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Abstract
A detailed study of particle identification by the Focusing Aerogel Ring-Imaging Cherenkov subsystem at the future charm 
superfactory detector is presented. A dedicated signal ring reconstruction algorithm was implemented in the detector simu-
lation, considering realistic operating conditions. The algorithm performance was tested using single particles generated 
within the Aurora framework. Two boosted decision trees-based classifiers for particle identification were developed for 
moderate and the most conservative assumptions about photosensor noise levels. The approach is validated with the analysis 
of the D0

→ K��� decays, for which the systematic uncertainty and background contribution related to the �∕� separation 
performance can be minimized owing to the high efficiency of the particle identification algorithm.
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1  Introduction

The Standard Model (SM)—a theory describing our uni-
verse at the most fundamental level—despite its obvious 
successes, is far from complete. The inability to describe 
the nature of 19 free parameters arising in the model and 
the failure to incorporate dark matter and dark energy phe-
nomena motivate searches for effects beyond the SM, that 
is, New Physics (NP). There are two main approaches to 
NP detection. Collisions at the highest available energies, 
such as those in LHC experiments, are expected to yield 
new types of particles. Another way is to precisely meas-
ure the SM processes and search for indirect manifestations 
of the NP in interference processes such as CP violation 
or rare and forbidden particle decays. The latter approach 
requires a huge amount of accumulated data and outstanding 

detector performance. The new beam collision scheme, 
“crab-waist”, proposed by Raimondi [1] in 2006, revolu-
tionized electron–position collider technologies, and opened 
the opportunity for the creation of flavor superfactories. The 
future charm superfactories, next-generation symmetric 
e+e− colliders, and their detectors are designed for preci-
sion measurements of the parameters of charmed hadrons 
and � leptons. There are two competing projects, the Russian 
Super Charm-Tau Factory (SCTF) [2] and the Chinese Super 
Tau-Charm Facility (STCF) [3], which share physical tasks 
and are based on similar experimental techniques.

The lepton flavor universality (LFU) test is one of the 
most challenging tasks in the charm superfactories physical 
program. According to the SM, weak interactions are not 
sensitive to the lepton flavor, that is, in similar processes, 
weak matrix elements for all lepton flavors must be exactly 
the same. The difference in the decay branching ratios origi-
nates from the phase space and hadronic form factors. For 
the semileptonic D meson decays the observable to test LFU 
is the branching fractions ratio1:

The accuracy of R�∕e measurement is strongly limited by 
the detector particle identification (PID) capabilities owing 

(1)R�∕e =
B(D → K���)

B(D → Ke�e)
.
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to inevitable backgrounds, for example, from D0
→ K−�+�0 

decays, which mimic the signal D0
→ K−�+�� in the case of 

�∕� misidentification. The combined PID system for charm 
superfactories is aimed at providing very efficient K∕� and 
�∕� separation within all reachable momentum ranges. In 
this study, the performance of the dedicated PID subsystem 
proposed for the SCTF was studied using single particles 
and semileptonic D meson decays.

2 � Particle identification subsystem at charm 
superfactories

2.1 � Detector technologies for charm superfactories

The detector for a charm factory is a general-purpose high-
hermiticity magnetic spectrometer optimized for precision 
studies of the production and decay properties of various 
particles. The tracking system consists of an inner tracker 
aimed at providing superior spatial resolution at the inter-
action point (IP) and a main tracker for precise momen-
tum measurement. For the inner tracker micropattern 
gaseous detector, complementary metal–oxide–semicon-
ductor (CMOS) maps and time projection chamber options 
are considered. The technology for the main tracker is a 
drift chamber in a 1.0 T axial magnetic field provided by a 
superconducting solenoid. The particle identification sys-
tem is based on Cherenkov light detection using DIRC-like 
time-of-flight or ring-imaging Cherenkov detector (RICH) 
detectors. Photons are detected using an electromagnetic 
calorimeter, which is built using pure CsI crystals to cope 
with high backgrounds. Muons and KL mesons are identi-
fied in the instrumented (resistive plate chambers or organic 
scintillator) flux-return yoke. A detailed description of the 
SCTF and STCF detector designs can be found elsewhere 
[3, 4]. Unless explicitly stated otherwise, the SCTF project 
paradigm is assumed throughout this study.

