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Abstract: MAGIC is a system of two Imaging Atmospheric Cherenkov Telescopes located at the Canary Island
of La Palma, designed to observe gamma rays with energies above 50 GeV. Recently it has undergone an upgrade
of the camera, digital trigger and readout systems. The upgrade has led to an improvement in the performance
of the telescopes, especially in the lower energy range. We evaluate the performance of the upgraded MAGIC
telescopes using Monte Carlo simulations and a large sample of Crab Nebula data. We study differential and
integral sensitivity of the system, its angular resolution as well as its energy resolution.
Keywords: Cherenkov telescopes, gamma-ray astronomy
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Introduction

MAGIC (Major Atmospheric Gamma Imaging Cherenkov)
is a system of two 17 m diameter Imaging Atmospheric
Cherenkov Telescopes (IACT). They are located at a height
of 2200 m a.s.l. on the Roque de los Muchachos on the
Canary Island of La Palma (28◦N, 18◦ W). The telescopes
are used for the detection of atmospheric particle showers
produced by very high energy (VHE, & 50 GeV) gamma
rays.
In summer 2011 the readout systems of both telescopes
have been upgraded and are now based on the Domino
Ring Sampler (DRS) version 4 chip [1]. In summer 2012
the second stage of the upgrade followed with an exchange of the camera of the MAGIC I telescope by a more
finely pixelized one [2]. The new MAGIC I camera is
equipped with 1039 photomultipliers as the one used for
the MAGIC II telescope. The upgrade of the camera has
also allowed to increase the area of the trigger region in
MAGIC I by a factor of 1.7. We present the performance
studies of the upgraded MAGIC telescopes obtained from
Monte Carlo simulations and a large sample of Crab Nebula data. The Crab Nebula [3] is considered to be “the standard candle” in the VHE gamma-ray astronomy as it is a
bright source with so far no variability detected in the VHE
energy range.

2 Data sample and analysis
The used data sample consists of 22 h of good quality Crab
Nebula data taken with the zenith angle of the source below 30 degrees. The data were collected between October
2012 and January 2013. The data have been taken in wobble mode, i.e. with the source position offset by 0.4◦ from
the camera center. This allows for the simultaneous background estimation from a sky position (the so-called OFF
region) observed at the same distance, but on the opposite
side of the camera center. In order to decrease the systematic uncertainties connected with the camera inhomogeneity, the telescope pointing is modified every 20 min to swap
the source and the OFF-region. The data have been analyzed using the standard Magic Analysis Reconstruction
Software (MARS, [4]).
The analysis presented here is performed with the socalled sum image cleaning [5, 6]. Additionally, for large
showers (with total charge above 750 photoelectrons) we
progressively increase the cleaning thresholds. This procedure ensures that the image shape parameters used in the
gamma/hadron separation and arrival direction estimation
are computed only from the well reconstructed core of the
shower.
In Fig. 1 we show the θ 2 distribution, i.e. the distribution of the squared angular distances between the nominal and the reconstructed source position for the Crab Nebula. Having a large data sample, with highly significant signal allows us to evaluate precisely the performance of the
MAGIC telescopes, down to the lowest energies.
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Figure 3: Differential sensitivity in the √
units of percentage
of the Crab Nebula flux (for Nexcess / Noff = 5 in 50 h,
5 bins per decade in energy) of the MAGIC telescopes.
Blue open squares: the sensitivity computed with 2010
data taken before the upgrade of the readout electronics
and the MAGIC I camera [7]. Black filled circles: the
sensitivity of the upgraded system.
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Figure 1: Distribution of the squared angular distances
between the nominal and reconstructed source position
for Crab Nebula in two energy ranges: < 100 GeV (top
panel) and > 250 GeV (bottom panel). The background
estimation is shown by the shaded histogram.
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Figure 2: Distribution of the true energy of Monte Carlo
gamma-ray events after shower reconstruction, quality and
gamma-ray selection cuts for a source with spectral index
−2.6.
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Results

In Fig. 2 we show the distribution of the energy of the
Monte Carlo gamma rays for the cuts used in this analysis.
The analysis energy threshold, defined as the peak of this
distribution, is ∼ 75 GeV. Note however that as the peak

is broad, there are many events expected with energies
below this value. Therefore it is also possible to evaluate
the performance of the telescopes not very far below the
threshold.

3.1

Sensitivity

In order to evaluate the sensitivity of the MAGIC telescopes after the upgrade we split the total available data
sample in two subsamples of similar effective time. The
splitting was done evenly across different observation periods and in such a way that the uniform coverage of both
pointing positions was achieved in each of the two subsamples. We use the first subsample to optimize the values of
the gamma-ray selection cuts. Afterwards we apply those
cuts to the second subsample and obtain the sensitivity in
an unbiased way. We define here the√sensitivity as the flux
of a source which provides Nexcess / Noff = 5 after 50 h of
effective observation time, where Nexcess is the number of
excess gamma-ray events, and Noff is the estimated background. In order to counteract possible systematic effects
on the background estimation we additionally require that
Nexcess > 5% Noff . Finally, we also require Nexcess > 10 in
each energy bin.
Applying such conditions we investigate the differential
sensitivity of the upgraded MAGIC telescopes. We split
the data into five bins per estimated energy decade and
compute the sensitivity in each of them. The differential
sensitivity is shown in Fig. 3. The differential sensitivity
is significantly improved, especially at the lowest energies.
For example in the energy bin 63 − 100 GeV the sensitivity improved from (10.5 ± 1.3)% of the Crab Nebula flux
(C.U.) to (5.7 ± 0.3)% C.U. Note that the IACT technique
is affected by many systematics uncertainties, which can
affect the energy scale (see [7] for the detailed study). As
such a shift in the energy scale will have the largest effect around the threshold, we investigated what would be
the effect on the differential sensitivity in the energy bin
63-100 GeV if the energy scale is shifted by 10%. We
found that even in such case, the sensitivity is (7.4 ± 0.4)%

