu]l ' ARICH gpubaghgsh Ynnuhg
D* . DDt - (K*n")* wmpnhnudhg wnwewgwd whn@iitph W Junbbkph
gnuwiigdull wpynmibwjtumpmitin b Yhgd nyghwluwbwgnidp, npuybu
$nrijghw hdwnyuhg L plbnuhlt walpnithg: LoYywd wyhruwmwbpnid
Wwuwyyly E Ynn, npp pny B ooughu Jhpuubgot; D dJwubhybbpn
hhdtdbny thnpahg vnwgyuwd vjuyttiph b Untwub-Gwnn dnnbjuwynpdwt
wnniipiitiph  Ypuw: Uunwgduwd hnpdupupuwjui L Unbob-SYwunn
wjuytitipn hundbdwwngl) &6 hpup htm L wnniegyly | oppulig dhetio
hwdwywunwuhiwinigniin: Uwubhlyotph hjuphwinm  qubgqiuotbnh
uwtimpttinn  Gapwuplyty G $hphiigh, nph wpymipmd pumll b
wnwylb] huwdwwywmwuhiwd mupptpuyn, uwt B Ypliouyh Quniguwuwt
Qbtphplth wnihtindhuy $nLdyghwtp:

<uwpyunlyty E e whn@ttph W untttph vhaowg anygiwljutiugdut
hujw-twjutnipinLtn pum hdwynyuh W plhbinuyhtt wblpwt wwuppbp
wnpdtpotnh, nph wpynmopmd uvnmwgyl) G dGppahwth e Bplpypwuath
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yuuljtpbtpn: Unwgywé wpmygnibphtipn hudpyimd G twhahtinod
unwugyué wpynihpitph htwm: Yhubppmwghuwyh dJudwbwl vnwgyud
tnhputh wipnynibpbtpn pun hdwyniyuh e phiinught wbljjwut, npnop
Jtpwpbkpnid G ARICH gpwuaghsh Unnihg Jwnbbbtph no whnbbbph
wpnynLounjtim gpuigiwuth nL ytinod unyiuljutwugiun
hujumtujutnipyutn, Juwwupdl]p G wnweht wigqui: Uwnwugjwud
wpynrapttnn wpuwdwnpl] B6 wdblh dwipuiwuth mbtnblnipiniaatnp
ARICH-& gnwiaghsh JJumnwupnnujutniEyud Jhituw-nhjujwut
Juhijwonipinihabnh dwuhi: Pnununpanipjuid wmnuninghwjhg
(thgpunnpjwé  htmptiph  pwiwhhg) hiwpuynp  Yupojuonipinman
tnytuybu ntumdtwuvhpyt) Ewunwehtt mbgud: UL uy) Gnpnipinih E Untwub
Yunin  uhunywuwghwhg  httJuphwim  quigyuéh  uwhklwmpbbpnh
duipuiuwut nmunudtwwuhpnipiniin pum pupanp  Jhawljwugpnipjudp,
nputin hunpwhwpth £ hnpédupupujut umpwainh hwdwun gnnipinih
nLiitignn tplyuth mupusnipyui Jhéwlwgpnipjui vwhdwiuthwlnidn:

ARICH gpwighsh juumwpnnujuinipyu wyupuwdtnptph unwugdub
wnmyniipitnp thwywh W tplyuch puquyhdt mupusnipnitiitipnid uwydd b
Uhpwnynid &G G juylinpk Yyhpunyk BELLE 1T hwdwgnpoéwljgnipjut
Unnihg pwgdwphy Jepnoonipmitiibpnud, npnip  wwhwbenid G
hwunpn@iitph puwdwiinid:  fwgqiwphy wy ghuwhnpdbpnond, nputn
oquuwignpdéynid Ll ARICH qgpwighsh whwh gpuighgiibp, uvnwgyud
wnyniipitnp L Wwljgwo dbhpnnitpn Junnn G4 wpnnituybnm jhpungtg:
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N3y4uenne npousBoautesbHocTu gereKTropa ARICH, kak ogaOoro n3
OCHOBHBIX KOMIIOHEHTOB NJEHTUMUKAINN 3aPIKEHHBIX YaCTHUIL B
sxkcriepumenTe Belle 11