2.2 � Particle identification in the SCTF detector

Particle identification at the SCTF is based on several 
subsystems, and their contributions to PID and perfor-
mance have been previously estimated using a fast simu-
lation approach [5]. The dE∕dx measurements inside the 
drift chamber are efficient for separating kaons (below ∼
700 MeV/c) and protons (below ∼1200 MeV/c) from pions 
and muons. A CsI crystal electromagnetic calorimeter (with 
a crystal transversal size of approximately 1 Molière radius 
and a longitudinal depth of 1 nuclear interaction length) was 
used to separate hadrons from photons and electrons. Its 
contribution to muon–hadron separation is negligible for 
momenta <2 GeV/c, where hadronic showers (if any) can 

hardly be distinguished from minimum ionizing particle 
tracks. The main task of the muon system is the efficient 
identification of hard muons (with momenta >700 MeV/c).

For the middle-momentum range from ∼0.5 GeV/c to ∼
1.5 GeV/c, a dedicated subsystem is proposed, namely the 
Focusing Aerogel Ring-Imaging Cherenkov (FARICH) 
detector. The FARICH radiator is composed of a few layers 
of aerogel with slightly different refraction indices, resulting 
in the focusing of Cherenkov photons in the thinner ring at 
the photodetector plane compared to that from a homogene-
ous radiator. Silicon photomultiplier matrices are consid-
ered as an option for photon detection devices. A detailed 
description of the concept and test beam results for the pro-
totype can be found in Ref. [6].

2.3 � Simulation and digitization of the FARICH 
subsystem

Dedicated software packages are being developed for charm 
factory detector simulations and data processing. As many 
other modern HEP projects, both Aurora package [7] for the 
SCTF and OSCAR package [8] for the STCF are based on 
the DD4hep framework [9]. Within the SCTF Geant4 [10] 
detector model, the FARICH system was placed between 
the tracker and electromagnetic calorimeter. Hereinafter, the 
simulations of the FARICH barrel part are discussed, which 
has the following layout: It is composed of 27 equivalent 
trapezoid blocks starting at 800 mm from the IP with a total 
thickness of 40 mm, and each block contains four aerogel 
layers (radiator). The layer of the sensitive detector mate-
rial was separated from the radiator by a 200-mm air gap. 
The number of aerogel layers and their optical properties in 
the FARICH subdetector model were identical to those in 
Ref. [11]. Figure 1 shows a schematic view of the FARICH 
subsystem of the SCTF detector on the left and a sketch of 
the focusing effect from the multilayer aerogel in the middle.

Optical photon transport simulations are known to be 
extremely time-consuming. There are two simulation modes 
within the Aurora package: with and without the Geant4 
optical photon functionality implemented for the FARICH 
subdetector. In this study, the signal reconstruction and par-
ticle identification performance were investigated using par-
ticle propagation from the interaction point with a 1 T mag-
netic field up to the FARICH subdetector and subsequent full 
Geant4 simulation of optical photon transport through the 
FARICH components. The vector of the particle momentum 
at the track endpoint in the tracker was obtained from the 
generator-level information and projected to the entrance 
point of the FARICH radiator.

The simulated response of the FARICH subsystem was 
produced by Cherenkov photons generated and propagated 
to sensitive detectors using Geant4. To obtain realistic hits, 
the quantum and geometrical efficiencies of photosensors 
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were implemented as a digitization procedure of the photon 
detection: The Geant4-generated Cherenkov photon spec-
trum was convolved with the quantum efficiency curve and 
an additional factor to account for an effective geometri-
cal efficiency. The energy dependence of the quantum effi-
ciency was obtained from Ref. [12] for the KETEK 8 × 8 
SiPM matrix (SiPM: silicon photomultiplier) proposed as 
one of the photosensor options. These photodetectors have 
pixel (SiPM) sizes of 3.36 mm ×3.36 mm and geometri-
cal fill factors of ∼88%. Subsequently, the photon arrival 
points in the detector plane were placed on a square grid 
with a size corresponding to the aforementioned pixel size. 
One or more photons registered in a single pixel forced the 
pixel to produce one hit. An example of a Cherenkov ring 
in the FARICH subdetector from a simulated pion is shown 
in Fig. 1 (right).

The noise hits corresponding to various assumptions 
about the SiPM dark count rates (DCR) were also superim-
posed at the digitization step. The number of noise hits for 
each event was sampled from a Poisson distribution with a 
mean corresponding to the expected noise level in a pixel 
area. Two spatial coordinates of each noise hit at the photo-
detector plane were generated uniformly, and the times of 
hits were uniformly distributed over the event time frame 
of 7 ns.

