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Abstract—We present the results of our search for neutrino events coinciding in time and direction with
gamma-ray bursts (GRBs) with the Baikal underwater neutrino telescope NT200. No events confirming
a neutrino accompaniment of GRBs have been detected. Model-independent limits (Greens function) on
the neutrino flux from GRBs have been obtained. For the Waxman—Bahcall neutrino spectrum, the limit
on the neutrino flux from a GRB has been found to be E2®, < 1.1 x 1075 GeV em=2 s~ sr— 1,
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INTRODUCTION been operating at the Baikal Lake since April 1998.
The detector is located at a depth of 1100 m. It
consists of 192 optical modules (OMs) arranged on

One of the priorit Is of und t tri
e o7 1ne PHIDELY goas 01 HNCErvater HEUno seven peripheral and one central string. The length

telescopes related to the detection of neutrinos of e ' k
extraterrestrial origin is the search for neutrino events ~ ©f €ach string is 68 m; the separation between the
from gamma-ray bursts (GRBs). In this paper, we central and perlphe.ral strings is 21.5.r.r1. To suppress
present the results of such a search with the Baikal the background triggers of the facility due to the

underwater neutrino telescope NT200. NT200 has dark current of the photodetectors and water lumi-
nescence, the optical modules of the telescope were

TDeceased. grouped in pairs and switched in coincidence. Each
"E-mail: aynutdin@yandex.ru such pair of modules forms a measuring channel. The
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time of the first triggered OM channel is chosen as
the signal time stamp. A detailed description of the
design and basic functional systems of the neutrino
telescope NT200 is given in a number of publications
of the Baikal collaboration (Belolaptikov et al. 1997,
Aynutdinov et al. 2008a, 2008b).

To search for neutrino events, we used information
about 303 GRBs recorded from 1998 to 2000 in the
BATSE experiment (Paciesas et al. 1999). The tech-
nique for separating neutrinos from the background
of atmospheric muons in the NT200 detector was
based on the recording of muons from the Earth’s
lower hemisphere whose direction and recording time
correlate with GRBs.

EXPERIMENTAL DATA

The information from the BATSE experiment
about the GRB time and localization allows one
to reduce considerably the background level of at-
mospheric muons in the neutrino telescope and to
increase significantly the effective volume of the
facility for the search of neutrino events. However,
using the BATSE data is hampered by the fact that
the information about the distance to the GRB source
is available only for a small fraction of the events. The
problem is that for GRB sources with a redshiit z ~ 2
(the mean value that, according to present views, is
expected for the BATSE events), a neutrino signal by
afacility of the NT200 scale seems unlikely, i.e., only a
relatively small fraction of the events from the BATSE
data with z considerably less than unity can be the
source of the neutrino signal. An additional selection
of GRBs by their duration (e.g., the selection of
events with a duration shorter than 2 s, for which the
expected mean value of z can be slightly lower than
that for the complete BATSE data set) does not lead
to a qualitative improvement of the situation either.
In addition, the shortcoming of such a selection is
the possibility of losing events with a statistically
significant signal.

To prevent the loss of useful events, we used the
complete BATSE data set from the catalog of trig-
gered GRBs (Paciesas et al. 1999) without any selec-
tion of events by GRB parameters. The non-triggered
GRBs extracted by an off-line analysis of the BATSE
data (Stern and Tikhomirova, 2002) were added to
these events. The absence of a trigger was associated
either with the dead time of the detector or with an
insufficient intensity of radiation.

For our analysis, we selected GRBs coinciding in
time with periods of stable operation of the NT200
detector and located at zenith angles larger than 100°.
The GRB selection results are given in Table 1. For
each year of exposure, the total number of GRBs
(Niot) recorded during the facility’s stable operation
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Table 1. Results of the GRB selection

Triggered GRBs ~ Non-triggered GRBs
Parameter
1998 1999 2000 1998 1999 2000
Niot 148 213 29 152 170 24
Nioo 60 84 11 60 78 10
Os 079 074 0.88 049 054 0.78
Bio 094 092 098 077 0.80 095

and the number of GRBs at zenith angles larger than
100° (N1gp) are presented. An important event pa-
rameter for the subsequent analysis is the error in the
GRB direction given in the BATSE data. The data
on the error allow one to determine the probability 3
that the true GRB direction lies within the solid angle
chosen for the search of neutrino events. For the
selected GRBs, Table 1 lists the mean probabilities
[ calculated for cones with half-angles of 5° (35) and
10° (B10). To calculate these probabilities, we used an
analytical representation of the GRB localization er-
ror distribution function from Briggs et al. (1999); its
parameters are the directional error from the BATSE
catalog and the systematic error taken to be 1.6°.