Pes3ome

Dkcnepument Belle IT na acummerpuanom et e kosnaiinepe SuperKEKB B
Ucenenosaresnbekoit opranusanuu yckopureseit Boicokux suepruii (KEK, Ily-
Kyba, flnonmust) Haresen Ha morck CP-acuMMeTpU B PA3IMIHBIX DEJIKUX PACTIa-
Jlax, a TakzKe Ha HOBYTO (PDU3HKY, BBIXOIAIYIO 3a pejienabl Ctangaprioi Mojie-
JI, U TIpejroJiaraeT Habop JaHHBIX ¢ BBICOKOI CTATHUCTUKOM, COOTBETCTBYIOIIE
nHTerpasbHoil cserumoct 50 ab~!. Ero npemmectsennuk, sxkcrnepument Belle,
TO3BOJIST MICHTHMHUIIPOBATE MHOHBI 1 KAOHBI ¢ nmiyabcamu 10 2 [[9B/c| B
nepejiHeit obsgactu jgerexkropa. Onnako, B 3KanepumentTe Belle II s mowc-
Ka HOBOIl (DM3HKM B Takux Tmporeccax, kak B — py(p — m7), Heobxoamma
UJICHTHDUKAIS 3aPsAzKeHHBIX YacTHI] B TIepeHeil 0b1acTi ¢ 60Jee BHICOKUMI
3HAMEHUSIMU UMITYICOB BIUIOTE 110 4 [['9B/¢|. g peanuzanuu s1oit mpobemb
K crekrpoMeTpy Belle I 6b110 j10b6aBIeH JOMOJHUTEIbHBIN JeTEKTOP HICHTH-
dbukanun gactur (PID), HasbiBaeMbIii 1ePEHKOBCKUM CIETINKOM H300pazKe-
Huit asporesieoro Koibia (ARICH). DddexTuBHOCTL U BEPOSITHOCTD JIOKHOIT
uenTudukanmuu curaajon gerekropa ARICH B 3aBUCUMOCTH OT UMITYJIbCA Ya-
CTUIIBI U yTJIa SIBJIATOTCSA OCHOBHBIMH XapaKTePUCTHKAMU, CYIIeCTBCHHBIMU JIJIs
duznyueckoro anagusa. OOBMHBIN TOX0 K pacueTy 3(DMeKTHBHOCTH OCHOBAH
Ha WCIOJB30BAHUN HU3BECTHBIX PACIaOB PE30HAHCOB ¢ MHOHAMH, KAOHAMH U
MPOTOHAMH B KOHEUHOM COCTOSTHHU.

