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The search for muon neutrinos with energy > 1 GeV correlated with Gamma-Ray
Bursts (GRBs) has been carried out at the Baksan Underground Scintillation Telescope
(BUST). Between December 1978 and December 2013, more than 1500 localized gamma-
ray bursts that occurred in the field of view of the BUST were coincident with the BUST
operation periods. No neutrino signal from GRBs was detected. Upper limits on associated
gamma-ray burst neutrino production are presented.

PACS: 98.70.Rz; 14.60.Lm; 29.40.Mc

INTRODUCTION

Gamma-ray bursts are short and very intense flashes of high-energy gamma
rays, which occur unpredictably and isotropically over the sky [1-4]. A con-
siderable portion of the total energy may be carried away by neutrinos created
during the burst (see, for example, [5] and references therein). Unlike the GRB
photons, which may scatter or be absorbed before they reach the Earth, the neu-
trinos, due to their small interaction cross section, arrive at the Earth virtually
unaffected. Thus, studying neutrinos from GRBs can provide valuable insight
into the processes underlying these phenomena.

This paper presents results of a direction-time correlation analysis between
the GRBs and BUST events using an upward-going muon data sample.

*E-mail: vpetkov@inr.ru



366 PETKOV V.B. ET AL.

1. THE BUST AND DATA TAKING

The Baksan Underground Scintillation Telescope is located in an excava-
tion of 24 x 24 x 16 m under the slope of Mt. Andyrchy (North Caucasus,
43.28°N and 42.69°E) at effective rock depth 850 hg/cm? (300 m of a rocky
ground), which corresponds to the threshold energy of detected muons of about
220 GeV [6]. The BUST was designed to solve a number of physical problems
which predetermined its construction and location [7]. It is a four-story struc-
ture with the dimensions of 16.7 x 16.7 x 11.1 m. The distance between the
floors is 3.6 m. All six of the outer and the two inner planes of the building
are fully covered with standard scintillation detectors. The standard scintillation
detector consists of an aluminum tank with the dimensions of 0.7 x 0.7 x 0.3 m
filled with a liquid scintillator on the base of white spirit. The total number
of detectors is 3180. Every counter is viewed by one PMT (a 15-cm diame-
ter photocathode). The construction of the BUST allows one to identify tracks
of muons crossing the telescope. Separation of arrival directions between up-
per and lower hemispheres is carried out using the time-of-flight method with
the time resolution ~ 5 ns [8,9]. Figure 1 shows the first upward-going muon
observed at the BUST. It was shown [8] that in 95% of events, values of the
inverse reconstructed particle velocity 1/3 lie in the range of 0.7-1.3 for single
downward-going muons. This interval, but with a negative sign of velocity, is
used to select the upward-going muons generated by the charged current neutrino
interactions in the lower hemisphere. Selection criteria of neutrino events in the
BUST cut off particles with energies below 1 GeV.

The angular resolution of the BUST for the reconstructed events is about 1.6°.
It should be noted that the direction of an upward-going muon is strongly cor-
related with the incident neutrino direction. The rms angle between a muon and
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Fig. 1. The first upward-going muon observed at the BUST (December 14, 1978). The
relative time of flight of the horizontal planes is shown
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its parent neutrino is ~ 3.7°, assuming an atmospheric neutrino spectrum. As
the assumed GRB neutrino spectra are harder than the atmospheric one, a smaller
angular separation between the muons and GRBs can be expected.

The data used in this work were collected during 1978-2013 years with a
lifetime of 27.72 y. In this period, 1474 upward-going muons (with 6 > 90°)
were detected. For this analysis we selected 1357 events with 6 > 100°. This
criterion is used to reduce background from the downward-going atmospheric
muons scattered at large angles in the rock.

2. GRB-NEUTRINO CORRELATION ANALYSIS

A comprehensive gamma-ray burst catalog does not exist to date. The list of
localized GRBs (3982 localized GRBs over the years 1978-2013) was obtained
from different catalogs [10]. 3690 localized GRBs coincided with the BUST
operation periods, 1532 GRBs of which occured in the field of view of the BUST
(6 > 100°). Figure 2 shows our neutrino events and the selected GRBs as a
function of the year.
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Fig. 2. Gamma-ray bursts (a) and the BUST events (b) as a function of year

We consider possible time and directional correlation between the BUST
neutrino events and GRBs. Figure 3 shows the difference in time between the
detection of an upward-going muon and a GRB (At = Tgyst — TGrB) as a
function of their angular separation d. We find no muon neutrino events correlated
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Fig. 3. Difference in detection times vs. the angular separation between the BUST upward-
going muon events and GRBs

in time (within 1000 s) and direction (within dy = 20°) with a GRB. Taking into
account the angular resolution of the BUST and rms angle between a muon and
its parent neutrino, the value of dy corresponds to directional uncertainty ~ 19.5°,
which is much greater than directional uncertainty for the selected GRBs.