2.4 � Ring reconstruction algorithm

The typical reconstructed hit image from a single particle 
in the FARICH is not a regular ring but a distorted elliptical 

figure because of the inclination of the particle trajectory with 
respect to the photodetector plane and the additional air gap 
between the radiator and photosensors. The distortion effect 
depends on the incident angle of the particle. Moreover, the 
restricted efficiency of photon detection results in stochastic 
fluctuations in the number of hits for the same particle veloc-
ity �.

To account for these peculiarities, a dedicated algorithm 
for ring reconstruction was developed and tested on simu-
lated events in the FARICH prototype [11]. The value of � 
is extracted using the incident particle momentum and direc-
tion at the photodetector plane, the relative number of hits per 
ring around the projected particle momentum, and the photon 
arrival times. The intersection of the track projection from the 
tracker with the FARICH photosensor plane serves as a “seed” 
for Cherenkov ring reconstruction.

The analyzed value is the ratio S = N(R,T)∕R , where N is 
the number of hits calculated in bins at the (R, T) plane, where 
R is the hit radius with respect to the “seed” point defined 
above and T is the hit time. The outputs of the algorithm are 
the reconstructed radius, Rreco , which corresponds to the maxi-
mum value of the ratio, Smax , and the signal z-score parameter, 
ZDCR , which is defined as follows:

where SDCR and VDCR are the mean and standard deviation of 
the ratio S estimated from the pure noise events for a given 
DCR value, respectively. The parameter ZDCR characterizes 

(2)ZDCR =
Smax − SDCR

VDCR

,

Fig. 1   (Color online) Left: a schematic view of the FARICH subde-
tector at the SCTF. Middle: FARICH design with four aerogel lay-
ers and Cherenkov photon path up to the photodetector plane. Right: 
FARICH photodetector plane with the signal from a simulated 

1.5-GeV charged pions. The square grid shows the SiPM matrices, 
and each point corresponds to the signal from a single SiPM in the 
matrix. See text for details
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the signal significance over the given photosensor dark count 
rate and is used for identification. An alternative ring recon-
struction approach based on machine learning was presented 
in Ref. [13] and demonstrated comparable performance.

2.5 � Boosted decision trees classifier

The particle identification landscape at charm superfactory 
energies is expected to contain several species: electrons, 
muons, pions, kaons, and protons. In the tracker with a 
radius of 800 mm positioned inside the 1 T magnetic field, 
only particles with momenta above ∼310 MeV/c will reach 
the FARICH subdetector at incident angles smaller than 45°. 
Tracks with larger incident angles were not considered for 
analysis owing to the poor performance of the ring recon-
struction algorithm. To produce Cherenkov light in the 
radiator with given parameters (see Sect. 2.3), the particle 
momentum should exceed approximately 350 MeV/c for 
muons, 500 MeV/c for pions, and 1800 MeV/c for kaons. 
Electrons and protons were excluded from the analysis 
because electrons always produce a maximal Cherenkov 
ring, whereas protons do not produce any rings. Moreover, 
electrons are expected to be reconstructed in the electromag-
netic calorimeter with high efficiency. A particle species is 
identified using the boosted decision tree (BDT) technique. 
For the current study, the �∕�∕K classifier is considered.

2.5.1 � BDT training and optimization

The classifiers were constructed and trained using the 
XGBoost library version 2.1.2 [14] for several noise levels. 
Four variables serve as BDT inputs: particle momentum and 
incident angle at the photodetector plane, reconstructed ring 
radius ( Rreco ), and signal z-score parameter defined in Eq. 2 
and dependent on the chosen photosensor dark count rate 
(see Sect. 2.4). The particle momentum and incident angle in 
the real detector are reconstructed in the tracker and extrapo-
lated to the radiator plane closer to the tracker.

The reconstruction of the particle velocity is an interme-
diate step in BDT-based classification. Figure 2 shows the 
results of the preliminary stage of the algorithm tuning, that 
is, the accuracy of velocity reconstruction by the FARICH 
subsystem for single pions simulated in the SCTF detector 
for different DCR values of photosensors. The BDT-based 
approach implemented in the full-scale detector model pro-
vides uncertainties of velocity reconstruction by a factor of ∼
1.5 smaller than the previous results from Ref. [11] obtained 
without BDT for a standalone FARICH prototype.

