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Abstract

We present an algorithm to determine the energy of muons crossing the Baikal neutrino telescope NT-96.
The obtained error in the logarithm of the energy is 0.4-0.5, depending on the muon energy. We compare
experimental and Monte Carlo energy spectra of atmospheric muons and atmospheric neutrinos.

1 Introduction

The primary challenge for deep underwater detectors is the identification of upward moving muons gen-
erated in neutrino interactions. The concentration on the lower hemisphere is given by the flux of downward
muons caused by the interaction of the cosmic rays with the atmosphere. This flux exceeds the flux of upward
moving muons from atmospheric neutrino interactions by a factdiobfat a depth o~ 1000 mwe. As it
has been shown in [1] already for the relatively small array NT-96 the separation of neutrino events can be
achieved, using the directional information of the muon only. For doing neutrino astronomy it becomes impor-
tant not only to use the directional information of the muon, but also to get a handle on the muon energy. This
is because the energy spectrum of the atmospheric neutrinos is following a powgr fawith v ~ 2.7 [3]
up to an energy 0f100 GeV and steepen towargls~ 3.7 at higher energy, while the neutrinos from a cosmic
accelerator (assuming first order Fermi mechanism for acceleration) are assumed to have a harder spectra with
v ~ 2 [3]. This results in a negligible background from atmospheric neutrinos for neutrino energies above a
certain (flux dependent) threshold. The knowledge about the order of magnitude of the energy of a neutrino
event enables thus discriminating against atmospheric background. In this paper it will be shown that with a
straight-forward parameterization of the light output for muons of different energy and using the calculated
probability of a measured amplitude for a muon fixed in space, a likelihood reconstruction yields an energy
resolution of 0.4-0.5 orders of magnitude. This method was applied to the neutrino events found in [1]. The
determined energy was found to be in agreement with what one expects from atmospheric neutrinos. The
determination of the muon energy will enhance the capability of the present neutrino detectors in identifying
cosmic neutrino events.

The detector NT-96 installed 1996 at Lake Baikal was the world first neutrino telescope which has been
able to separate atmospheric neutrinos events from atmospheric muon events. The detector consists of 96
photomultipliers (48 channels) mounted on four strings. Each string has a length of 70 m and a distance of
about 18 m to the others. The array, now upgraded to 192 photomultipliers, is installed at a depth of 1100
meters.

2 Reconstruction Method

The reconstruction consists of two steps: firstly, the space coordinates are reconstructed with a conventional
maximum likelihood method. It uses the time and amplitude information on each hit OM, and the probability
not to be hit on each non-hit OM. This reconstruction is done based on a model of a minimal ionizing muon
[5].

Secondly, the energy is estimated by computing the likelihood of the weighted average of the muon energy.
This is done with the formula .

Erec= / E-P(E)E

min
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Figure 1: Average light emission as a function of theigure 2: Distribution of the emission frequency for a
muon energy. certain light intensity for muons with different ener-
gies.

During this step, the track coordinates are kept fixed. The estimation of the amplitude likelihood uses the
following models for different effects:

1. Atable of the probability to get a certain amplitude response for a certain muon energy and light atten-
uation. This table was created by the Monte Carlo programmADwhich is based on GEANT-3.21 [7].
The average number of emitted photons is shown in figure 1, together with the linear approximation

Nph(E) = Nph(naked muoh- (1.2 4+ 0.8 - E/TeV)

Figure 2 shows the photon emission distribution for muons with different energies. Although these
distributions depend on the detection area, they are independent on the distance to the photomultipliers.

2. The absorption in the water. Here, a parameterization of the wavelength dependent water attenuation
length published in [6] is used.

3. The wavelength dependent quantum efficiency of the optical module, including the pressure housing.
This parameterization is based on [8].

4. The behavior of the detector. This includes:

e The number of photo electrons for a certain photon flux is Poisson distributed.

The Quasar photomultiplier [8] has a typical amplitude (1 p.e.) resolution of 70%.

The photomultipliers are paired in coincidence, forming one channel.

Each channel has a 400 Hz noise from accidental coincidences of dark noise and bioluminescence.

The maximal hit probability of a channel is 95-97.5% even at high illuminations.

