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MAGIC is a system of two Imaging Atmospheric Cherenkov Tetgmes located in the Canary island of La Palma, Spain. During
summer 2011 and 2012 it underwent a series of upgradesyingdhe exchange of the MAGIC-I camera and its trigger syste
as well as the upgrade of the readout system of both telesciyeuse observations of the Crab Nebula taken at low andumedi
zenith angles to assess the key performance parameters MAGIC stereo system. For low zenith angle observations, th
standard trigger threshold of the MAGIC telescopes B0 GeV. The integral sensitivity for point-like sourcesiw@rab Nebula-
like spectrum above 220 GeV is.@B+0.03)% of Crab Nebula flux in 50 h of observations. The angulsolgion, defined as the

of a 2-dimensional Gaussian distribution, at those engiigig 0.07°, while the energy resolution is 16%. We also re-evaluate the
effect of the systematic uncertainty on the data taken with tAGM telescopes after the upgrade. We estimate that theragsic
uncertainties can be divided in the following componertd5% in energy scale, 11-18% in flux normalization ai@15 for the
energy spectrum power-law slope.
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1. Introduction tematic uncertainties of the measurements and quantifp.the
The final remarks and summary are gathered in Sektion 6.

MAGIC (Major Atmospheric Gamma Imaging Cherenkov
telescopes) consists of two 17 m diameter Imaging Atmo-
spheric Cherenkov Telescopes (IACT). The telescopes are I@- Datasample
cated at a height of 2200 m a.s.l. on the Roque de los Mucha-
chos Observatory on the Canary Island of La Palma, Spain In order to evaluate the performance of the MAGIC tele-
(28N, 18°'W). They are used for observations of particle show-scopes, we use several samples of Crab Nebula data taken in
ers produced in the atmosphere by very high energy (VHEdifferent conditions between October 2013 and January 2014.
2 30GeV)y-rays. Both telescopes are normally operated toNotice that, as MAGIC is located in the Northern Hemisphere,
gether in the so-called stereoscopic mode, in which onlytsve the Crab Nebula is observable only during the winter season.
seen simultaneously in both telescopes are triggered amd anThe data were taken in the standard L1-L3 trigger condition
lyzed [Aleksic et all, 2012a). (see Aleksit et al., 2014a). The data selection was moatgdh

Between summer 2011 and 2012 the telescopes went througim zenith angle dependent rate of background events sngivi
a major upgrade, carried out in two stages. In summer 201the stereo reconstruction. Other measurements: LIDAR-nfo
the readout systems of both telescopes were upgraded. Theation, observation logbook, daily check of weather andhar
multiplexed FADCs used before in MAGIC-@E@ al., ware status (Godinovic etlal., 2013) are also used as anyxilia
@) as well as the Domino Ring Sampler version 2 used iinformation. All data have been taken in the so-called webbl
MAGIC-Il (DRS2,[Tescaro et al., 2009) have been replaced bynode (Fomin et all, 1994), i.e. with the source positifiset
Domino Ring Sampler version 4 chips (DRt 010y a fixed anglez, from the camera center in a given direction.
Sitarek et al., 2013). Besides lower noise, the switch to HRS This method allows to estimate the background from other po-
based readout allowed to eliminate th& 0% dead time present sitions in the sky at the samdfseté. Most of the results are
in the previous system due to the DRS2 chip. In summer 2018btained using the data taken at low zenith angte8®) and
the second stage of the upgrade followed with an exchangeith the standard wobblefiset of 04°. To evaluate the perfor-
of the camera of the MAGIC-I telescope to a uniformly pix- mance at higher zenith angles we use a medium zenith angle
elized onel(Mazin et al., 20113). The new MAGIC-I camera issample (30- 45°). In addition, several low zenith angle sam-
equipped with 1039 photomultipliers (PMTs), identical k@t ples taken at dierent dfsets are used to study the sensitivity
MAGIC-II telescope. Each of the camera pixels covers a fieldfor off-axis observations. All the data samples are summarized
of view of 0.1°, resulting in a total field of view of 3.5°. The  in Table].
upgrade of the camera allowed to increase the area of tigetrig

region in MAGIC-I by a factor of 1.7 to the value of8%2. In zenith angle{] | offsets[’] | time[h]
the first part of this article_(Aleksi¢ et al., 2014a) we désed 0-30 | 0.40 11.1
in detail the hardware improvements and the commissioriing o 30-45 | 0.40 4.0
the system. In this second part we focus on the performance of 0-30 | 0.20 2.3
the upgraded system based on Crab Nebula observations. 0-30 ] 0.35 0.9

The Crab Nebulais a nearby (.9 kpc awamelﬂh) 0-30 | 0.70 1.9
pulsar wind nebula, and the first source detected in \WH&ys 0-30 | 1.00 4.2
(Weekes et all, 1989). A few years ago, the satejiteay tele- 0-30 | 1.40 4.6
scopes, AGILE & Fermi-LAT observed flares from the Crab 0-30) 1.80 41

Nebula at GeV energids—(lmlaﬂi—e-t Ia.L_Zdll.‘.Ab.d.O.blL&.L.J)ZOll Table 1: Zenith angle range, wobbl&set angleg, and dfective observation

However so far no confirmed variability in the VHE range wastime of the Crab Nebula samples used in this study.
found. Therefore, since the Crab Nebula is still considéned

brightest steady VHE-ray source, it is commonly referred 0 |5 5qgition, to analyze the data and to evaluate some of the

as the “standard candle” of VHfzray astronomy, and itis fre-  nerformance parameters, such as the energy threshold or the
quently used to evaluate the performance of VHE instruments,nergy resolution we used Monte Carlo (MC) simulations. The
In this paper we use Crab Nebula data to quantify the improveyc simulations were produced with the standard MAGIC sim-

ment in performance of the MAGIC telescopes after the aforegation package (Majumdar etld 243053 with the gamma-ray

mentioned upgrade. In Sectioh 2 we describe tiffedint sam- g wers generated using the Corsika c 1998)
ples of Crab Nebula data used in the analysis. In SeLlion 3 we

explain the techniques and methods used for the procesking o

the MAGIC stereo data. In Sectigh 4 we evaluate the perf0r3_ Data analysis

mance parameters of the MAGIC telescopes after the upgrade.

In Sectiorfd we discuss the influence of the upgrade on the sys- .
The data have been analyzed using the standard MAGIC

tools: MARS (MAGIC Analysis and Reconstruction Software,

*Corresponding authors: J. Sitarek (jsitarek@uni.logiz. . Carmona Zanin et al. 3). _Here we briefly describe all the stages of
(emiliano.carmona@ciemat.es), P. Colin (colin@mppmg.uig) the standard analysis chain of the MAGIC data.