The reconstruction accuracy achieved by the BDT-based 
algorithm is better than 0.001 for 𝛽 < 0.999 at incident 
angles up to 45° and photodetector dark count rates of to 
105 Hz∕mm2 . The performance slightly worsens at higher 
dark count rates, which is expected due to the damage of 

SiPMs by irradiation under SCTF conditions. The “n� ” 
separation between the pion and muon mass distributions 
is shown in Fig. 2 in terms of the requirements for � recon-
struction accuracy, as it gives the dominant contribution 
compared to the momentum reconstruction accuracy in the 
drift chamber2. Assuming the same accuracy for pions and 
muons, the difference between means of pion and muon 
reconstructed mass distributions is larger than 5 standard 
deviations ( 5� separation) up to � = 0.985 even for the worst 
case of DCR = 1 MHz/mm2 . For DCR ≤ 100 kHz/mm2 , the 
5� FARICH-based separation is available up to � = 0.995.

As shown in Fig. 2, the reconstruction algorithm shows 
very similar performance for dark count rates from 100 kHz/
mm2 and below. Therefore, two separate classifiers were 
trained for noise levels of 100 kHz/mm2 and 1 MHz/mm2 
and used for further analysis. For training, 450,000 events 
were generated, 150,000 for each muon, charged pion, and 
charged kaon sample. The particle momentum for each par-
ticle type was uniformly distributed from 310 MeV/c (the 
minimum momentum detected in the FARICH subsystem) 
to 2500 MeV/c. Figure 3 shows the loss function behavior 
during training. For both noise levels, approximately 250 
boosting rounds were sufficient to achieve good performance 
without overtraining. A study of feature importance using 

Fig. 2   Uncertainty of �
reco

 from the simulations of single pion 
response in the FARICH subdetector of the SCTF at different DCR 
levels. See text for details about n� separation

2  The value of required accuracy Δ� for n� separation between mass 
distributions is calculated as Δ� = Δm�� ⋅ � ⋅ (1 − �2)∕m�∕n , where 
Δm�� is the difference between pion and muon masses, m� is the pion 
mass.
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the standard tool from the XGBOOST package showed that 
the importance scores were quite similar for all four input 
variables; the difference between the highest (for ring radius) 
and lowest (for incident angle) scores did not exceed 15%.

The classifier hyperparameters were optimized on the 
grid by maximizing the performance characteristic ROC-
AUC using the tool provided in the XGBoost library. An 
additional 50,000 events per particle species (150,000 events 
in total) were generated for the test samples, which were 
used to demonstrate the classifier quality. Both the training 
and test samples of the single particles had the same frac-
tions of the three particle species.

2.5.2 � BDT performance for single particles

The single BDT classifier was trained for the entire momen-
tum range. However, the PID performance differs signifi-
cantly from the momentum. Therefore, the confusion matri-
ces for the test sample are presented in six momentum ranges 
in Figs. 4 and 5 for the two DCR values. At low momenta, 
the reconstruction efficiency suffers from the low number of 
detected Cherenkov photons, which is further reduced by the 
implementation of realistic photon detection and geometrical 
efficiencies in digitization. As a result, the first momentum 
bin with 300 ≤ p ≤ 600 MeV/c is the one where kaon misi-
dentification has a noticeable probability, the pion–kaon sep-
aration being more affected than muon–kaon because pions 
have higher Cherenkov threshold than muons.

The assumed SiPM geometrical resolution makes it 
impossible to distinguish between muons and pions with 
momenta above ∼1800 MeV/c, which leads to an inevitable 
drop in classification quality in this range with FARICH as 
the only PID subsystem. Therefore, the last bin covers the 
momentum range above 1800 MeV/c, although the infor-
mation on the number of signal hits in each event, which is 

incorporated into the z-score value, allows a certain level of 
identification above this threshold.

The muon identification efficiency and misidentification 
probability of pions as muons are shown for the test sample 
in Fig. 6 for two DCR levels in several momentum bins. 
For a DCR level of 1 MHz/mm2 , the drop in identification 
performance can be observed in all momentum ranges. The 
worsening of the PID quality in the momentum range below 
600 MeV/c is related to the significant confusion of both 
pions and muons with kaons.