To search for correlations between GRBs and
NT200 events, we used the data obtained with the
Baikal neutrino telescope from 1998 (when NT200
was put into operation) to 2000 (when the BATSE
experiment was completed). A primary analysis
of the NT200 experimental information eliminated
the periods of unstable operation of the facility and
revealed a sample of events satisfying the 3/6 trigger
condition (no fewer than six triggered channels on
three or more NT200 strings). From this sample,
for the subsequent analysis we selected the events
reconstructed as muons that arrived from below the
horizon at zenith angles larger than 100° (~2.5 x 10°
events in 6.8 x 107 s of pure exposure time). The data
set obtained includes mainly the background from
muon bundles and misreconstructed muons near
horizon. To suppress the background, we developed
additional event selection criteria.

NT200 EVENT SELECTION CRITERIA

The optimization of the NT200 event selection cri-
teria for the search of correlations with GRBs aimed
achieving the maximum effective neutrino area, while
retaining a sufficiently low background level from at-
mospheric muons. The optimization procedure was
based on the simulations of neutrino events and of the
background from atmospheric muons by the NT200
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Table 2. Fraction of the events satisfying the criterion Py X Popit for the muons from neutrinos and for background

atmospheric muons

Criterion Phit X Pronit > 0.1
Atmospheric p 0.067
Atmospheric v 0.80
v:102 GeV < E, < 103 GeV 0.69
v:10® GeV < E, < 10* GeV 0.66
v:10* GeV < E, < 10° GeV 0.48
v:10° GeV < E, < 10° GeV 0.23
v: 108 GeV < E, < 107 GeV 0.11

facility (Belolaptikov 2007; Bugaev et al. 2001). To
take into account the change in NT200 character-
istics over the exposure period, the simulations were
performed for nine basic configurations of the facility
that corresponded most closely to the actual status
of the detector recording system. The simulations
produced the data samples of neutrino and back-
ground events for the NT200 detector satisfying the

3/6 trigger condition.

We used the results of our reconstruction of sim-
ulated events to determine the efficiency of recon-
structing the parameters of the trajectories for muons
from neutrinos and to calculate the background level.
The methods of event reconstruction and background
suppression in NT200 were described in detail by
Belolaptikov (2007). The criteria for suppressing the

4 _
10 v Cut-A ee® "
[ ]

10
102
€ 10!
10°
107!

] v o
:v'v' Yy

Seff’ C

LUl IR IR IR R L SR S

-=ml T T W Y O Y I I 11 N I N 1T N W W NN 11| B A WA A uii | 3

o' 102 10° 10* 105 106 107 108
E,, GeV

Fig. 1. Effective area of the NT200 facility versus neutrino
energy for two sets of event selection criteria: A and B.

Phit X Pnohit >0.2 Phit X Pnohit > 0.3

0.015 0.0043
0.69 0.52
0.55 0.38
0.51 0.33
0.29 0.16
0.12 0.062
0.054 0.026

background from atmospheric muons used here were
developed and optimized for the separation of atmo-
spheric neutrinos and provide a background suppres-
sion factor of ~10~7. For the search of correlations
with GRBs, this rejection level is redundant, because
we have a priori information about the GRB recording
time and direction. Reducing the level of require-
ments for the background suppression allows us to
increase the probability of recording neutrino events
and to increase considerably the effective area of the
facility. Following the approaches by Belolaptikov
(2007), we chose Ppit X Pponit and Zgist as the basic
parameters for the selection of events. The quantity
Zgist is calculated as the distance between the most
distant projections of the coordinates of the facility’s
triggered channels onto the muon trajectory. Py x
Pronit is the normalized probability that the triggered
channels of the facility for the chosen particle trajec-
tory would record the signal from the Cherenkov ra-
diation of a muon, while the nontriggered ones would
not record the signal. The largest admissible angle
¥ between the GRB direction and the reconstructed
direction of muon motion is also an optimization pa-
rameter.

A decrease of the angular window ¥ obviously
leads to a reduction in the admixture of background
events. However, when ¥ decreases considerably, the
fraction of the losses of useful events becomes signif-
icant and exceeds 50% for ¥ < 5°. Table 2 illustrates
the application of the criterion Py X Poonit- This
criterion was developed to suppress the background
from atmospheric muons misreconstructed as events
from below the horizon and to separate atmospheric
neutrinos at energies up to ~1 TeV. As the neutrino
energy increases, the efficiency of this criterion de-
creases. The data from Table 2 characterize the level
of losses of useful events for atmospheric neutrinos

ASTRONOMY LETTERS Vol.37 No.10 2011
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and for neutrinos with a spectrum of the form E=2 in
several energy ranges. The fraction of losses at high
neutrino energies can be more than 90%.