3.1. Calibration into the image if the charge of such boundary pixel lies above

Each eventrecorded by the MAGIC telescopes consists of th%'5 ph(_e and its signal arrives withingins with respect to this
waveform observed in each of the pixels. The waveforms spa(r:lore pixel. After the L_Jpgrade all the charge and time thriesho
30ns and are sampled at a frequency of 2Gsanwyplébe tele- values are the same in both telescopes.
scopes are triggered with a typical stereo rate of 2300 Hz.

In the first stage of the analysis the pixel signals are reuﬂuce3_3_ Stereo reconstruction

to two numbers: charge and arrival time. The signal is ex-

tracted with a simple and robust “sliding window” algorithm
(Albert et al.,| 2008a), by finding the maximal integral of 6
consecutive time slices (corresponding to 3 ns) within the t
tal readout window. The conversion from integrated readou{eIeSCOpeS are paired, and a basic stereo reconstructie-is
counts to photoelectrons (phe) is dong using the F-Factar (e formed. The tentativé reconstructed direction of the event
cess noise factor) method (see é'g"h.mumn‘&‘l‘drmlggncomputed from the crossing point from the main axes of the
On average, one phe generates a signal of the ordel@® ¢ oinses[(Hillds| 1985). This first stereo reconstion
integrated re_adogt counts. qu typical observat'on Cmt provides additional event-wise parameters such as impaet (
the electronic noise and the light of the night sky with SuChfined as the distance of the shower axis to the telescopequsit
an extractor result in a noise RMS level-ofl phe and a bias impact and impact are computed with respect to the MAGIC-

(for very small signals_) oF 2 phe. The DRS4 readout requi_res I and MAGIC-II telescopes respectively) and the height @ th
some special calibration procedures, such as the comeatio

the time inhomogeneity of the domino ring ($ee Sitarek ket aI.ShOWer maximum.
2013, for details) which are applied at this stage. A smalt{r

tion of channels (typically 1%) might be malfunctioning, or = 3.4. yhadron separation
be dfected by bright stars in their field of view. The charge

and time information of these pixels are interpolated frogirt Most of the events registered by the MAGIC telescopes are

neighbouring ones if at least 3 neighbouring pixels aredvali cosmic-rays showers, which are mainly of hadronic origin.
Even for a bright source such as the Crab Nebula, the fraction

3.2. Image cleaning and parametrization of y-ray events in the raw data is only of the order of 10

After the upgrade, the camera of each MAGIC telescopérhe rejection of the hadronic background is done on the basis

has 1039 pixels, however the Cherenkov light of a typical ai®f Image shape information and reconstructed directione Th
shower event illuminates only of the order of 10 pixels. MostY/nadron separation is performed with the help of the so-galle

of the pixel signals are solely induced by the night sky back.-Random Forest (RF) algorithrn (Albert e1 MOS)' It atiow
ground (NSB) and the electronic noise. In order to removd® cOMbine, in a straight-forward way, the image shape param
pixels containing only noise to obtain the image of the shrowe€ers: the timing of the shower, and the stereo parametera in
we perform the so-called sum image cleaning|(cf. Rissi, ]200g5Indl€ classification parametéfadronness
lAleksic et al.[ 2011). In the first step, we determine the so- The survival probability fory rays and background events
called core pixels. For this, we search for compact grougss of after a cutinHadronnesss shown in Fig[lL for three dierent

3 or 4 neighbouring pixels (2NN, 3NN, 4NN), with a summed €nergy bins.

charge above a given threshold. In order to protect against a A background rejection better than 90% can be achieved,
large signal in a single pixel (e.g. due to an afterpulse)idom with only a small loss ofy events. They/hadron separation
nating a 3NN or 4NN group the signals are clipped before sumperforms better at higher energies due to the larger andrbett
mation. The signals in those pixels should arrive withimneegi ~ defined images.

time window. These time windows were optimized using time Strong cuts (below.Q—0.2) in Hadronnessesult in a slight
resolution of the signal extraction (see Sitarek ét al. ZJ0For  mismatch of they-ray eficiency obtained from the MC simula-
pulses just above the charge thresholds, the coincidenbapr tions with respect to the one from the data itself, which righ
bility of signals from showers falling within the time windds  lead to underestimations in the flux and spectra of the seurce
~ 80—90% for a single 2NN, 3NN or 4NN compact group. The Consequently, in the process of determining light curves an
charge thresholds on the sum of 2NN, 3NN and 4NN groupsource spectra, relatively loose cutsHadronnessre used in
are 2x 10.8 phe, 3x 7.8 phe, 4x 6 phe and the corresponding order to have a gamma MQfiency above 90%, which en-
time windows: 0.5, 0.7 and.1ns. The values of the charge sures that the MC-data mismatch in thEeetive area is below
thresholds were optimized to assure that the probabilitgrof 12% at the highest energies and below 6% at the lowest ener-
event composed of only NSB and electronic noise to survivgies. Note that in addition to thidadronnessut, the direction
the cleaning isS 6%. This translates directly to the maximum reconstruction method (described in subsediioh 3.5) alse p
fraction of imagesfiiected by spurious islands due to noise fluc-vides additional background suppression. In those casesawh
tuations. In the second step, boundary pixels are looketbfor the accurate determination of thffextive area is not relevant
reconstruct the rest of the shower image. We loop over all thée.g. the analysis with the aim of detecting a source), gegon
pixels which have a neighbouring core pixel, and includerthe cuts, which give a better sensitivity, can be used.

3

Only events which survive the image cleaning in both tele-
scopes, amounting to about 80% for standard trigger camuditi
are retained in the analysis. Afterwards, the events froth bo
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6? < 0.03 andSize- 50 phe have been applied beforehand.

. 1A (Domingo-Santamaria etlal., 2005) or from the crossing tpoin

o of the images. However at the lowest energies, where the im-
S S ages consist of few pixels the head-tail discrimination rizély

at least in one telescope. The head-tail discriminatioetas

the crossing point may also fail, in the case of close to pelral
events. Therefore we use a more robust method. We compute
the 4 distances between the 2 reconstructed positions fach e

N of the telescopes (see dotted lines in Eig. 2). We then stlect
l\B\G)%f o pair of reconstructed positions which give the smalledidise
727 2B (in the above example 1B-2B). As the estimation of the DISP
T h parameter is trained with simulatedrays it often gives non-