3 � Projection of PID performance to physics 
analysis

The analysis of the measurement precision of the branch-
ing fraction of D0

→ K�� decay was chosen to demonstrate 
the FARICH performance for particle identification at the 
SCTF. It should be noted that the full reconstruction of the 
SCTF detector model is not yet available, and the estimates 
are obtained under different assumptions about the tracker 
and calorimeter performances.

The decays of �(3770) resonance, which is an admix-
ture of 2S and 1D cc̄ states, can be considered as a natural 
source of D meson pairs in e+e− collider experiments. The 
state �(3770) decays into D0D̄0 pair with the probability of 
52+4

−2
% without any extra final-state particles [15]. With the 

design peak instantaneous luminosity about 1035 cm−2s−1 , 
the annual integrated SCTF luminosity at �(3770) peak 
reaches ∼150 fb−1 , which corresponds to O(109) of �(3770) 
produced [2]. Taking advantage of this enormous data 
sample, the experiment at the SCTF can test the LFU with 
unprecedented precision. As mentioned above, promising 
channels for this task include D0

→ K�� and D0
→ Ke� . 

While the efficiency of the latter channel relies mainly on 
the electromagnetic calorimeter, the reconstruction of the 

Fig. 3   Multiclass logistic loss function dependence on the number of boosting rounds for training (blue) and validation (orange) samples for 
DCR = 100 kHz/mm2 (left) and DCR = 1 MHz/mm2 (right)



	 M. Chadeeva et al.124  Page 6 of 12

channel D0
→ K�� significantly depends on the particle 

identification (PID) performance.
The estimates made in this study follow the strategy 

developed by the BESIII collaboration [16], which implies 

event tagging by reconstructing one of the D mesons, 
while only the kaon and muon are reconstructed from the 
other. As a conservative estimate, we use the efficiency of 
the decay chain reconstruction averaged over three tag-
side channels: D̄0

tag
→ K+𝜋−, K+𝜋−𝜋−𝜋+, K+𝜋−𝜋0 . The 

Fig. 4   (Color online) Confusion matrices (fraction of predicted type for a given true type) for the test sample of simulated single particles in the 
SCTF for DCR = 100 kHz/mm2 in six momentum ranges
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efficiency and total number of tagged events taken from 
Ref. [16] are � = 58.93% and NBESIII

tag
= 2341408 , respec-

tively. The number of the tags is then scaled with expected 

integrated luminosity by factor of L
SCTF

L
BES III =

150 fb−1

2.93 fb−1
 yielding 

N
SCTF
tag

= 799 × 108 tagged D0 mesons.

Fig. 5   (Color online) Confusion matrices (fraction of predicted type for a given true type) for the test sample of simulated single particles in the 
SCTF for DCR = 1 MHz/mm2 in six momentum ranges
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There are some backgrounds that could mimic the signal. 
Those associated with the tag impurity (no D0 mesons in 
the decay) can be described by a smooth threshold func-
tion in both the tag and signal distributions. The peaking 
background from the D0

→ K−�+ decays in the case of 
�+∕�+ misidentification is eliminated by the requirement 
that the invariant mass of the K−�+ combination is lower 
than 1.56 GeV. The other possible background sources either 
have a tiny probability (requiring double misidentification) 
or shift the peak in the signal distribution by at least the mass 
of the lost particles. The sole remaining peaking background 
comes from the D0

→ K−�+�0 decay in the case of lost �0 
and �+∕�+ misidentification, which is discussed in detail 
below.

3.1 � Signal and background simulation and event 
selection

To estimate the performance of the developed PID algo-
rithm for the physics analysis discussed above, 550,000 
events with decays 𝜓(3770) → D0D̄0 at the center-of-mass 
energy of e+e− beams 

√
s = 3770 MeV have been generated 

and propagated through the tracker and FARICH subsys-
tem of the SCTF detector. The produced D̄0 was simulated 
to decay into invisible particles and was ignored. The D0 
meson is forced to decay as either D0

→ K−�+�� (signal) or 
D0

→ K−�+�0 (background). The propagation of particles 
in a drift chamber volume in a 1 T magnetic field, as well as 
the generation of Cherenkov photons in the FARICH sub-
system and hits detection, were simulated within the Aurora 
framework.

For the performance analysis, events were selected using 
generator-level information about the particle momenta. The 
selection efficiencies listed below affect the signal-to-back-
ground ratio and do not depend on the PID performance.

