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Baikal Gigaton Volume Detector is a cubic kilometer scale neutrino telescope under construction
in Lake Baikal. As of July 2023, Baikal-GVD consists of 96 fully deployed strings resulting in
3456 optical modules installed. The observation of neutrinos is based on detection of Cherenkov
radiation emitted by the products of neutrino interactions. In this contribution, description of the
double cascade reconstruction technique as well as evaluation of precision of this algorithm is
given.
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1. Introduction

The Baikal Gigaton Volume Detector (Baikal-GVD) [1] is a water Cherenkov neutrino telescope
under construction in the southern part of Lake Baikal — the deepest freshwater lake in the world.
It is located approximately 3-4 km from the shore, where the lake bottom is relatively constant
at ~1366 m. Baikal-GVD is a three-dimensional grid of photomultiplier tubes aiming to detect
Cherenkov radiation emitted by the charged particles originating in interactions of high-energy
astrophysical neutrinos.

The main component of Baikal-GVD is a 10" photomultiplier tube enclosed in a pressure
resistant glass sphere with a diameter of 42 cm — optical module (OM) (see Fig. 1a). OMs are
arranged on vertical structures called strings at depths of 750-1275 m. There are 36 OMs attached
to one string with spacing of 15 m. The strings are organized in clusters. The cluster is a heptagonal,
independently functioning unit consisting of 8 strings — one central and seven peripheral strings.
Distance between central string and peripheral strings is about 60 m. Central strings of neighboring
clusters are separated by ~300 m. After winter expedition in year 2023, Baikal-GVD consists of
3456 OMs installed on 96 strings (see Fig. 1b).
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Figure 1: a) Optical module of Baikal-GVD with 10" photomultiplier tube. b) Schematic view of Baikal-
GVD neutrino telescope in 2023. In the legend, annual progression of detector installation is given.

According to the Cherenkov light topology, there are two main event signatures in Baikal-GVD
— cascades and tracks. It depends on the flavor of interacting neutrino which type of signature is
formed. Muon events produce track-like signatures. Neutral current interactions of neutrinos of all
flavors and charged current interactions of electron neutrinos create cascade-like Cherenkov light
topologies.

In charged current interaction of tau neutrino, according to the T decay mode, there are two
types of Cherenkov light signatures that can be produced. In the case of 7-lepton decay into muon,
a cascade and a track signature is created. The branching ratio of this decay is approximately

17 % [2]. 7-lepton decay into electron or hadrons (branching ratio ~83% [2]) generates double
cascade signature.
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The importance of tau neutrino detection stems from the fact that production rate of tau
neutrinos in the atmosphere is negligible [3]. Therefore, if tau neutrino interaction is identified,
there is a very high probability of astrophysical origin of this neutrino. In this paper, description of
reconstruction technique for double cascade events, as well as evaluation of the performance of the
algorithm is given.

2. Double cascade reconstruction algorithm

The main aim of the double cascade reconstruction algorithm is to determine parameters of
double cascade events — positions and times of cascade vertices, direction of double cascade event,
and energies of both cascades. It is performed in four major steps — hit selection, hit sorting, position
and time reconstruction, and energy reconstruction (see Fig. 2).
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Figure 2: Flowchart of the double cascade reconstruction algorithm.

This algorithm is an improved version of the reconstruction technique described in [4].

2.1 Hit selection

The goal of the first step of the algorithm is to select signal hits from the cascades and suppress
noise hits. At the beginning, a set of reference pulses is chosen. In current version of the algorithm
5 suitable pulses with the highest charges are tagged as reference pulses. Other hits are selected
according to the condition:

| T7¢f — T | < d; [v + 6t, (1)

where 77¢/ is detection time of the reference pulse, T7"¢“* is time of detection of studied pulse,
d; is distance between OMs that detected these pulses, v is the speed of light in water, and d¢ is
parameter that determines stringency of the criterion. For pulse to be selected, it needs to fulfill
criterion given in Eq. 1 with respect to one of the reference pulses. There is also additional criterion
that one of the neighboring OMs (two above and two below) has to detect hit in a certain time
window (usually at the level of 100 ns).

2.2 Hit sorting

The second step of the double cascade reconstruction algorithm is to categorize selected signal
pulses to two groups — one that corresponds to the cascade created in the v, interaction vertex and
the second one that consists of pulses from 7-lepton decay cascade.

Sorting of hits to the two subsets is performed using the criterion:

I Timeas _ T;'XP(R)’ T) |$ oT, (2)



Double cascade reconstruction in Baikal-GVD E. Eckerova

where T/"¢“* is time of detection of pulse, foP is expected detection time of hit determined from
the first estimated position R and time T of the cascade vertex, and 67 defines strictness of the
criterion. This procedure is repeated twice, each time for different cascade vertex (1? 1,171 and ﬁz,Tz).
The cascade is labeled as cascade A when its pulses are selected to the first subset, the other one is
labeled as cascade B.

The first estimated positions (ﬁl, 132) and times (77, T») of the cascade vertices required in
Eq. 2 are obtained by performing a scan of a space-time with several position and time estimations
of cascade vertices ((13, T)-space). It is assumed that in the case of double cascade event, if several
sets of pulses are used to estimate position and time of cascade vertex, two peaks in (1?, T)-space
that corresponds to the two cascade vertices should be seen (see Fig. 3). Afterwards, the scan
procedure is able to identify these peaks and establish the first estimation of positions and times of
the cascade vertices.