—

consistent results for hadronic background events. This pr
vides an extrg/hadron separation criterion. If none of the four
pairs give a similar arrival direction in both telescopeaniely
e Image 2 the lowest distance is larger thar2@) the event is discarded.
- With this method the fraction of failed head-tail discriration
O is between 10% (at low energies) aadL% (at high energies).
2 After determining the correct pair of points, the reconstied
Figure 2: Principle of the Stereo DISP RF method. The mairs @fethe source position|s C(_)mpmed_as the average of the pQSINOHB f_
images are plotted with dashed lines. The two DISP RF renatet! positons ~ POth telescopes weighted with the number of pixels in each im

per telescope (1A, 1B, 2A, 2B) are shown with empty circlese @ angular  age. The angular distance from this point to the assumedsour
distances (1A-2A, 1A-2B, 1B-2A, 1B-2B) are shown with ddtiees. The position is called.
final reconstructed position (the filled circle) is a weightverage of the two

closest "1’ and "2’ points. The true source position is marketh a diamond. The DISP RF method explained above improves not only the

reconstruction of the arrival direction but also the estiora
of other shower parameters. As an example Hig. 3 shows the
3.5. Arrival direction reconstruction difference between the reconstructed and the true impact pa-
rameter for MCy—rays with energies of few hundred of GeV.
The classical method for arrival direction reconstructises  Tpe impact parameter can be reconstructed with a precigion o
the crossing point of the main axes of the Hillas ellipses ingpoyut 10 m. The reconstruction with the DISP method is gfearl
the individual cameras (Aharonian et _ ; ann.eta syperior for larger values of impact, where a good reconstru
). In the standard MAGIC analysis the event-wise direcyion of this parameter for events seen outside of the ligl po

tion reconstruction of the incomingray is performed with @ of the shower is important for improving the energy resoluti
DISP RF method. This method takes into account image shape

and timing information, in particular the time gradient mea 3.6. Eneray estimation

sured along the main axis of the image (Aleksic étal., 2p10a~ " ay

For each telescope we compute an estimated distance, DISP,The event-wise energy estimation is a two-step process. Us-
between the image centroid and the source position. As thieg simulatedy rays, we build look-up tables relating the event
source position is assumed to be on the line containing thie maenergy to the impact and Cherenkov photon density measured
axis of the Hillas ellipse this results in two possible swns by each telescope (see Aleksic €t al. (2012a) for a detaited

on either side of the image centroid (see Elg. 2). In generaplanation). The look-up tables are based on a simple aimnsho
the ambiguity (the so-called head-tail discriminationhd®e  Cherenkov emission model that does not reproduce perfattly
solved from the asymmetry along the main axis of the image¢he dependencies. To correct for a zenith angle dependent bi
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in the energy reconstruction, mainly due to atmospheriogiss I
tion, an empirical formula is applied. A second correct®ap- 0.02
plied to account for a small azimuth dependence (due to the g wbqlﬂ
omagnetic field ffect). Finally, a third correction improves the R
energy reconstruction for large images only partially eamed ”ﬂ%
in the camera. The final estimated enei§y;, is computed as %% 3
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Figure 4: Distribution of the smallest charge in the larggpte of pixels for

data (black) and MC protons simulated with a trigger condgiof 3NN above

) . . a threshold of @ phe (MAGIC-I) or 41 phe (MAGIC-II) (gray). Top panel
In this section we evaluate the main performance parametegsows MAGIC-I, bottom MAGIC-II.

of the MAGIC telescopes after the exchange of the readout sys

tems and MAGIC-I camera and compare them with the values

4. MAGIC performance

from before the upgrade. (see Fid.h). We obtain that the individual pixel threshaids
~ 3.9phe for MAGIC-I and~ 4.1 phe for MAGIC-Il. Those
4.1. Energy threshold values are within 10-15% consistent with the threshold esilu

The energy threshold of an IACT cannot be obtained in pbtained directly frqm the data with an independent metkod o
straight-forward way from the data itself. One needs to rely/at€-scans in Aleksic et al. (2014a).
on the Monte Carlo simulations and to make sure that they de- In order to study the energy threshold of the MAGIC tele-
scribe the data appropriately. The energy threshold depemd Scopes we construct aftérential rate plot using MC simula-
the trigger settings for a given observations. In particiilde- ~ tions. A common definition of an energy threshold is a peak
pends on an amplitude threshold of individual pixelsin th&3 ~ energy of such a plot for a hypothetical source with a spectra
multiplicity trigger. In order to fine tune the trigger param index of-2.6. In Fig[3 we show the éfierential rate plot in two
ters in the MC simulations we follow the method described inzenith angle ranges for events that survived image reagmstr
Aleksic et al. [2012a). For each event that survived thg- tri tion in both telescopes. For low zenith angle, i.30°, the
ger we search for the 3NN combination with the highest signalreconstruction threshold energy~is70 GeV. Note however that
For small showers, just above the threshold, this is the moshe peak is broad and extends far to lower energies. Therefor
probable triple which gave a trigger. The pixel in this teipl it is also possible to evaluate the performance of the tefess
with the lowest Signa| provides a handle for the triggerghrze and obtain scientific results below such defined threshold.
old. Using many events we build a distribution of such lowest In Fig.[@ we show the energy threshold of the MAGIC tele-
signals in the highest triple. We then compare the position oscopes as the function of zenith distance of observatiohs. T
the peak with a similar distribution produced from MC praton threshold value is determined by fitting a Gaussian distiobu
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Figure 5: Rate of MCy—ray events (in arbitrary units) surviving the image Figure 6: Threshold of the MAGIC telescopes as a functiomefzenith angle

cleaning with at least 50 phe for a source with a spectrabirdde-2.6. Solid of the observations. The energy threshold is defined as e greergy in the

line: zenith distance below 30dotted line: zenith distance betweerf Zhd differential rate plot for a source with -2.6 spectral index.t&wturve: thresh-

45°. old at the trigger level. Solid line: only events with imagdkat survived image
cleaning in each telescope with at least 50 phe. Dashed With: additional
cuts ofHadronness< 0.5 and¢? < 0.03°2 applied.

in a narrow range around the peak. The threshold is quite sta-
ble for low zenith angle observations. It increases rapidty ) o _ _ .
higher zenith angles, due to larger absorption of the Clieren N(E) is the number of events surviving either the trigger condi-
light in the atmosphere and dilution of the photons reacttieg  tion or a given set of cuts. When computing the collectiomare
ground over a larger light pool. in broad bins of energy we use weights to reproduce a given
The threshold can be evaluated atetient stages of the anal- spect_ral shape. The coIIectioZn area of the MAGIC telescapes
ysis. The trigger threshold computed from all the events thaln® trigger level is about f@n for 300 GeV gamma rays (see
triggered both telescopes is naturally the lowest one, goeinF19-12). In the TeV range it grows slowly with energy, as some
~ 50GeV at low zenith angles. The shower reconstructiorPf the large showersf' can be still caught at large values of im-
procedure involving image cleaning and a typical data qua|pact wh_ere the density of the Cherenkov photons on the ground
ity cut of having at least 50 phe in each telescope raises thigl!S rapidly. Around and below the energy threshold théewol
threshold to~ 70 GeV. The events with size lower than this tion area falls rapidly, as only events with a significant apav
are very small, subjected to high Poissonian fluctuatiors anfluctuation of the lightyield can trigger the telescope. i en-
therefore harder to reconstruct. Also the separatiop cin-  €rgy of afew TeV, the trigger collection area after the uplgris
didates from the much more abundant hadronic backgrount@rger by~ 30%, mostly due to the larger trigger area in the M1
becomes harder at lower image sizes. Signal extraction cuf@mera. The collection area for observations at highetizeni
(the so-calledHadronnesscut, and a cut in the angular dis- @ngles is naturally smaller below 100 GeV due to a higher
tance to the nominal source positicf), increase the thresh- threshold of the observatl_ons. However, at TeV energies it i
old further to about 75GeV at low zenith angles. The valugd@rger by~ 40% due to an increase of the size of the light pool.
of the energy threshold doubles at zenith angle of. 4t In Fig.[4 we also show the collection area after image clean-
the investigated zenith angle range the value of the thteshoiNd, quality and signal extraction cuts optimized for beit d

after all cuts can be approximated by an empirical formulaferential sensitivity (see Secti¢n %.7). The feature of midi
74 x cosgenithAngle—23GeV. the collection area after cuts around 300 GeV is caused by a

strongerHadronnesgut. At those energies thghadron sep-
aration is changing from based on height of the shower maxi-
mum parameter (which excludes distant muons which can mim-

