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Abstract—To accomplish the physical program of studies at the planned Super Charm-Tau Factory
electron-positron collider, a high-precision particle identification system is required. A FARICH—
ring-imaging Cherenkov detector based on focusing acrogel and an array of silicon photomultipliers
is proposed. The paper describes a reconstruction algorithm developed for such a detector. The algo-
rithm was tested on simulated pion events with different photodetector noise levels. For dark count
rates up to 103 Hz/mm?, the factor B uncertainty is shown to be less than 5 x 10~# (1 x 10~%) for pions
with momenta of 0.6—1.5 GeV/c and incident angles of 0°—10° (0°—45°) with respect to the normal
to the detector plane.
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1. INTRODUCTION

Experiments with electron—positron colliders are aimed at precision verification of the Standard
Model and the search for new phenomena beyond it. Currently, the scientific community considers sev-
eral versions of e*e~-colliders of the next generation: the ILC in Japan [1], the CEPC in China [2], the CLIC
and FCCee in CERN [3, 4]; in Russia, a project of an ultrahigh luminosity e*e~ -collider (~10% cm=2 s 1)
with a center-of-mass energy from 3 to 7 GeV, i.e., the Super Charm-Tau Factory (SCTF) is proposed [5].
The detector system for experiments on the SCTF collider has a standard cylindrical structure with a track
detector, a particle identification system, an electromagnetic calorimeter, and a muon detector. To solve
the physical problems, in particular for studying rare decay modes of charmed mesons, the search for CP
violations and lepton flavor violation in taulepton decays, particle identification system is required, which
can provide reliable separation of electrons, muons, pions, and kaons in the momentum range of 0.5—
1.5 GeV/c [6]. For example, to separate muons and pions at the level of three standard deviations, the fac-
tor B measurement accuracy should be no worse than 0.005 (0.0006) for pion momenta 0.5 (1.5) GeV/c.

The paper presents the developed algorithm for searching the Cherenkov signal and estimating the fac-
tor B for the identification system based on focusing aerogel with Cherenkov radiation detection by arrays
of silicon photomultipliers (SiPMs) [7]. Tests on simulated events took into account also a possible
increase in noises caused by SiPM radiation damages [8]. The proposed method allows for a required 3
measurement accuracy (at the level better than 10~3) up to the photodetector noise level expected after
several years of SCTF operation.

2. PROJECT AND MODEL OF THE CHERENKOV RING DETECTOR FOR THE SCTF

The particle identification system in the detector at the SCTF will be placed between the track chamber
and electromagnetic calorimeter. The Cherenkov detector based on focusing aerogel (FARICH) makes
it possible to improve the measurement accuracy of the particle velocity due to a decrease in the Cheren-
kov ring width because of the variable refractive index of aerogel [7].
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Fig. 1. Example of the Cherenkov signal (red squares) from the pion with parameters § = 0.998 and 6, = 45°. The green
circle means the intersection of the Cherenkov cone axis with the photodetector plane. Closed squares correspond to

noise hits at DCR = 10° Hz/mmz.

In this study, the results are presented of simulation of a similar system with a photodetector area of
830 x 830 mm? without magnetic field using the Geant4 package tools [9].

In the FARICH prototype model under consideration, a radiator consists of four aerogel layers 9.32,
8.93, 8.55, and 8.20 mm thick with refractive indices of 1.041, 1.044, 1.047, and 1.050 (in the direction
toward the photodetector). At a distance of 200 mm from the radiator and in parallel to it, a layer of pho-
todetectors composed of 900 square arrays of silicon photomultipliers with spacings between them of
1 mm is arranged.

The number of SiPMs in the array is 8 X 8, the surface area of each SiPM is 3.16 x 3.16 mm?. In such
a configuration, the total number of SiPMs is 56700, and the sensitive area fraction (space factor) is 82%.

In the simulation, the source of single charged pions was placed at a distance of 1 mm from the radia-
tor, and pion factors 3 were uniformly distributed in the range of 0.957—0.999. The emission angles 6, of
primary particles with respect to the normal to the photodetector plane varied in the range of 0—45° with
auniform distribution over the cosine of this angle. In addition to the simulation of the ionization loss and
Cherenkov radiation generation, the Geant4 package methods for optical photon transport allow the con-
sideration of optical properties of materials. The simulation was also complemented by detector effects,
i.e., the time resolution of electronics (200 ps), the signal readout time interval (20 ns), and the SiPM effi-
ciency (of the order of 38% at the maximum Cherenkov radiation wavelength of 400 nm).

