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The Baikal-GVD is a neutrino telescope under construction in Lake Baikal. The main goal of
the Baikal-GVD is to observe neutrinos via detecting the Cherenkov radiation of the secondary
charged particles originating in the interactions of neutrinos. In 2021, the installation works
concluded with 2 304 optical modules installed in the lake resulting in effective volume ∼ 0.4 km3 .
In this paper, the first steps in the development of double cascade reconstruction techniques are
presented.
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1. Introduction

(a)
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Figure 1: a) Design of the Baikal-GVD telescope in 2021. There are 8 clusters, 3 laser strings, and
2 experimental strings installed and operating. b) Illustration of the string of the Baikal-GVD telescope
consisting of 36 OMs arranged in 3 sections.

One of the methods for astrophysical neutrino detection is an observation of 𝜈 𝜏 because the
rate of 𝜈 𝜏 production in the atmosphere is almost negligible [2]. Therefore observed tau neutrino
immediately confirms its astrophysical origin. In the charged current interaction of 𝜈 𝜏 , 𝜏 lepton
is created in the hadronic cascade. If 𝜏 decays into electron or hadrons, the second cascade is
produced. As a result, the double cascade signature is created.
In this paper, techniques for the reconstruction of double cascades are presented. The first
method is a double pulse detection technique for the reconstruction of double cascade events with
small distance between cascade vertices. The second method is based on the identification of two
distinct cascades created in a single cluster and the third one combines single cluster single cascade
reconstruction technique with multi-cluster events studies.

2. Search for Double Cascades with Double Pulse Detection Method
To be able to reconstruct double cascade events with very small distance between cascade
vertices, the events have to be studied on the waveform level. Thus, double pulse detection method
was developed.
2
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The Baikal Gigaton Volume Detector (Baikal-GVD) [1] is a cubic-kilometer scale neutrino
telescope located in the deepest freshwater lake in the world – Lake Baikal installed approximately
3 - 4 km from shore at depths of ∼ 750 - 1275 m. This three dimensional array of photomultiplier
tubes aims to detect the Cherenkov radiation emitted in water by products of neutrino interactions.
The basic and independently working unit of the Baikal-GVD detector is called cluster, which
consists of 8 strings - one central and seven peripheral separated by about 60 m. The distance
between the centers of two neighboring clusters is approximately 300 m (see Fig. 1a). On every
string, 36 Optical Modules (OM) are installed (see Fig. 1b) with vertical spacing 15 m, resulting
in 288 OMs for every cluster. The main component of the OM is a photomultiplier tube with
hemispherical photocatode enclosed in pressure-resistant glass sphere with diameter of 42 cm.
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To tag the potential double pulses, the differentiation method was selected. A potential double
pulse is tagged if a sign of the first derivative changes from negative to positive (see Fig. 2a). Hence
a creation of local minimum in the waveform is required.

(b)

Figure 2: a) Illustration of the differentiation method. The waveform is displayed with the blue line. The
red line corresponds to the sign of the first derivative multiplied by a factor of 5 for the sake of visualization.
b) Multiple pulse fitting. The black line corresponds to experimental waveform. The fit with sum of the
Gumbel functions is displayed with the red line. The black dotted peaks correspond to individual Gumbel
functions.

To determine the minimal time delay between pulses needed for the formation of a local
minimum with respect to the charges of both pulses, simulations of the Gumbel functions were
studied. The analytical form of the Gumbel function is following:
𝑓 (𝑥) = 𝑎𝑒 −( (

𝑥−𝜇
−( 𝛽 )
𝑥−𝜇
)
𝛽 )+𝑒

,

(1)

where 𝑎 is a normalization coefficient, 𝜇 is a position of maximum, and 𝛽 is a width of the peak.
This analysis showed that the minimal time delay between pulses required for formation of a local
minimum is ∼ 25 ns.
However, many potential double pulses tagged by the differentiation method are fake double
pulses created by pedestal oscillations. To suppress them, a multivariate machine learning technique
– Boosted Decision Trees (BDT) from ROOT TMVA package [3] was implemented. For BDT
training, 12 parameters were used. Both datasets, the signal dataset (real double pulses) and
background dataset (fake double pulses), contain attributes of approximately 3000 waveforms for
training and testing of BDT.
The output from trained BDT – the distribution of BDT response value is shown in Fig. 3a.
With a cut on BDT response value at -0.03, the signal efficiency is 99.6%, and the background
efficiency is 1.4% (see Fig. 3b) [4].
This method can be used to identify not only the double pulses but any higher multiplicity of
pulses (multiple pulses). Conclusively, individual pulses can be fit with the Gumbel function and
their parameters can be determined. The demonstration of this procedure applied on experimental
pulse is shown in Fig. 2b.
3
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(b)