•	 The ratio of generated numbers of signal and background 
events is taken from the corresponding branching frac-
tions from PDG [15]: Bsignal = B(D0

→ K−�+��) = 0.034 
and Bbgd = B(D0

→ K−�+�0) = 0.144.
•	 From the background events, only those with lost �0 are 

retained. The probability of this case, Plost�0 , is combined 
from two efficiencies, �2� and ��0 ( Plost�0 = 1 − �2� ⋅ ��0 ). 
The efficiency �2� is the probability of detecting both � s 
from �0 , that is, that both � s reach a calorimeter (barrel 
or endcap) and have energies E𝛾 > E𝛾cut . The geometrical 
acceptance estimated for the STCF calorimeter covers 
the polar angles |𝜃| < 70.8° [3] and is fixed for this study, 
amounting to 0.95 for a single � . The efficiency ��0 is the 
probability of reconstructing �0 from two � s and depends 
on the calorimeter performance, which is not yet known. 
Therefore, several combinations of ��0 and E�cut values 
were considered for the analysis.

•	 Both charged particles (tracks) must go through the bar-
rel part of the SCTF detector with the FARICH subsys-
tem. For the fixed detector geometry and very similar 
kinematics of signal and background, this efficiency is 
�
signal

tr ≈ �
bgd

tr ≈ 0.58 for two tracks.
•	 The momenta of both charged particles (tracks) must 

exceed 310  MeV/c, i.e.,  the limit sensitivity of the 
FARICH subsystem. The estimated efficiencies were 
�
signal

F
≈ 0.84 and �bgd

F
≈ 0.78.

Fig. 6   (Color online) Muon identification efficiency versus pion-as-muon misidentification probability ( �-as-� MisID) for the test sample of 
simulated single particles in the SCTF for DCR = 100 kHz/mm2 (left) and DCR = 1 MHz/mm2 (right) in six momentum ranges
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The numbers of signal and background events, Nsel(K��) 
and Nsel(K��

0) , selected before identification, can be cal-
culated from the efficiencies listed above as

where Nsignal
gen  is the number of generated signal events (about 

100,000) and Nbgd
gen = N

signal
gen ⋅ Bbgd∕Bsignal . As can be seen 

from Eqs. (3) to (4), in addition to particle identification 
characteristics, the efficiency of �0 reconstruction also 
affects the background admixture to the signal sample under 
study.

Two constraints on the minimal photon energy detected 
in the calorimeter were investigated, representing the base-
line and the most conservative assumptions about calorim-
eter performance, 50 MeV and 200 MeV for E�cut values, 
respectively. The first value is widely used in Belle analyses3 
[17]. Although the SCTF calorimeter is designed to detect 
photons starting from 20 MeV, the expected number of back-
ground clusters increases drastically with a decrease in the 
cluster energy cutoff, which, in combination with increased 
luminosity, results in a large combinatorial background and 
degradation of the reconstruction efficiency [18]. And the 
fact that the current analysis suffers from the signal impurity 
rather than from the lack of statistics justifies the choice of 
such a tight energy cut for the most conservative estimate. 
The efficiencies of signal and background event reconstruc-
tion and numbers of selected events for the four probabilities 
of lost �0 are summarized in Table 1.

The normalized momentum distributions of the final-state 
particles for both the signal and background channels are 
shown in Fig. 7. For the background, the two most differ-
ent options are shown: the baseline and the most conserva-
tive one. The sharp low-momentum edge of the after-cut 
distributions is due to the sensitivity limit of the FARICH 
subsystem, as stated in the last item of the aforementioned 
list of constraints.

3.2 � Estimate of PID performance

The ring reconstruction algorithm described above and the 
BDT inference to identify a particle species are applied to 
selected events, and the number of identified signals and 
misidentified background events are calculated. The effi-
ciency of kaon identification, �K , is considered: Negatively 
charged tracks are required to be identified as kaons. The 

(3)N
signal

sel
= Nsignal

gen
⋅ �

signal

tr ⋅ �
signal

F
,

(4)N
bgd

sel
= Nbgd

gen
⋅ �

bgd

tr ⋅ �
bgd

F
⋅ Plost�0 ,

numbers of selected and reconstructed signal events identi-
fied as signals can be represented as follows:

where �� is the efficiency of muon identification in the 
FARICH subsystem. The number of background events 
misidentified as signals can be calculated as follows:

where ��∕� is the misidentification probability of pion as 
muon. From Eqs. (5) to (6), the pairs of �PID and �PID values 
can be obtained for various BDT working points defined by 
the classifier threshold at different assumptions about the 
probabilities of lost �0 . The efficiency of signal identification 
�PID versus the probability of background misidentification 
�PID is shown in Fig. 8 for the two noise levels. The belts 
shown represent the maximal variation between the results 
obtained with different assumptions about �2� and ��0 from 
Table 1. As shown in Fig. 8, significant differences between 
�0 reconstruction efficiencies result in a similar �∕� separa-
tion performance.