For large arrays of IACTs the collection area well above thdCk low energy gamma rays) to the one based mostly on Hillas
energy threshold for low zenith angle observations is axipro Parameters.
Ei iBérnIE' hi.

4.2. Hfective collection area

mately equal to the physical size of the arr eta

). On the other hand for a single telescope or small a 3. Relative light scale between both telescopes
rays such as the MAGIC telescopes, the collection area is
mainly determined by the size of the Cherenkov light pool For observations at low zenith angles the density of
(radius of~ 120m). We compute the collection area as theCherenkov light photons on the ground produced by a VHE
function of the energye following the standard definition of y-ray shower depends mostly on its energy and its impact pa-
Aeit(E) = N(E)/No(E) x 712 ,,. No(E) is the number of simu- rameter. Except for a small dependence on the relativeiposit
lated events;max is the maximum simulated shower impact and of the shower axis with respect to the Geomagnetic field, due t
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the geomagnetic fieldfiect (mostly pronounced at lowest en-
ergies, see e.b. Commichau dt|_a|_.,2008), the density ialladi Figure 8: Correlation o8ize andSize for y-ray events obtained with Crab
symmetric. Thus, it is possible to compare the light scale of\lebula data. Only events withadronness< 0.2, 6% < 0.01, impacf < 150 m,

L . . impack < 150 m andimpact — impack| < 10 m are used. Individual events
both telescopes by selectlr)gllke events from data in which are marked by black dots, while the gray scale shows thertataber of events

the reconstructed impact parameter is similar in both¢eless i a given bin. The black solid line shows the result of theTie dashed line
3). In the case of hadronic background eventsprresponds t§ize = Size.

such a correlation is much weaker due to the strong internal

fluctuations and poor estimation of the impact parametesr-In

der to obtain a nearly pureray sample, we apply rather strict

cutsHadronness< 0.2 and#? < 0.01.

The response of MAGIC-Il is (1% 140% larger than that ~ “[
of MAGIC-I for showers observed at similar impact parameter,,” Eest 2:(j|__00 +0.01) E v
(see Fig[B). The result is a sum of multipléeets such as dif- 3 ’ est,1 S 100
ferences in the reflectivity of the mirrors, smalifdrences be- — 35 T
tween the two PMT populations, or uncertainity in théactor A
used for the calibration of each telescope. The MC simuiatio
are fine tuned to take into account this inter-telescopéicali
tion. Therefore the estimated energy obtained indepetydent
from both telescopes is consistent (see [Hig. 9).

S
N

T

80

60

4.4. Energy resolution 25

We evaluate the performance of the energy reconstructio
with y—ray MC simulations. The simulations are divided into
bins of true energy (5 bins per decade). In each bin we cagtstru 2
a distribution of Eest— Etrue)/Etrue and fit it with a Gaussian
function. The energy resolution is defined as the standasid-de
tion obtained from this fit. The bias of the energy recongiomnc 15k B I A B o
method can be computed as the mean value of the distributio 1. 3-?0 E )4
The energy resolution and the bias of the MAGIC telescopes 9 ot
a function of the true energy of therays are shown in Fi¢. 10,

and reported in Tablés A.2 ahd A.3 for low and medium zenithFigure 9 Correlation of th'sz—ray estimated energy for events (as _in IEb 8)
angle respectively. from the images recorded in each telescope separately. &bk solid line

. . . shows the result of the fit. The dashed line correspon@&d@ = Eest2.
For low zenith angle observations in the energy range of a

few hundred GeV the energy resolution falls down to about
7
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Figure 10: Energy resolution (solid lines) and bias (dasivess) obtained  Figure 11: Energy bias as a function of the spectral slopdifterent estimated
from the MC simulations ofy—rays. Events are weighted in order to repre- energies: (L TeV (dotted line), 1 TeV (solid), 10 TeV (dashed). Zenittglan
sent a spectrum with a slope e2.6. Red: low zenith angle, blue: medium below 30.

zenith angle. For comparison, pre-upgrade values fromsdedt al. [(2012a)

are shown in gray lines.

When the data are binned according to estimated energy of
individual events (note that, in contrary to MC simulatipims
15%. For higher energies it degrades due to an increasiog frathe data only the estimated energy is known) the value of the
tion of truncated images, and showers with high impact parambias will change depending on the spectral shape of the sourc
eters as well as worse statistics in the training samplee Natt ~ With steeper spectra more events will migrate from lowerene
the energy resolution can be easily improved in the multi-Te gies resulting in an overestimation of the energy. Notetthiat
range with additional quality cuts (e.g. in the maximum reco effect does not occur in the case of binning the events according
structed impact), however at the price of lowering the atiten  to their true energy (as in Fif110). In FI[gJ11 we show such a
area. At low energies the energy resolution is degradedtalue bias as a function of spectral slope for a few values of estitha
worse precision in the image reconstruction (in partictiter  energy. Note that the bias is corrected in the spectral aisaly
impact parameters), and higher internal relative fluctuetiof by means of an unfolding procedure (Albert etlal., 2007).
the shower. Above a few hundred GeV the absolute value of The energy resolution cannot be checked with the data in
the bias is below a few percent. At low energiss100GeV) a straight-forward way and one has to rely on the values ob-
the estimated energy bias rapidly increases due to thehtbices  tained from MC simulations. Nevertheless, we can use the
effect. For observations at higher zenith angles the energy refact of having two, nearly independent estimations of the en
olution is similar. Since an event of the same energy observeergy, Eest1 and Eesr2 from each of the telescopes to perform
at higher zenith angle will produce a smaller image, theg@ner a consistency check. We define relative enerdiedénce as
resolution at the lowest energies is slightly worse. On theilo RED = (Eest1 — Eest2)/Eest  If the Eesn @and Eegr2 €Stima-
hand, at multi-TeV energies, the showers observed at loittzen tors were completely independent the energy resolutioridvou
angle are often partially truncated at the edge of the caraath  be ~ RMS(RED)/ V2. In Fig.[I2 we show a dependency of
may even saturate some of the pixels (if they produce sigrfials RMS(RED) on the reconstructed energy. The curve obtained
= 750 phe in single pixels). Therefore the energy resolutiorfirom the data is consistent with the one of MC simulations
is slightly better for higher zenith angle observations. ths  within a few percent accuracy. The first point (between 45 and
energy threshold shifts with increasing zenith angle, ttexgy 75 GeV) shows a sudden dropRMS(RED) compared to the
bias at energies below 100 GeV is much stronger for higheother points, consistently in the data and MC simulatiorsteN
zenith angle observations. that this point is below the analysis threshold, thereforis i
The distribution Eest — Eiue)/Ewue is Well described by a mostly composed of peculiar events in which the shower pro-
Gaussian function in the central region, but not at the edgesluces more Cherenkov light than average for this energys Thi
where one can appreciate non-Gaussian tails. The enemgy regesults in a strong correlation @&es;; and Eesi> allowing for
lution, determined as the sigma of the Gaussian fit, is not vera relatively low value of inter-telescopefidirence in estimated
sensitive to these tails. For comparison purposes, we alse ¢ energy, and still a rather poor energy resolution.
puted the RMS of the distribution (in the range<0 Eeg <
2.5 - Eyue), Which will naturally be sensitive to the tails of the 4.5. Spectrum of the Crab Nebula
(Eest — Etrue)/Etruee  The RMS values are reported in Tables In Fig.[13 we show the spectrum of the Crab Nebula obtained
A2l andA3 for the low and medium zenith angles respectivelywith the total (low+ medium zenith angle) sample. For clarity,
While the sigma of the Gaussian fit is in the range 15%-25%the spectrum is presented in the form of spectral energy dis-
the RMS values lie in the range 20%-30%. tribution, i.e. E2dN/dE. In order to minimize the systematic
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Figure 13: Spectral energy distribution of the Crab Nebti&ioed with the
MAGIC telescopes after the upgrade (red points and shadmgpared with