Figure 3: a) Distribution of BDT response value for background (red color) and signal (blue color). b)
Distributions of signal efficiency and background efficiency with respect to the cut value applied on BDT
output. [4]

3. Single Cluster Double Cascade Reconstruction Algorithm
The double cascade reconstruction algorithm consists of three main parts – signal/noise hits
selection, division of pulses for separate reconstruction of two cascades, and two independent single
cascade reconstructions. Input to this algorithm is a set of pulses recorded by photomultiplier tubes.
The first step is to separate signal and noise pulses. Pulse with the highest charge is chosen
as a reference pulse. Other pulses are selected with respect to the reference pulse according to the
causality criterion:
| 𝑡 − 𝑡𝑖 |< 𝑑𝑖 /𝑣 + 𝛿𝑡,
(2)
where 𝑡 is detection time of the reference pulse, 𝑡𝑖 is detection time of the pulse to be analyzed, 𝑑𝑖 is
distance between OMs of the two pulses, and 𝛿𝑡 is parameter that determine stringency of causality
criterion. There are also additional criteria on neighboring OMs that detected hits. With 𝛿𝑡 = 80 ns,
average efficiency of signal pulse selection is at the level of 80% and purity is 99%.
In the second step, the set of pulses from the first step is divided to two subsets for two
independent single cascade reconstructions. The pulses are selected based on estimated positions
and times of cascades.
Firstly, a set of five random pulses is chosen. These five pulses are used for cascade position
and time estimation. The cascade position and time are estimated by solving a set of equations for
distances between OMs that detected particular pulses and position of cascade vertex 𝑑𝑖 :
q
𝑑𝑖 = (𝑥 − 𝑥 𝑖 ) 2 + (𝑦 − 𝑦 𝑖 ) 2 + (𝑧 − 𝑧 𝑖 ) 2 = 𝑐/𝑛(𝑡 − 𝑡𝑖 ),
(3)
where 𝑥 = (𝑥, 𝑦, 𝑧, 𝑡) is space-time position of cascade vertex, and 𝑥 𝑖 = (𝑥 𝑖 , 𝑦 𝑖 , 𝑧𝑖 , 𝑡𝑖 ) is space-time
position of OM that recorded particular hit [5]. If these five pulses correspond to one cascade only,
cascade position and time should be estimated accurately (see Fig. 4a). If this set is composed
of pulses from two cascades, then the cascade position and time are estimated inaccurately (see
Fig. 4b).
4
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Figure 4: Illustration of cascade position estimation. a) Pulses for position estimation correspond to one
cascade only ⇒ accurate position estimation. b) Pulses for position estimation correspond to two cascades
⇒ inaccurate position estimation.

Demonstration of this method on one event, for all combinations of five pulses, is shown in
Fig. 5, two distinct peaks that correspond to vertices of two cascades are created. Accurately
estimated position and time of cascade enable to select pulses that correspond to particular cascade.
Pulses are selected with respect to the estimated position 𝑅® and time 𝑇 of cascade according to the
criterion:
® 𝑇) |. 𝛿𝑇,
| 𝑇𝑖𝑚𝑒𝑎𝑠 − 𝑇𝑖𝑒𝑥 𝑝 ( 𝑅,

(4)

where 𝑇𝑖𝑚𝑒𝑎𝑠 is detection time of the pulse, 𝑇𝑖𝑒𝑥 𝑝 is expected time of pulse detection, and 𝛿𝑇
determines strictness of the criterion. There are also additional criteria on the charge of studied
pulse, and the distance between cascade position and OM that detected studied pulse. The estimation
of position and time of the cascade is computationally extensive if all possible combinations of five
pulses are taken into account. Therefore, if the chosen subset of pulses satisfies a set of certain
conditions, this subset of pulses is chosen for single cascade reconstruction, and the selection of
sets of five pulses is ceased.
The last step is to process two subsets of pulses with single cascade reconstruction [6]. An
event has to have at least 6 hits on at least 3 strings (6/3 filter) to be reconstructed with single cascade
reconstruction. For that reason both subsets of pulses for double cascade reconstruction have to
pass this criterion. Subsequently, selected sets of pulses undergo single cascade reconstruction
procedure. In the single cascade reconstruction, time and position of the cascade are estimated by
minimization of 𝜒2 :
𝑁
ℎ𝑖𝑡
Õ
® 𝑇)) 2
(𝑇𝑖𝑚𝑒𝑎𝑠 − 𝑇𝑖𝑒𝑥 𝑝 ( 𝑅,
1
2
,
(5)
𝜒 =
𝑁 ℎ𝑖𝑡 − 4 𝑖=1
𝜎𝑡2
where 𝑁 ℎ𝑖𝑡 𝑠 is number of hit OMs, 𝑇𝑖𝑚𝑒𝑎𝑠 is experimentally measured time of pulse detected on 𝑖 𝑡 ℎ
5
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(b)

Figure 5: The results of position estimation procedure, considering all combinations of five pulses, for MC
𝜈 𝜏 event with 𝜈 𝜏 cascade vertex position [9, 47, -126], 𝜏 cascade vertex position [-3, 45, -100]. The MC
positions are expressed in meters. a) Display of XZ plane. a) Display of XY plane.