B ykazanHoit pabore ObL1a o1leHeHa A(PPEKTUBHOCTE PErUCTPALINH JeTeKTO-
poM ARICH nmomnos u kaonos B paccnage D** — DY(DOg* — (KTrH)nt,
Kak PYHKIINS OT UMITYJILCA U TOJApHOro yria. Ha mpeaBapurebHoM sTare pa-
60TBI 6BLT pa3paboTaH KoJl, TTO3BOJISIONIH BOCCTAHABIMBATE [)*F dacTHIb Ha
OCHOBE JAHHBIX, MOJYYEHHLIX B PE3yJbTaTe IKCIEPUMEHTA U MOJCTUPOBAHUSI
Monte-Kapgo. Ilomydennnie skcnepuMeHTaabHBIE TaHIble W gaHnblie MonTe-
KapJso cpaBHUBAIUCH MEXKIY cOOOI U MPOBEPSIOCH COOTBETCTBHE MEXKJTy HHU-
mMu. CrekTpbl WHBAPUAHTHLIX Macc YaCTHIl ObLIN TOABEPTHYTHI MOJTOHKE, B
pe3yabTaTe KOTOpoi ObLIN BEIOpaHbl Hanboiee TOIXOAANINE BAPHAHTEI B BH/JIE
dynkuu Faycca u noamaoMa Hebbimena. bl paccanTanb! 9 HeKTHBHOCTD U
BEPOATHOCTD JIOXKHOM WIeHTH(MUKAIINN TTHOHOB U KAOHOB 110 OMHAM HMITYJILCOB 1
MOJIAPHBIX YIJIOB, B Pe3y/abTaTe 9ero ObLIN MOJyUeHbl OTHOMEPHBIE U JIBYMEp-
Hble n300pazkenus. Pe3yabraThl 3pMeKTUBHOCTH W JOXKHON HIeHTHDUKAIITN
TaKXKe PACCIUTBIBAJINCH B 3aBUCUMOCTH OT JAPYTUX mapameTpoB. [lomydennbre
PE3YIBTATHI COTJIACYIOTCS € patee TOJIyIeHHBIMI Pe3yIbTaTaMI.

VccaenoBanust, TpoBeieHHbIE BO BpeMs TIOJTOTOBKH JINCCEPTAIINN, CBA3aH-
Hble ¢ u3BjaevenueM sdgpdexrurocteit jerekropa ARICH u BeposTHOCTEH 01111-
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bounoit npenTudukaimn B gByMepHoM (2D) mpocTpaHCcTBe UMITYJIBCA U TOJISIp-
HOI'O yTJ18, ObLIM BBIIOJIHEHBI BllIepBble. [lo/yueHHbIe pe3y/IbTaThl IPe10CTaBIIN
OoJ1ee TOAPOOHYI0 MHGPOPMAIUID 0 KUHEMATHIECKUX 3aBUCHMOCTIX JIJIsl IIPOU3-
BoguTesnbHOCTH JerekTopa ARICH. Tak:ke Bepsble ObLIa HCCIEI0BaHA BO3-
MOZKHAST 3aBUCHMOCTB OT TOTIOJIOTHE COOBITHS (KOJMIECTBA 3apszKEeHHBIX Tpe-
KOB). Ele o1HO0l HOBUHKOI SIBJISIOTCSI ITOAPOOHBIE UCC/IEI0BAHUS MOJIEIUPYye-
MbIx MC MHBapHaHTHBIX MACCOBBIX CIIEKTPOB C OY€Hb BBICOKOH CTATUCTHKOIM,
rje orpaHuyeHre Ha CTaTUCTUKY B 2D mpocTpaHcTBe, CylecTBYOIIee JIJisl 9KC-
IEPUMEHTAJIbHBIX JIAHHBIX, MOXKET OBITH I1PE0I0JIEHO.

PesynbraTh! 10 M3BJI€UEHNIO TTaPAMETPOB MTPOU3BOIUTETBHOCTH JTeTeKTOpa
ARICH B 1D u 2D ¢a30BoM NpocTpancTBe yxKe UCTOJb30BATICH U OyIyT WH-
TEHCUBHO HCTOJIb30BaThCs Kostaboparmeit BELLE IT Bo muorux anaauzax, oc-
HOBAHHBIX Ha HEOOXOAMMOCTH pas3jie/ieHns aJ[pOHOB ¢ MOMOIBIO0 Habopa JeTeK-
topoB PID, rie ARICH jnerekTop sBISeTCA OJHUM W3 OCHOBHBIX KOMITOHEH-
ToB. Takzke, BO MHOTUX JAPYTUX OOJBIINX 9KCIEPUMEHTAX, I'JIe UCTIOIb3YIOTC
1 Oy IyT MCIOIb30BaThCA JeTekTopsl Tuiia ARICH, monyuennbie pesyabraTsl n
pazpaboTaHHble METOBI MOTYT OBITH 9(MEKTHBHO TPUMEHEHBI
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