other experiments: MAGIC-I (cyan solid, Albert ef al., 26808MAGIC Stereo,
2009-2011 (green dot-dot-dashéd. Aleksi¢ etal.. 2014BGRA (gray dot-
dashed dl.. 2004), VERITAS (blue triple datheai| Aliu et .,
[2014), ARGO-YBJ (magenta, dashed, Vernetto btlal.. 12018) HrE.S.S.

uncertainty we applydadronnessindé? cuts with highy-ra
) yg 0% PP dy;SO/ velv) for th ghy | Y (black dotted_Aharonian etlal., 2006). The vertical errarsbshow statistical
efficiency (90% an o respectively) for the spectra F€CON{ncertainties, while the horizontal ones represent theggrisnning.

struction. The spectrum in the energy range 65 GeV — 13.5 TeV
can be fitted with a curved power-law:

dN

dE

The parameters of the fit ardy = (3.39 + 0.09g) x 10711,

a=—-251+0.02; andb = —0.21+0.0355: The parameters of
the spectral fit were obtained using the robust forward whfol
ing method which does not require regularization. The fodva
unfolding requires however an assumption on the spectaglesh

of the source, and is insensitive to spectral features.€foe¥  Crab Nebula to investigate the angular resolution. Sinee th
the individual spectral points were computed using theddert Crap Nebula is a nearby galactic source, it might in prireipl
unfolding method| (Albert et al., 2007). The fit parameters ob have an intrinsic size which would artificially degrade time a
tained from both unfolding methods are consistent. gular resolution measured in this way. However, the extensi
The spectrum obtained by MAGIC after the upgrade is conof the Crab Nebula in VHE-rays was constrained to below

sistent within~ 25% with the previous measurements of the 025 (Aharonian et dl_2000), making it a point-like source
Crab Nebula performed with other IACTs and earlier phases ofgr MAGIC.

the MAGIC telescopes.

energy fory-ray MC (gray band) and Crab Nebula observations (blacktppin

encircles 68% of the excess events. This method is more-sensi
tive to long tails in the distribution of reconstructed ditiens.
Note that while both numbers assess the angular resolution o
the MAGIC telescopes, their absolute values aféedént, nor-
mally Ogaus < ®ges. FOr a purely Gaussian distributi®says
would correspond to only 39% containment radiusyeafys
originating from a point like source ar@ygs ~ 1.50caus

We use the low and medium zenith angle samples of the

fo(E/1 TeV +P10oE/1TeV) [em=25-1Tev 1. (1)

The angular resolution obtained with both methods is shown
_ in Fig.[14 and summarized in Talle"A.4. At 250 GeV the an-
4.6. Angular resolution gular resolution (from a 2D Gaussian fit) i9®. It improves

Following the approach in_Aleksi¢ etlal. (2012a), we inves-With energy, as larger images are better reconstructedh+ea
tigate the angular resolution of the MAGIC telescopes usingnd @ plateau of- 0.04° above a few TeV. The angular resolu-
two commonly used methods. In the first approach we detion improved by about 5-10% after the upgrade. The improve-
fine the angular resolutioBgaus as the standard deviation of mentin angular resolution makes slightly more pronounbed t
a 2-dimensional Gaussian fitted to the distribution of the re small diference between the angular resolution obtained with
constructed event directions of theray excess. Such a 2- MC simulations and the Crab Nebula data, also present in the
dimensional Gaussian in thig and 6, space will correspond Pre-upgrade data. Theftérence of~ 10— 15% is visible at
to an exponential fitting function fa? distribution. The fitis higher energies and corresponds to an additior@ Gystem-
performed in a narrow rangé? < 0.025[?], which is a fac-  atic random component (i.e. added in quadrature) betwesen th
tor ~ 2.5 larger than the typical signal extraction cut appliedMC and the data.
at medium energies. Therefore it is a good performance quan- The distributions of angular distances between the true and
tity for looking for small extensions (comparable with ateyu  reconstructed source position can be reasonably well fitdd
resolution) in VHEy—ray sources. In the second method wea single Gaussian fa? < 0.025P?]. Nevertheless, a proper
compute an angular distand®qgg, around the source, which description of the tail in the? distribution requires a more
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Figure 15: 62 distribution of excess events for the Crab Nebula (filledles,

solid lines) and MC (empty squares, dashed lines) sampléianergy range

of 300 - 475 GeV. The distributions are fitted with a single or a douhle

dimensional Gaussian (black and blue lines respectively).

complicated function (see Fif.]15). One possibility is te us
a combination of two two-dimensional Gaussian distribngio
as inlAleksic et al.[(2012a). For example, the two-dimemaio
double Gaussian fit to the distribution shown in [Eig. 15 fa th
Crab Nebula data yieldg?/Ngot = 1.5/6 corresponding to a

probability of 961%.

a preferred axis connecting the two telescopes. Note hayweve
that MAGIC employs the DISP RF method for the estimation
of the arrival direction, which is lesstacted by parallel im-
ages. Therefore it is expected that the PSF asymmetry due to
this dfect will be reduced. In Fid._16 we present the distribu-
tion of excess events in sky coordinates obtained from tlaé Cr
Nebula. By computing the second order moments of the dis-
tribution and the x-y correlation we can derive the two perpe
dicular axes in which the spread of the distribution is maatim
and minimal. This is equivalent to perform a robust anadftic

fit with a two-dimensional Gaussian distribution. We findttha
the asymmetry of the PSF between these two axes is of the or-
der of 10%. This asymmetry can be due to a mixtureftdcs
such as optical coma aberration, having a preferred axisen t
two telescope system and possibly a slightljetient short term
pointing precision in azimuth and zenith direction.