Table 3 presents the number of background events
over the exposure time calculated for various values of
Phit X Pnohit and W.

Based on our simulations, we chose two sets of se-
lection criteria for NT200 events for their subsequent
comparison with GRBs, Cut-A and Cut-B:

Cut-A: Zjisk > 30m, Pyt X Phopit > 0.1, ¥ = 10°;

Cut-B: Zisk > 30 m, ¥ = 5°,

Cut-A is tailored to search for neutrinos with en-
ergies up to ~10° GeV: the number of expected back-
ground events is close to unity. Cut-B, which does
not use the criterion Bji X Pronit, e€xtends consid-
erably the energy range for the search of neutrino
events, but the expected background level increases
approximately by a factor of 4.

THE EFFECTIVE AREA OF THE FACILITY

The effective area of the facility for the Cut-A and
Cut-B event selection criteria is presented in Fig. 1.
The effective areas for the two sets of selection criteria
are identical up to neutrino energies of ~10* GeV. At
energies above 10° GeV, the effective area for Cut-A
does not increase with energy, because the fraction
of the losses of useful events rises. The behavior
of the effective area at energies above 106 GeV is
mainly determined by the absorption of neutrinos in
the Earth.

The range of energies to which the NT200 detector
is sensitive was estimated for a neutrino spectrum of
the form E~2. Figure 2 shows the relation between
the NT200 effective area and the neutrino energy. For
the Cut-A and Cut-B criteria, the energy range is
limited from above by ~10° and ~107 GeV, respec-
tively.

RESULTS OF OUR ANALYSIS
OF THE EXPERIMENTAL DATA

We analyzed the experimental data along three
main directions: checking the correctness of the facil-
ity response simulation procedure and the calculation
of the detector effective area; separating the events
correlating with GRBs in time and direction; and
determining the number of background events. To
check the simulation procedure, the calculated back-
ground event suppression factors were compared with
the experimentally obtained values. Table 4 presents
the results for various values of Pyt X Poonit (Zgist =
30 m). The experimental background suppression
factors obtained are consistent with the simulation
results within the systematic errors of our calcula-
tions, ~20%.
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Table 3. Expected number of background events
Parameter it ;Pnohit Phit>><0]'3i10hit Phit>><0]'350hit
v =5° 3.1 0.20 0.047
U =10° 12 0.80 0.18

Table 4. Experimental estimate of the background event
suppression factor

Phit X Pnohit Phit X Pnohit Phit X Pnohit
Parameter  “H. 7 | > 0.2 > 0.3
Experiment 0.053 0.012 0.0035
Model 0.062 0.014 0.0040

We searched for correlations of the NT200 events
selected according to the Cut-A and Cut-B criteria
for 303 GRBs (155 triggered and 148 non-triggered
GRBs). The selection by the event recording time
was made within the time interval Tgrp determined
by the value of Ty, the GRB duration presented in
the GRB catalogs. To compensate for the possible
uncertainty in the recording time of an NT200 event,
we added 5 s to the interval Tyy on each side. If
there was no information about Tyy (about 25% of
the triggered GRBs), we used a fixed time interval of
100 s.

The number of background events was determined
in a time interval of £1000 s relative to the GRB
onset (the interval Torp was excluded in this case)
for angles between the GRB and the muon <10°.
The number of background events obtained was nor-
malized to the recording time and the angular range
defined for the signal.

Our analysis revealed no event for Cut-A and
one event for Cut-B (GRB 990427 from the BATSE
catalog). Table 5 gives the number of events for
the signal and background matching the selection
criteria; the 90% confidence intervals for g obtained
in accordance with Feldman and Cousins (1998); the
number of GRBs with the correction 3 applied (the
probability that the true GRB position is within the
chosen solid angle, see Table 1); the 90% confidence
intervals for the number of events per GRB: Ngy =
190/ (Ngrp % ). The results are presented both for
all GRBs and separately for the triggered GRBs.