Angular resolution

We investigate the angular resolution using two different
methods. In the first method we define it as the standard
deviation of the 2-dimensional Gaussian fitted to the distribution of the reconstructed event directions of the gammaray excess events. For a point-like source and a Gaussian
point spread function response of the instrument, this corresponds to a radius containing 39% of the gamma rays. In
the second method we directly compute the 68% containment radius of the gamma-ray excess from the θ 2 distribution. In both cases we use the Crab Nebula data in different energy bins. The resulting angular resolution computed
according to both methods is compared with the one obtained from the Crab Nebula data taken before the upgrade
of the telescopes in Fig. 4. As the higher energy showers
are on average better reconstructed, the angular resolution
improves with energy. After the upgrade of the MAGIC
telescopes the angular resolution has improved by ∼ 5 −
15% over the whole energy range here investigated.

3.3

Energy resolution

Using Monte Carlo simulations we investigate the resolution and the bias of the energy estimation. We bin the
events in bins of true energy, and compute the following
quantity R = (Eest − Etrue )/Etrue . For each bin of Etrue we
make a distribution of R and fit it with a Gaussian. The
mean of this Gaussian is a measure of the energy bias, and
its standard deviation is the energy resolution. Computed
this way energy bias and resolution are shown in Fig. 5.
The energy resolution is between 17 and 22% in the energy
range 60 − 1000 GeV. For energies below 100 GeV there
is a bias in the energy estimation due to threshold effects.
Above 200 GeV a very small (up to a few %) bias can appear with its magnitude and sign dependent on gamma-ray
selection cuts, zenith angle range and distribution, and also
the energy spectrum of the source. The bias is corrected
in the spectral analysis of the MAGIC telescopes’ data by
means of unfolding [4, 8].
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Figure 4: Angular resolution of the MAGIC telescopes
as a function of energy of the gamma-ray events. Blue
open squares: 2010 data taken before the upgrade of the
readout electronics and the MAGIC I camera [7]. Black
filled circles: the upgraded system. The top panel shows
the angular resolution computed as the standard deviation
of a 2-dimensional Gaussian distribution. In the bottom
panel a radius containing 68% of the excess is shown.

Energy bias and resolution

C.U., which is still significantly better than the value obtained with 2010 pre-upgrade data. Consistent with the differential sensitivity improvement, also the integral sensitivity computed above a few hundred GeV is better, namely
∼ 0.7% C.U. (see the bottom pannel of Fig. 1 for energy
threshold of 250 GeV) compared with ∼ 0.8% C.U. for the
system prior to the upgrade [7].
The sensitivities in Fig. 3 are given with respect to the
effective observation time. However, one has to take into
account that the 2010 data before the upgrade suffered
from a ∼ 10% dead time in the old DRS2 based readout
of the MAGIC II telescope [7]. Therefore, the sensitivity,
if defined with respect to the elapsed observation time,
would suffer from an additional 5% worsening in the case
of the 2010 data. The dead time has now been reduced to
a negligible amount for the upgraded readout [1] and no
longer affects the sensitivity.
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Conclusions

The upgrade of the readout and the MAGIC I camera
has significantly improved the performance of the MAGIC
telescopes, especially at the lowest energies (below 100
GeV). The integral sensitivity above 250 GeV is equal to
0.71 ± 0.02% C.U. for 50 h of observations. At those energies the angular resolution (measured as a 68% contain-

-0.05

102

3

10
Etrue / GeV

Figure 5: Energy resolution (solid line) and bias (dashed)
of the MAGIC telescopes as a function of true energy of
the gamma rays.

Performance of upgraded MAGIC telescopes
33 RD I NTERNATIONAL C OSMIC R AY C ONFERENCE , R IO DE JANEIRO 2013

ment radius) is . 0.1◦ and the energy resolution is ∼ 18%.
At energies below 100 GeV the MAGIC telescopes have
excellent differential sensitivity of ∼ 5.7% of C.U. for 50 h
of observations and angular resolution of 0.15◦. Such an
improvement in sensitivity at the lowest energies means a
reduction of the required observation time by more than a
factor of 3 with respect to the performance obtained with
the data taken before the upgrade. This makes the MAGIC
telescopes an excellent instrument for the observations of
VHE gamma-ray sources which can be seen only at lower
energies, such as potentially Gamma-Ray Bursts, distant
AGNs or pulsars. The performance of the telescopes at the
lowest energies is expected to improve even more with the
development of the new sum trigger system [9].
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