4.7. Sensitivity

In order to provide a fast reference and comparison with
other experiments we calculate the sensitivity of the MAGIC
telescopes following the two commonly used definitions. &or
weak source, the significance of an excesNQfesevents over
a perfectly-well known background dd,g events can be com-
puted with the simplified formul@Nexcesd +/Nokg- Therefore,
one defines the sensitivi@Nex/ as the flux of a source

Nbkg
giVing Nexces&! v kag =

5 after 50 h of &ective observation
time. The sensitivity can also be calculated usin Ma

The tails of the PSF distribution do not have any practical(1983), eq. 17 formula, which is the standard method in the

impact on the background estimation. In the worst case sc&/HE y-ray astronomy for the calculation of the significances.
nario, which corresponds to observations close to the gnerg\ote that the sensitivity computed according to

& Ma

threshold and using three symmetrically reflected backwtou formula will depend on the number of OFF positions used for
regions, the contamination produced by the tails of the BSF iphackground estimation.

below 0.5% of the signal excess, and hence negligible in com- For a more realistic estimation of the sensitivity (in both

parison to other systematic uncertainties.

methods), we apply conditionSexcess > 10 and Neycess >

Since MAGIC is a system of only two telescopes one may0.05Nyg. The first condition assures that the Poissonian statis-
also expect some rotational asymmetry in the PSF shape duetios of the number of events can be approximated by a Gaussian
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Figure 17: Evolution of integral sensitivity of the MAGICléscopes, i.e. the
integrated flux of a source above a given energy for wiNgktesd 1/Nokg = 5
after 50 h of &ective observation time, requirinexcess> 10 andNexcess >
556 0._05kag.‘ Gray circles: sensitivity of the MAGIC-I single telescopéth the
RA h] Siegen (light gray, long dashéd. Albert et Al (2008b)) ardMvteadouts (dark
gray, short dashefl,_Aleksic ef dl. (2012a)). Black triesgistereo before the
upgrade[(Aleksi¢ et al, 2012a). Squares: stereo aftangheade: zenith angle
Figure 16: Two dimensional distribution of the excess evafiove 220 Gey  below 30 (red, filled), 30— 45 (blue, empty) For better visibility the data
from the Crab Nebula (color scale). The significance cost@ight gray lines) ~ Points are joined with broken lines.
overlaid on the plot start with for the most outer line with a step of &3
between neighboring lines. The distribution can be arali fit by a 2D-
Gaussian with RMS parameters in the two orthogonal diresti@ported by
the red ellipse and the two arrows.

218

5.59 5.58 5.57

the peak of true energy distribution of MC events witkh 26
spectral slope to which the same cuts were applied.

o . ] The integral sensitivity evaluated above is valid only for
distribution. The second condition protects against ssyl o rces with a Crab Nebula-like spectrum. To assess therperf
tematic discrepancies between the ON and OFF distribytiongnance of the MAGIC telescopes for sources with an arbitrary
which may mimic a statistically significant signal if the icks spectral shape, we compute théeiiential sensitivity. Follow-

ual backgroundrate is large. ing the commonly used definition, we calculate the sensjtivi
The integral sensitivity of the @ierent phases of the MAGIC  ,"harrow bins of energy (5 bins per decade). Theedén-

experiment for a source with a Crab Nebula-like spectrum argg) sensitivity is plotted for low and medium zenith angles

shown in Fig[IV. The sensitivity values both in Crab Neb'Fig.EIB, and the values are summarized in TABIE A.7[anH A.8
ula Units (C.U.) and in absolute units (following Hd. 1) are respectively.

summarized in Table_Al5 for low zenith and in Table]A.6 for
medium zenith angles. We used here Migcesd \/Nokg = 5
definition, recomputing the original MAGIC-I mono sensitiv
ities to include also théexcess > 10 andNeycess > 0.05Npkg
conditiondd.

In order to find the optimal cut values adronnessnd6?
in an unbiased way, we used an independexihing sample

The upgrade of the MAGIC-I camera and readout of the
MAGIC telescopes has lead to a significant improvement in
sensitivity in the whole investigated energy range. Thegrdl
sensitivity reaches down to about 0.55% of C.U. around a few
hundred GeV in 50h of observations. The improvement in the
performance is especially evident at the lowest energigsai-

. L T ticular, in the energy bin 60-100 GeV, theférential sensitivity
of Crab _Nebula data. The size of ttral_nlng sam_ple IS S'”_“.""Fr decreased from 10.5% C.U. to 6.7% C.U. reducing the needed
to the size of theestsample from which the final sensitivity S . .
is computed. Diferent energy thresholds are achieved by Vary_obs_ervatlon time by a factor_of 2.5. Observations at medium
. : %zemth angle have naturally higher energy threshold. Theze
: . . he performance at the lowest energies is marred. Some of the
(for points< 300 GeV) or in the estimated energy of the evemssoufces, those with declination 58"? or < —2° can only be

f cut theraini b | d v the best cuts (i Bbserved by MAGIC at medium or high zenith angles. Sources
ot cuts on theraining subsamp'e, and apply the best Cuts ("e'with declination betweer2° and 58, can be observed either

those providing the best sensitivity on thraining subsample at low zenith angles, or at medium zenith angle with a boost in

according toNexcesd 4/Nbkg definition) to the main sample ob- e . .
taining the sensitivity value. The threshold itself is extted as 2tledn5|t|wty atTeVenergies at the cost of a higher energystr

o _ The sensitivity of IACTs clearly depends on the observa-
INote that one of the main disadvantages of the mono obsemsativas

. ) . > tion time which can be spent observing a given source. In
the very poor signal-to-background ratio at low energieading to dramatic . .
worsening of the sensitivity. Using optimized cuts one eover some ofthe ~ Particular for tr§n3|ent sources, S_UC_h as gamma-ray barsts
sensitivity lost at the lowest energies for mono observatio flares from Active Galactic Nuclei, it is not feasible to col-
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Figure 18: Diterential (5 bins per decade in energy) sensitivity of the NIBG
Stereo system. We compute the flux of the source in a giverggmange for

which Nexcesd +/ Nbkg = 5 With Nexcess> 10, Nexcess> 0.05Npkg after 50 h of

effective time. For better visibility the data points are jalrnveith broken dotted
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Figure 19: Dependence of the integral sensitivity of the MBGelescopes
(computed according 8 igma 30 Prescription, see text for details) on the ob-
servation time, obtained with the low zenith angle Crab Neebample. Difer-
ent line styles show flierent energy thresholds: 105 GeV (solid)> 290 GeV
(dotted),> 1250 GeV (dashed).