3. RESULTS

In the absence of any clear neutrino signal from GRBs, model-independent
GRB-neutrino fluence upper limits were calculated, following the Green’s function
method [11]. This method gives the fluence limit on monoenergetic neutrinos at
different specific energies; the calculation is repeated at different values of the
neutrino energy. The advantage of this method is that an integrated fluence upper
limit can be determined for any input spectrum [12].

Following the Green’s function method, the 90% confidence level (CL) GRB-
neutrino fluence upper limit was calculated as

Ny n9o

F(EV) - SeH(El/) B SeH(El/) . NGRB’ (1)

where ngg = 2.3 and Seg(F,) is the energy-dependent neutrino effective col-
lecting area. Figure 4 shows the model-independent GRB-neutrino upper limits
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Fig. 4. The Green’s function of the 90% CL upper limits on GRB-neutrino fluence per
GRB obtained at the BUST (this work), Super-Kamiokande [11], AMANDA [12] and
Baikal [13]

on GRB-neutrino fluence per GRB obtained at the BUST in comparison with the
results of other experiments.

4. DISCUSSION

Denote the ratio of the mean neutrino numbers per GRB for the BUST and

AMANDA as
NpusT

=~ ()
NaMANDA
Assuming that the neutrino emission from gamma-ray bursts has a power
spectrum E7 with a single exponent +y in the whole energy range, the dependence
of this ratio on v can be calculated by the formula
10°
f SBUST (EV)E_’YdE
1
&) = , 3)

| Samanpa(E,)E-VdE
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where SgusT(F,) and Samanpa(E,) are the energy-dependent neutrino effec-
tive collecting area of the BUST and AMANDA, respectively. Intersection of the
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Fig. 5. The ratio of mean neutrino numbers per GRB for the BUST and AMANDA. The
solid line is the dependence on y according to formula (3). The dashed line: &cxp = 0.175

dependence &(y) with the value {ep, = 0.175, calculated from the experimentally-
obtained constraints, gives ¢ ~ 3.27 (Fig.5). Therefore, we can compare limits
obtained in different energy ranges and conclude that the BUST limit is more
strict if v > 3.27.

Acknowledgements. This work was supported by the Russian Scientific
Foundation (grant 14-12-00148).

REFERENCES

1. Postnov K. A. Cosmic Gamma-Ray Bursts // Phys. Usp. 1999. V.42. P.469.

2. Bisnovatyi-Kogan G.S. Cosmic Gamma-Ray Bursts: Observations and Modeling //
Phys. Part. Nucl. 2006. V.37. P.647.

3. Costa E., Frontera F. Gamma-Ray Bursts Origin and Their Afterglow: Story of a
Discovery and More // Riv. Nuovo Cim. 2011. V. 034. P.585.

4. Gehrels N., Razzaque S. Gamma-Ray Bursts in the Swift-Fermi Era // Frontiers of
Phys. 2013. V. 8. P.661.

5. Bartos I. et al. Detection Prospects for GeV Neutrinos from Collisionally Heated
Gamma-Ray Bursts with IceCube/DeepCore // Phys. Rev. Lett. 2013. V.110.
P.241101; arXiv:1301.4232v2.

6. Alexeyev E. N. et al. Baksan Underground Scintillation Telescope // Proc. of the 16th
ICRC. 1979. V. 10. P.276; http://adsabs.harvard.edu/abs/1979ICRC...10..276A.

7. Alekseev E.N. et al. The Baksan Underground Scintillation Telescope // Phys. Part.
Nucl. 1998. V.29. P.254.

8. Andreyev Yu.M. et al. Speed Distribution of Penetrating Particles at the Depth
850 hg/cm?® // Proc. of the 16th ICRC. 1979. V.10. P. 184;
http://adsabs.harvard.edu/abs/19791CRC...10..184A.



SEARCH FOR HIGH-ENERGY MUON NEUTRINOS 371

10.

11.

12.

13.

. Chudakov A. E. et al. Study of High-Energy Cosmic Ray Neutrinos. Status and Possi-

bilities of Baksan Underground Scintillation Telescope // Ibid. P.287;
http://adsabs.harvard.edu/abs/19791CRC...10..287C.

The Gamma-Ray Burst Catalog:
http://heasarc.gsfc.nasa.gov/grbcat/grbcat.html;

BATSE 4B Gamma-Ray Burst Catalog:
http://www.batse.msfc.nasa.gov/batse/grb/catalog/4b;

Greiner Table: http://www.mpe.mpg.de/ jcg/grbgen.html;
Swift GRB Table: http://swift.gsfc.nasa.gov/archive/grb_table.

Fukuda S. et al. (Super-Kamiokande Collab.). Search for Neutrinos from Gamma-Ray
Bursts Using Super-Kamiokande // Astrophys. J. 2002. V.578. P.317.

Achterberg A. et al. (AMANDA Collab.). The Search for Muon Neutrinos from North-
ern Hemisphere Gamma-Ray Bursts with AMANDA // Astrophys. J. 2008. V.674.
P.357.

Avrorin A. et al. (Baikal Collab.). Search for Neutrinos from Gamma-Ray Bursts with
the Baikal Neutrino Telescope NT200 // Astron. Lett. 2011. V.37. P.692.