The event simulation results are hits, i.e., SiPM signals recorded in the binary mode, i.e., without anal-
ysis of the signal amplitude and the number of photons simultaneously arrived at the same pixel.

In this mode, the correlated noises of SiPMs themselves do not affect the number and spatial distribu-
tion of hits. In addition to the case of ideal photodetectors, version of addition of SiPM noise hits up to
the dark count rate (DCR) of 10° Hz/mm? were analyzed (see the event example in Fig. 1). For each hit,
the data is saved on its measurement time with respect to the time point of the primary particle generation.
In the detector configuration under consideration taking into account the time resolution, the variance of
photon detection times in one event is on average 1 ns.

3. RECONSTRUCTION METHOD

The main task is the determination of the factor 3 of a particle by the projection of the Cherenkov ring
to the photodetector plane. The measurement result is affected by ring spreading due to the thickness of
the aerogel layer in which Cherenkov radiation is generated, the size of an individual SiPM, the Cherenkov
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Fig. 2. Signal from Cherenkov photons before (left) and after (right) rotation of the virtual plane of photodetectors with
respect to the Cherenkov cone axis (x = 0 mm, y = 0 mm) for pions with factors 0.990 < 8 < 0.999.

angle scatter because of the chromatic dispersion of the aerogel refractive index, the elliptic shape of the
Cherenkov cone section, and the variance of the photon times of flight due to the particle trajectory incli-
nation with respect to the photodetector plane, as well as the ellipse shape distortion due to refraction at
the aerogel—air interface, which depends on the photon emission angle. The reconstruction procedure
includes several stages.

3.1. Geometrical Transformations and Time of Flight Correction

In the simulation, the primary particle momentum direction is set in the generator; in a real experi-
ment, the momentum will be measured in the track detector. The intersection point of the Cherenkov
cone axis with the photodetector plane (OXY) is determined by the direction of the primary particle
momentum. The larger the angle between the direction of the primary particle and the normal to the pho-
todetector plane, stronger the distortion of the recorded Cherenkov ring. To reduce these distortions,
it is necessary to pass to the virtual plane perpendicular to the Cherenkov cone axis. The rotation also
includes a correction of relative times of photon detection, which can reach several hundred picoseconds
for maximum angles. The simulation conditions control the maximum expected ring size, which makes it
possible to limit the search area of the signal cluster 400 x 400 mm? in size with a center at the point
OXY . Figure 2 shows the example of the arrangement of signal hits in the photodetector coordinate plane
(x, y) before and after geometrical transformations.

3.2. Search for the Signal Cluster

In the (r,¢) coordinates, where r is the distance from the SiPM with a hit to the point OXY, and ¢ is
the azimuthal angle in the turned photodetector plane, the signal shape is a wave. Then integration over
the azimuthal angle and the transformation to the coordinates (r,7) is performed, where # is the pixel
response time. The consideration of the hit time improves the reconstruction quality in the noise condi-
tions. An example of the two-dimensional histogram with the number of hits N (#,¢) in one event is shown
in Fig. 3. The next algorithm step is the search for a signal cluster, i.e., the (#),,) coordinates correspond-
ing to a maximum of N(r,¢)/r, since the number of hits in the ring is approximately proportional to its
radius. In the factor B range under study, the number of triggered pixels in the event is from several units
to several tens. The maximum was searched by scanning with step & and sliding window width Ar along r
coordinate and with step ¢ and sliding window width Az along ¢ coordinate. To take into account the dis-
tortions due to the particle trajectory inclination and refractions on the aerogel boundary, the recon-
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Fig. 3. Example of the joint distribution of hit recording times (¢) and distances () to the Cherenkov cone axis for the

pion with parameters B, = 0.998, 6, = 45° (DCR = 10° Hz/mmz).

structed radius R, is calculated as a weighted average in the range of +n scanning steps over r and +m
scanning steps over 7 using the following expressions

iN('}’tj) Zn:wi"}
Wi=j=_m—7 Rrecozi=_7,—7 (1)

2m +1 ZWi

i=—n

wherer, =y +i-0r(-n<i<n),t; =t,+j-3t(-m< j < m).