lect 50h of data within the duration of such an event. On the For easy comparison with the results presented in
other hand, long, multi-year campaigns allow to gather ef th|Aleksi¢ et al.|(2012a), we first compute the integral sérisés
order of hundreds of hours (see e.g.140h observations of as a function of the wobbleffset at the same energy threshold
M82 by VERITAS,|Acciari et al.|(2009); 160h observations of 290 GeV. We first apply the same kind of analysis as was used
of Segue by MAGIC| Aleksic et al. (2014€) er 180h NGC in a, i.e. where thghadron separation and
253 by H.E.S.S!, Abramowski etlal. (2012)). In Hig] 19, usingdirection reconstructlon is trained with MC simulationsige
they and background rates from Talple A.5, we show how theated at the standardfset of¢ = 0.4° (see red filled squares in
sensitivity of the MAGIC telescopes depends on the observarig.[20). The upgrade of the MAGIC telescopes has improved
tion time for diferent energy thresholds. For those exemplanthe af-axis performance. For example, the sensitivity fit o
calculations we use the Li&Ma definition of sensitivity with sets of~ 1° has improved by~ 25%, which is more than the
typical value of 3 GF positions for background estimation. In global 15% improvement seen at the usu#det of~ 0.4°. In-
the medium range of observation times the sensitivity #odlo  terestingly there is not muchffiérence in the rates associated
the usuake 1/ vtime dependence. For very short observationwith these sensitivity values. This suggests that most ef th
times, especially for higher energies where ffileadron sep- improvement in sensitivity comes from a better image recon-
aration is very powerful, the limiting condition of at leadd  struction, possibly thanks to the higher pixelization af tiew
excess events leads to a dependence bftime. On the other  MAGIC-I camera, rather than from triggering more events due
hand, for very long observations the sensitivity saturatdsw  to larger trigger region. We performed also a second arslysi
energies. Note that the observation time at which the sensit the so-called “diuse” one (see blue empty crosses in Eig. 20).
ity saturates might be shifted by using stronger cuffering  In this case the/hadron separation and direction reconstruc-
bettery to background rate, however at the price of increasedion is trained with MC simulations of-rays with a difuse
threshold. origin within a 15° radius from the camera centre. We find this
analysis to provide a better performance at larfjeed angles.

4.8. Qf-axis performance Note that depending on thefset angle of the source dif-

Most of the observations of the MAGIC telescopes are perferent number of background estimation regions can be used,
formed in the wobble mode with the sourcéset of 04° from which will affect the significance computed according to the
the camera center. However, in the case of micro-scans dfrescription o ). For largeftset values more
extended sources with sizes much larger than the PSF of tiiban the standard 3 regions can be used. However as the uncer-
MAGIC telescopes, g-ray signal might be found at fler-  tainty then is dominated by the fluctuations of the number of
ent distances from the camera center (seele.g. Aleksi¢ et aDN events, the significance saturates fast, and even indhés ¢

). Moreover, serendipitous sources (see e.g. deteati the extra gain does not exceed 10%.

IC 310, Aleksic et al], 2010b) can occur in the FoV of MAGIC
at an arbitrary angularftset from the pointing direction. There- 4.9. Extended sources
fore, we study the performance of the MAGIC telescopes at Some of the sources might have an intrinsic extension. The
different dfsets from the center of the FoV with dedicated ob-sensitivity for detection such sources is degraded for ®e r
servations of the Crab Nebula at non-standard wobliets  sons. First of all, the signal is diluted over a larger parthef
(see Tablgll). sky. This forces us to loosen the angufacut and hence accept
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C &
B é the PSF is not muchfigcted by the distance from the center
i of the camerd, Aleksic et al. (2012a)) and a source with a flat
6 Crab Nebula, preupgrade ¢ surface brightness up t. In Fig.[21 we show the acceptance
I for background ang events. We also compute a sensitivity
——#&—— Crab Nebula, post-upgrade “ . ” .
i degradation factor”, defined as the square root of the back-
gorfl ST Crepnebua postupgade diuseanabss | T ground acceptance divided by thecceptance and normalized

c o2 04 06 08 1 12 14 oalsftangé'ﬁjegreef to 1 for a point like source. As an example, let us assume a
source with a radius of.8°. The optimal cubs = 0.51 com-

uted according to E@J 2 results in 26 times larger backgtoun
Figure 20: Top panel: integral sensitivity, computed adowy to SNex/\/Wkg P 9 m 9 gl‘

o . . : than with cutdy = 0.1. This would correspond te 5 times
prescription (see Sectign #.7), above 290 GeV for low zeanitjie observations . (.) h h . 2300/ N
at diferent dfsets,&, from the camera center. Bottom panel: corresponding worse sensitivity, however the cut contam o ofy events,

(obtained with the same cuts as the sensitivifyjay ratesR(¢). Black empty  Significantly larger tham: 70% eficiency for a point like cut.

circles: data from before the upgrafle (Aleksic étal.. 201 filed squares:  Therefore the sensitivity is degraded by a smaller factat,
current data (see Tallg 1) blue empty crosses: current deétddifuse” anal- . o
ysis. A second €ect which can degrade the sensitivity for ex-

tended sources is the loss of collection area for higlfisets
from the camera center. For a source radius of e.§:, the
more background. The new cut value can be roughly estimategrays can be observed up to afiset of 09° from the cam-

to be era center. For such largdfeets, the collection area is nearly
a factor of 3 smaller than in the camera center. Usingythe
Ocut = /05 + 62, (2)  rates, which are proportional to the collection area, shawn

Fig.[20 we can compute the average rate odys for an arbi-
trary source profile. For this example of a source with cartsta
Srface density and a radius 060 it turns out that the total

wherefy is a cut for a point-like source analysis, afdis a
characteristic source size. As the background events show
nearly flat distribution of t/d9? such a cut will increase the average collection area is lower only 5y20% than for a point
background by, The looser? cut will affect the sensitivity e source at the usual wobblefset of 04°. However, since
in two ways. First of all, the sensitivity will be degraded &y  , gimilar drop happens also for the background events, the ne
factor of \/% = Oy due to accepting more background events.degradation of the sensitivity due to thi$eet is only~ 10%.
Note however that the acceptance of thg cut for y-rays can Finally, we compute the radiug of the MAGIC effective
be larger than the acceptancegpfcut for a point like source, field of view It is defined such that observations of an isotropic
as they-rays originating from the center of the source will still gamma-ray flux with a hypothetical instrument with a flat-
be accepted even if they are strongly misreconstructed. top acceptanc® (¢) = R(0) for ¢ < E, andR/(¢) = O for