For a hit channel, the probability to measure a certain amplithidse
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and the probability for a channel not to be hit
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with P(®y) being the energy dependent probgs
ability to get a certain photon fluk,,,.

Energy reconstruction is only applied to 4 g
tracks fulfilling the standard quality criteria for
track reconstruction described in [5]. A test 4
with isotropic simulated muons in the range
80 GeV to 100 TeV is shown in figure 3. 3.
The reconstructed energy parametefwhich 3
is log,q Er. Of the reconstructed energ,..
in GeV?) is limited t02.0...5.0 by the range 2.5
of the muon energy tables used in the recon-
struction. Above 1 TeV, the energy resolution =
is about 0.45 orders of magnitude. Stronger {5 Eolovo bbbl il )
cuts do not improve the energy resolution. For 2 25 3 35 4 45 5
bigger detectors (NT-200 and up) it is ex- 09, ((Egen: GEV
pecte_d that the energy resolution W'_” |mprovq3igure 3: Reconstructed energy parameiggas a function
For higher energies, this reconstru'ctlon methogi e generated muon energy.
needs to be adjusted for correlations between
the amplitude measurements of the different
detector channels which are neglected at the present stage.

We also tested the stability of the reconstruction method with respect to variations of several parameters
of the detector, such as water attenuation, quantum efficiency of the photomultiplier etc. It turned out that the
energy reconstruction is stable with respect to reasonable changes of these parameters.

3 First Results

As a first test, the method was applied on atmospheric muons. Figure 4 shows the reconstructed Monte
Carlo muon spectrum, compared to reconstructed experimental data. Due to the relatively broad energy resolu-
tion, the reconstructed energy parameter spectrum differs significantly from the true triggered energy spectrum.
To reproduce the triggered energy spectrum, an unfolding operation is necessary.

The method described above was applied to the neutrino events found within 70 days of NT-96 lifetime[1]
as well as to a sample of atmospheric neutrino Monte Carlo events. The distribution of the reconstructed
energy parametet of the Monte Carlo neutrinos is shown in figure 5. The reconstructed energies of the
NT-96 neutrino events are marked and are compatible with the spectrum of atmospheric neutrinos.

The cuts applied to these events are optimized for a separation of atmospheric neutrino events from the
background of atmospheric muons which makes the reconstructed energy parameter spectrum different from
the downgoing muon spectrum in figure 4. Particularly, cuts on a minimal number of chaviggls 9 and
a minimal detected track lengto, > 35m shift the energy parameter to higher values than for all triggered
upward events.
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4 Conclusions and Outlook

The results obtained with the described reconstruction method show the possibility to estimate the energy of
muons detected by the Baikal Neutrino Telescope. The reconstruction works well in an energy range between

2Because of the steep falling muon spectrum, the reconstructed energy does not give the best estimate of the muon energy. For this
reason, the term ‘energy parameter’ is used instead.
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Figure 4: Reconstructed energy parameter of atntbégure 5. Reconstructed energy parameter of atmo-

spheric muon. Points: experimental data. Solid lingpheric neutrinos. Arrows indicate the reconstructed

MC results. energy parameter of the observed neutrino events
from [1].

1 TeV and 30 TeV. For a further determination of flux limits, an unfolding procedure will be applied to the
data.

This work was supported by the Russian Ministry of Research, the German Ministry of Education and
Research and Russian Fund of Fundamental Research (grants 96-02-17308, 97-02-17935, 97-02-31010,
98-02-31010, 97-02-96582, and 97-05-96466).

References
[1] Belolaptikov I.A. et al, 1997 Astroparticle Physic§ 263

[2] Review of Particle Physics, The Eur. Phys. J. C Vol 1 Num 1-4 (1998).

[3] T.Gaisseret al., Phys. Rep. 258 (1995) 173-236.

[4] Belolaptikov I.A. et al, 1999, astro-ph/9903341, accepted for pubAgtroparticle Physics
[5] Belolaptikov I.A. et al,, 1999, Proc. 26th ICRC HE 4.1.08

[6] Budnev N.M.et al, 1999, Proc. 26th ICRC HE 6.3.21

[7] Wiebusch C. PhD thesis, 1995, PITHA 95/37, RWTH-Aachen

[8] Belolaptikov I.A. et al, 1998,Preprint DESY98-091