3.3. Calibration and Optimization of Parameters

In the general case, the reconstructed radius differs from the ideal radius corresponding to the true fac-
tor B, In the algorithm under study, the desired value of B,.., is obtained from the calibration depen-
dence By, (Rco,0,). The values of B, are accessible in the simulation at the generator level and in exper-
iments with test beams when testing prototypes. Figure 4 shows the example of the projection of the cali-
bration dependence onto the plane (B,,.,R..,)- The dependence B,,.(R..,,0,) Was approximated using
the Gauss function with logarithmic transformation and parametrization of angular dependences,

2

R —

InB = In f(c) - (sz(dj ,  file) = ay; + ayc + az,cz, ¢ =cosH,. 2)
13(©)

The approximation by the unbinned maximum likelihood method yields nine calibration factors q,,,
after which the values of B, are calculated in each event by the known angle 8, and the reconstructed
radius B,.., using expression (2). An estimate of the reconstruction accuracy is the distribution width of
the difference AR = RMSy)(Breco — Birue)> Where 90% of the sample around the average to exclude outliers
are used to calculate the root-mean-square RM.Sy,.

The scanning (Ar, ér, At, and 8¢) and averaging (n and m) parameters were optimized by exhaustive
search method and comparison of the reconstruction accuracy A} at various noise levels at a sample of

200000 events. The best accuracy was obtained at the following values: Ar = 6 mm, or = 3 mm,
At=0.25ns,0r =0.25ns,n =4, and m = 4.
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Fig. 4. Blue symbols are projections of the two-dimensional dependence B¢ (Rreco,6p) for primary particle emission

angles 32° < Gp < 35°; red curve is the Gaussian approximation.
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Fig. 5. Dependence of the factor 3 reconstruction accuracy on the true value B, for various dark count rates of photo-
detectors (DCR) at primary particle emission angles 0°—45° (left) and 0°—10° (right). See text for details.

4. RESULTS

To estimate the algorithm accuracy by the cross-validation method, a complete set of 1200000 simu-
lated events was divided into 10 equal parts, which were used independently to obtain calibration factors
at optimum parameters (see Section 3). Each set of factors was applied to the complete sample to deter-

mine the values of AB, (1 <k <10) in the ranges of B,,,.- As a final estimate of the reconstruction accu-

racy, the average value (AB) = (ZLO:]AB «)/10 was taken in each 3. range; as a systematic uncertainty, the

root-mean-square of this average was taken. Similarly, the accuracy in the case of adding photodetector
noises was determined. Figure 5 (left) shows the dependence of the reconstruction accuracy of the factor
B on the true factor B,,,. for the pions emitted at angles from 0° to 45° with respect to the normal to the
plane of photodetectors at various dark count rates. Error bars show the systematic uncertainty obtained
by the cross-validation method, which exceeds the statistical uncertainty by an order of magnitude.
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At additional constraints to the pion emission angle (to 10°) and to the number of signal hits (no less
than 5), the measurement uncertainty decreases by half (Fig. 5 right).

The algorithm performance depends on the primary particle momentum direction with respect to the
photodetector plane, on the true factor B,,,. (defining the Cherenkov ring size) and the photodetector
noise level. For factors B,,,. < 0.97, the algorithm accuracy corresponds to the requirements imposed on
the FARICH detector at all studied noise levels. For the range 0of 0.97 < B,,,,. <0.999, the developed algo-
rithm provides the reconstruction accuracy no worse than 5 X 10~* (1 x 10~3) at emission angles to 10°
(45°) and shows the stability up to noises of 10° Hz/mm?. An increase in the uncertainty up to
~0.0016 occurs as the dark count rate increases to 10° Hz/mm?. An additional contribution to the system-

atic uncertainty can be expected for the case of incomplete Cherenkov rings, when the primary particle
trajectory is close to the detector edge.

One of the possible methods of further accuracy improvement is the implementation of machine learn-
ing methods in the reconstruction algorithm.
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