(b)

Figure 3: The display of the position estimations obtained by solving of Eq. 3, using all sets of 5 pulses
for v, event from MC simulations. From all position estimations, two peaks that correspond to two cascade
vertices were formed. The position of v, cascade vertex is simulated at [9, 47, -126], and simulated position
of T decay cascade vertex is [-3, 45, -100]. a) XZ plane and b) XY plane of (ﬁ, T)-space.

Each position and time estimation used in the (ﬁ, T)-space scan is determined from group of
5 pulses by solving a set of equations for distances d; between OMs that detected these pulses and
cascade vertex:

di = \/(x —x)2+ (y—yi)?+ (z—z)? =c/n(t — 1), 3)

wherex = (x, y, z, ) denotes space-time coordinates of the cascade vertex position, X; = (x;, ¥;, Zi, t;)
stands for space-time position of specific pulse registered on the OM, ¢ denotes speed of light in
vacuum, and n marks refractive index of water. The number of pulses (five) used for the estimation
of the position and time of the cascade was selected because it is the lowest number of pulses needed
to constrain x unambiguously with this procedure [5]. Furthermore, the lowest possible number
of pulses was chosen to increase probability of the pure set of pulses — pulses that correspond to
one cascade only. These sets enable to obtain the most precise estimation of position and time of
cascade vertex.
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2.3 Position and time reconstruction

The purpose of the third step of the double cascade reconstruction algorithm is to determine
final values of the positions and times of the cascade vertices. The direction of the double cascade
event is defined as a vector connecting the two cascade vertices. Aforementioned attributes of
double cascade event are obtained by minimization of y? distribution:

e 1 Ni' (T7es — TP (Ry, Th) ) . N’ZZ (Teas — TSP (Ry, T))? W
Nhit1t + Npira =7 | 4 o} i=0 of

In this formula Np;;1 and Np;isp stand for numbers of hits in groups of pulses corresponding to the
two cascades, Tl"i‘eas and TZ’?“’S denote times of detection of pulses from the subsets on ith OM,
TP and T,7 are expected detection times of pulses on i OM determined with respect to the
positions and times of cascade vertices (R, 7T} and R;,T3), and o, means uncertainty in the time
measurement [6]. There are seven free parameters — positions of both cascades (131, 132) and time

of the cascade A (T7), time of the cascade B is calculated from aforementioned parameters.

2.4 Energy reconstruction

The last step of the algorithm is to determine energies of both cascades. There are two
procedures for energy reconstruction — energy prefit and minimization of log-likelihood formula.
The energy prefit is a method in which energies of the cascades are obtained from particular pulse/s
from known charge of the pulse, position and orientation of the OM that detected the pulse and
already determined position and direction of the cascade. The log-likelihood formula is given by

equation:
hitOM nonhitOM
L=- > log(Pi(q; |Q))~ . log(Pi(q;=01]0:), 5)
i=0 i=0

where P;(g; | Q;) denotes the probability of detecting charge ¢; on i* OM while charge Q; is
expected. The expected charge Q; is determined as a sum of the charges expected to be detected
from both cascades:

Qi =0(r11,0,¢, E1) + O(r2;, 0, ¢, Ex). (6)

This calculation takes into account positions and direction of the cascades, energies of the cascades,
and position and orientation of the OM [6].

3. Performance
The performance of the double cascade reconstruction algorithm was evaluated using MC

simulations of v, double cascade events. The expected astrophysical neutrino flux used in these
simulations is given by the formula [7]:

-2.58
E
P(E)=2.41-107>" (@) [GeV~ s lsrlem™2]. @)
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Subsequent precision evaluations were performed using subset of all MC generated v, double
cascade events — double cascade like events. The main selection requirements are MC simulated
distance between cascade vertices larger than 10 m and energy of v, higher than 100 TeV.

In Tab. 1 the precision of reconstruction of cascade vertex positions is summarized. For
particular parameters of double cascade events, mean and median values of distributions showing
difference between reconstructed and simulated values of these parameters are presented.

Table 1: The reconstruction precision of particular parameters of the double cascade event. The mean
and median values of distributions of difference between simulated x;;,, and reconstructed x,.., values of
parameters of double cascade events are given. The results shown in this table are preliminary.

Double cascade [Xsim — Xrecol
parameter mean ‘ median
cascade A position [m] 2.76 2.21
cascade B position [m] 4.11 2.44
distance between vertices [m] 1.96 0.71

In Fig. 4 the angle between simulated and reconstructed direction of double cascade events is
shown with respect to the simulated distance between cascade vertices. A green belt represents
68% containment region of the distribution and the line inside this belt depicts the median of the
distribution.
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Figure 4: The median value (green line) and 68% containment region (green belt) of distribution of angle
between simulated and reconstructed direction of v, double cascade event as a function of true distance
between cascade vertices.

The precision of energy reconstruction is summarized in Fig. 5. In this figure, the two-
dimensional distribution of ratios of reconstructed to simulated energy of cascade A and B is
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displayed. This distribution was fitted with two-dimensional Gaussian function:

_ (x-pp)? _ (y-pp)?

f,y)=A-e i 5 (8)

The parameters obtained from the fit are us = 1.02, ug = 1.04, 04 = 0.18, and o = 0.24.
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Figure 5: The distribution of fractional errors in energy reconstruction of double cascade events (E,, > 100
TeV; true distance between cascade vertices > 10 m; MC simulation).

4. Conclusion

In this paper, further steps in the development of the double cascade reconstruction technique
in Baikal-GVD were presented. The description of the current version of this algorithm was given.
The precision of the reconstruction of the double cascade event parameters, particularly positions
of the cascade vertices, distance between cascade vertices, direction of the double cascade event,
and energies of the cascades was presented. An extension of the double cascade reconstruction
technique for events with distance between cascade vertices shorter than 10 m is in development.
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