OM, 𝑇𝑖𝑒𝑥 𝑝 is theoretically expected time of pulse detection on 𝑖 𝑡 ℎ OM, given that cascade vertex
® and 𝜎𝑡 is the uncertainty in time measurements. Energy and direction
time and position are 𝑇 and 𝑅,
of a cascade are determined via minimization of likelihood function:
𝐿=−

ℎ𝑖𝑡𝑂𝑀
Õ

𝑙𝑜𝑔(𝑃𝑖 (𝑞 𝑖 | 𝑄 𝑖 )) −

𝑖=1

𝑢𝑛ℎ𝑖𝑡𝑂𝑀
Õ

𝑙𝑜𝑔(𝑃𝑖 (𝑞 𝑖 = 0 | 𝑄 𝑖 )),

(6)

𝑖=1

where 𝑃𝑖 is the Poisson probability of detecting charge 𝑞 𝑖 on 𝑖 𝑡 ℎ OM while charge 𝑄 𝑖 is expected.
The Monte Carlo (MC) simulations of 𝜈 𝜏 interaction were processed with aforementioned
reconstruction algorithm [7]. Only double cascade events with distance between cascade vertices
higher than 10 m were taken into account. The reconstruction efficiency of the double cascade
events is defined as the ratio of events that passed certain criteria and total events simulated in MC. In
Fig. 6a, the reconstruction efficiency after 6/3 filter is displayed. The reconstruction efficiency after
whole double cascade reconstruction algorithm is shown in Fig. 6b (tolerance on mismatch between
simulated and reconstructed position is 5 m for both cascades). An example of a reconstructed
double cascade event is displayed in Fig. 7.

4. Multi-cluster Double Cascades Reconstruction
The multi-cluster double cascade identification technique combines single cascade reconstruction algorithm with multi-cluster events. A double cascade event is tagged if two single cascades
were reconstructed separately in two different clusters satisfying time coincidence condition.
Approximately 87 000 cascades were reconstructed by means of single cascade reconstruction
technique [7] in the experimental data collected in year 2019. The same dataset has been processed
with multi-cluster double cascade identification algorithm. This method tagged one double cascade
event which means that two single cascades were reconstructed within the coincidence time window.
Reconstructed attributes of the two cascades are shown in Tab. 1.
6
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(b)

Figure 6: a) The dependence of reconstruction efficiency on MC simulated distance between cascades after
6/3 filter. b) The distribution of reconstruction efficiency with respect to MC simulated distance between
cascades after double cascade reconstruction (tolerance on mismatch between simulated and reconstructed
position is 5 m).

Figure 7: Reconstructed MC 𝜈 𝜏 event visualization. The dependence of time on the Z coordinate for all
eight strings is shown. The MC simulated distance between cascades is 18.17 m. The mismatch between
simulated and reconstructed position of 𝜈 𝜏 cascade is 1.84 m and 3.27 m for 𝜏 cascade.

According to the reconstructed positions of two cascades, the distance between cascades was
determined as ∼ 328.75 m. Taking into account reconstructed attributes of two cascades, the
probability of 𝜈 𝜏 origin of this event is close to zero.
7
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Table 1: Reconstructed parameters of cascades from double cascade multi-cluster event: zenith angle,
azimuth angle, reconstructed energy, number of hits used in reconstruction, and likelihood.
cascade 1
cascade 2

𝜃 [rad]

𝜙 [rad]

Energy [TeV]

nRecoHits

likelihood

2.20
2.32

3.85
3.66

8.06
4.72

19
17

0.92
1.08

5. Conclusion
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The double pulse detection method based on machine learning technique BDT was developed.
The signal efficiency gained is 99.6%, and the background efficiency is 1.4%. The usage of this
method for multiple pulses identification and separation was studied. The first single cluster double
cascade reconstruction algorithm has been developed. The individual steps of this algorithm
were described. The first preliminary results were studied. The multi-cluster double cascade
identification algorithm was applied on data collected in year 2019. One multi-cluster double
cascade event was identified. According to the analysis of reconstructed parameters of two cascades,
𝜈 𝜏 origin of this event can be excluded.