Our analysis revealed no neutrino events from
GRBs. We obtained the limit on the neutrino flux
from GRBs based on the method proposed by Fukuda
et al. (2002). According to this technique, the F(E,)
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limit is represented as a function of neutrino energy
(the Greens function):

F(El/) = NQO/Seﬁ(EV)7 (l)

where Se(E,) is the effective area of the facility,
Ny is the 90% confidence interval for the number
of neutrino events per GRB. In this approach, the
result does not depend on the assumptions about
the form of the neutrino energy spectrum. Figure 3
presents the F'(E,) limits for the Cut-A and Cut-B
selection criteria obtained in our analysis. The limits
for Cut-A and Cut-B essentially coincide at energies
up to 10° GeV. At high neutrino energies, the Cut-B
selection criteria yield considerably better results.

In Fig. 4, the results for the NT200 detector are
compared with the limits on the neutrino flux from
GRBs obtained with Super-Kamiokande (Fukuda
et al. 2002) and AMANDA (Achterberg et al. 2007a,

2007b). The limit for the AMANDA detector was
obtained for GRBs in the Northern Hemisphere. The
Super-Kamiokande and NT200 limits refer to GRBs
in the Southern Hemisphere.

At present, there is no unique form of the energy
spectrum for neutrinos from GRBs. Therefore, the
Greens function F'(E, ), the dependences of the neu-
trino flux limit on neutrino energy, are our model-
independent experimental result. The Greens func-
tion allow us to calculate the limit on the neutrino flux
for energy spectra of an arbitrary form. We performed
such a calculation for the neutrino spectrum from
Waxman and Bahcall (1997) and Waxman (2001,
2007). Following the approaches from these papers,
the differential muon neutrino flux ®V—2(E,) at en-
ergies up to 10 PeV is

Ero) B(E,) = AP xmin(1,E,/E), (2)

ASTRONOMY LETTERS Vol.37 No.10 2011
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Table 5. Results of searching for events from GRBs

697

Selection criteria Experiment Background 1490 Nggrp X Ny
Cut-A 0 0.56 1.9 236 0.0085
Cut-B 1 2.7 2.1 199 0.010
Cut-B, triggered GRBs 1 1.6 2.8 120 0.023
where E,, =100 TeV and AW-B=8x The derived limit on the neutrino flux is consider-

1079 GeVem=2 s~ tsrt,
The MRF (Model Rejection Factor) was calcu-
lated from the formula

MRF = Ngo/Nex; (3)

where Ny is the upper limit on the number of neutrino
events from a GRB and N is the expected number of
events calculated for a given spectrum:

47

Ny = / @E(E,)S,5(Ey) | dE,.

(4)
In this formula, n~ 2.2 x 107® s~! is the mean
rate of GRB observation in a solid angle of 4r«
(~700 events peryearin the BATSE recording range)

and ®Fah(E)) is the neutrino flux near the Earth:
o) P (E))
9 .

Since the expected number of events was esti-
mated from information about the rate of GRB ob-
servations corresponding to the BATSE recording
range, the MRF was calculated only for triggered
GRBs (Ngrp x 8 = 120, see Table 5). The MRF
obtained is 2.8 x 102 and the limit on the neutrino flux
from GRBs is

Ef@,, <1.1x10%GeVem2stsr . (5)
g N IE AL e L e 1L e L e
104 E = = Super-Kamiokande(1996-2000: 1454 bursts) 3
E ® AMANDA-II (2000-2003: 151 bursts) E
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Fig. 4. Limits on the neutrino flux from GRBs obtained
on NT200, Super-Kamiokande, and AMANDA.
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ably weaker than the AMANDA and IceCube results
obtained for GRBs in the Northern Hemisphere: by
now, IceCube has reached a level of MRF < 1 (Ab-
basi et al. 2011). An improvement of the experimental
situation is possible once the neutrino telescopes with
an effective volume of the order of a cubic kilometer
in the Mediterranean Sea and at Lake Baikal have
been put into operation (Avrorin et al. 2011), which
together with IceCube record neutrinos from GRBs
on the full celestial sphere.

CONCLUSIONS

We presented the results of our search for neutrino
events in the underwater neutrino telescope NT200
coinciding in time and direction with GRBs recorded
by the BATSE detector from 1998 to 2000. The an-
gular range of the NT200 sensitivity to GRBs spans
a large part of the Southern Hemisphere. No events
confirming the neutrino accompaniment of GRBs
were detected. Model-independent limits on the neu-
trino flux from GRBs (the Greens function) were
obtained in an energy range that exceeds the Super-
Kamiokande range by more than an order of mag-
nitude. For the neutrino energy spectrum proposed
by Waxman and Bahcall (1997), the limit on the
neutrino flux from GRBs was found to be E2®, <

1.1 x 1079 GeVem2s tsrt,
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