The unprecedented expected luminosity of charm super-
factories, together with the achieved performance of particle 
identification, leads to a negligible statistical uncertainty for 
the D0

→ K�� branching ratio measurements at a level well 
below 0.1%. Figure 9 shows the percentage of background 
admixture in the reconstructed signal sample, fbgd , for vari-
ous assumptions regarding the �0 reconstruction efficien-
cies and for two noise levels. With the possibility of moving 
the background contribution below 0.5%, the systematic 
uncertainty can also be reduced, opening the opportunity to 
achieve a new level of LFU measurement precision at charm 
superfactories.

4 � Conclusion

The performance of the FARICH-based particle identifica-
tion for the future charm superfactory was investigated using 
simulated samples of single particles and simulations of D 
meson decay processes. The algorithms for Cherenkov ring 
reconstruction and BDT-based classification were developed 
and tested for different event reconstruction conditions. The 
algorithm robustness under various SiPM dark count rates 
was proved: It was shown that �∕� separation at the level 
of 5 standard deviations is available up to ∼700 MeV/c for 
the most conservative DCR = 1 MHz/mm2 and up to ∼
1.3 GeV/c for the baseline DCR = 100 kHz/mm2.

The physics analysis of the D0
→ K�� decay, the 

FARICH performance, is further explored. Considering 
the most conservative assumptions about the subsystem 

(5)Nsignal
reco

(K�) = N
signal

sel
⋅ �PID; �PID = �K ⋅ ��,

(6)Nbgd
reco

(K�) = N
bgd

sel
⋅ �PID; �PID = �K ⋅ ��∕�,

3  The CsI-based calorimeter of the Belle detector is similar to those 
proposed for the SCTF.
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efficiencies and background admixture due to misidenti-
fication, as well as the planned luminosity of the charm 
superfactory, the role of the particle identification effi-
ciency provided by a single subsystem of the SCTF was 
demonstrated. For this physics case, the dominant con-
tribution to background rejection comes from particle 

identification with the FARICH subsystem, even for con-
servative expectations of photosensor dark count rates. As 
follows from the analysis, the performance of the devel-
oped algorithms allows for significant mitigation of the 
background contribution and, therefore, improvement of 
the measurement precision.

Fig. 7   (Color online) Distributions of particle momentum for signal 
channel kaons (a) and muons (b) and background channel kaons (c) 
and charged pions (d): before selections (blue), after signal selections 
(orange at a, b) and after background selections (c, d) with conserva-

tive (orange) and baseline (green) assumptions about �0 reconstruc-
tion efficiency. Histograms are normalized to generated number of 
signal (a, b) or background (c, d) events

Table 1   Branching fractions, 
reconstruction efficiencies, 
and numbers of selected signal 
and background events for the 
BDT performance estimates 
at various conditions of �0 
reconstruction at the SCTF

Bsignal �
signal

tr
�
signal

F
N

signal

sel
Bbgd �

bgd

tr
�
bgd

F
Plost�0 [ ��0 , E�cut] N

bgd

sel

0.32 [0.9, 50 MeV] 65,293
0.034 0.58 0.84 47,415 0.144 0.58 0.78 0.40 [0.8, 50 MeV] 80,352

0.81 [0.9, 200 MeV] 164,219
0.83 [0.8, 200 MeV] 168,285
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Although the investigated FARICH subsystem plays a 
dominant role in the physics case studied, the implementa-
tion of a global PID technique involving other subdetec-
tors will further improve the PID performance. The results 
obtained with the full simulation of the FARICH subsys-
tem can provide a good basis for the development of a fast 

simulation tool for further analyses. Such a tool is impor-
tant for detailed studies of a global PID technique at charm 
superfactories, which require a combination of fast simula-
tion of the FARICH subsystem with full simulations of all 
other subdetectors.
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