For the further calculations let us assufige= 0.1 (compa- ¢ > ZE, would yield the same number of detected gamma
rable tofpgs at the energies of a few hundred GeV, see Secrays as with MAGIC, when no cuts on the arrival direction
tion[4.8) and a PSF shape as described by[Fily. 15 (note thate applied. We can therefore obtanfrom the condition
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f()EanR(O)df = fol'so 27 £R(€) dé, whereR(¢) is shown in  up to ~ 20%. Moreover, as it will be energy dependent, it
bottom panel of Fig. 20, yielding = 1°. We note, however, might lead to an additional uncertainty in the spectral inde
that standard observations of sources with an extensigerar Let us consider a hypothetical weak source with a spectram re
than 0.4 are technically diicult, as in that case the edge of constructed betweeBmin andEmax. The signal to background
the source would fall into the background estimation regionratio of this source is SBR and SBRie in the energy range
Nevertheless, theffective field of views a useful quantity for  Emin = VEminEmax @nd VEminEmax — Emax respectively. In this
non-standard observations offtise signals like, e.g. the cos- case we can roughly estimate the systematic uncertaintyeon t

mic electron flux|(Borla Triddn, 2011; Aharonian ef al., 2009 spectral index due to background inhomogeneity as:

_ - e = 25 VA%/SBRE)? + (1%/SBRie)’ 3)
5. Systematic uncertainties SBR ™ IN(Emax/ Emin) ’

The systematic uncertainties of the IACT technique stenwhere the 1% comes from the precision at which the back-
from many small individual factors which are only known with ground is estimated. Note that this formula was already used
limited precision, and possibly change from one night to an€.g. inlAleksic et al.[(2012b, 2014b), however with a larger
other. Most of those factors (e.g. uncertainities conrteai¢h ~ Value of background uncertainty. For a strong source oleserv
the atmosphere, reflecitivity of the mirrors) were néieated  in a broad energy range, Hd. 3 gives a negligible number, e.g.
by the upgrade and hence the values reportéd in Aleksié et dior source observed between 0.08-6 TeV with a SBR of 25-

) are still valid for them. In this section we evaluhie  60% Aasgr = 0.02. However for a weak source, e.g. ob-
component of the total systematic uncertainity of the MAGICserved between 0.1 and 0.6 TeV with SBFS-15% we obtain
telescopes which changed for observations after the upgradAeser = 0.2, increasing the total systematic uncertainty on the
We also estimate the total systematic uncertainty for vario spectral index from 5 to 025.
observation conditions.

5.2. Pointing accuracy
5.1. Background subtraction During the observations, the gravitational loads lead to a

Dispersion in the PMT response (including also a small numslight deformation of the telescopes structure and sagging
ber of “dead” pixels) and NSB variations (e.g. due to stars)the camera. Most of theffect is corrgcted by the active mirror
across the field of view of the telescopes cause a small inhom&Ontrol and simultaneous observations of reference stihs w
geneity in the distribution of the events in the camera plame CCD cameras placed at the center of the telescope’s refiector
addition, stereoscopy with just two telescopes producesan However, a slight residual mispointing of the telescopesafa
ral inhomogeneity, with the distribution of events beirigistly ~ feCt the precision with which the position ofja-ray source
dependent on the position of the second telescope. This efan be obtained. In order to evaluate thieet we analyse the
fect was especially noticeable before the upgrade, dueeto tHorab Nebula data night by night. For each night we construct a
smaller trigger area of the old MAGIC-I camera. Both of theseWo0 dimensional distribution of the fierence between the re-
effects result in a slight rotational asymmetry of the camera acconstructed and nominal source position in camera cookina
ceptance. ThefBect is minimized by wobbling such that the After subtracting the background, the distribution is fitteith
source and background estimation positions in the camera aft tWo dimensional Gaussian to determine a possible systemat
being swapped. Before the upgrade the systematic uncertaifffSet (see Fid. 22). Note that the Y’ direction in the camera
ity of the background determination was2% (Aleksic et al. correspond to the Zenith axis of the telescope. We conclude

). We performed a similar study on a data sample t,akett'i‘at the systematic uncertainty on the reconstructed squoe
after the upgrade. We compare the background estimateain twition is < 0.02°, comparable to value obtameit al.

reflected regions on the sky, without knowsray sources. In

order to achieve the needed statistical accuracy we appy ve

loose cuts. In the lowest energy range we obtain 564288  5-3. Energy scale

events in one position versus 5594®@37, i.e. a dierence The absolute energy scale of IACTs is hard to determine.

of (0.9 + 0.6)% consistent within the statistical uncertainty. A There are many systemati¢fects such as imprecise knowl-

similar study in the medium energy range results in 72@5  edge of the atmospheric transmission, mirror reflectiyitpp-

versus 7233 85 events which are consistent within the statis-erties of the PMTs, etc. whichffect it. If determined solely

tical uncertainties: €0.4 = 1.7)%. We conclude that due to the from the best knowledge of these parameters, it is expeoted t

larger trigger region this uncertainty has been reducedtoow be accurate within 15-17% as showrl in Aleksi¢ etlal. (2012a)

< 1%. The knowledge of the absolute energy scale of the MAGIC
Note that the fect of the background uncertainty depends ontelescopes is validated by using inter-telescope caldwdtee

the signal to background ratio. In case of a strong sourceravh Sectiori4.B) and from the analysis of muon rings (Vacantilet a

the signal> background, it is negligible. However for a very [1994] Goebel et al., 2005). Both of those methods are butctene

weak source, with e.g. a signal to background ratie-d8% by their own systematic uncertainities. The inter-caliioraof

, the additional systematic uncertainty on the flux nornaaliz the telescopes usingray events with similar impact parame-

tion just from the uncertainty of the background can amounters improves greatly the relative size scale, however vasya
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0.04r fect. Itis not obvious to determine which of thosgeets will
§ C be dominant at a given energy. It will depend on the precise
$.0.03f shape of the collection area, the spectrum of the sourcehend t
>C' C \ total miscalibration of the light scale. Therefore, thetsys
'20.02[ = atic error in the light scale can shift the spectrum at theektw
= . Hi energies in both ways.
2 0.01F s As the dfect is most pronounced at the threshold we investi-
2 C n; gate the uncertainty of the light scale of the MAGIC telesop
= B o by shifting the energy threshold in twoftérent ways. We
0; N HI}»EIJ« perform a set of full analyses using MC simulations with the
C / light scale artificially shifted by -25%, -10%, -5%5%, +10%
-0.01F A and+25%. In the first scenario, we compare the reconstructed
- \ flux at a given energy for low and medium zenith angles (see
-0.02 Fig.[23). For the sake of comparison, we show in [Fig. 23
C \ the two most spread apart historical Crab Nebula spectra ob-
-0.03F served by IACTs. For the low zenith angle spectrum, as the
C MC light scale is increased, an increasing pile-tie& shows
-o_oét“ e up at low energies. However, as observations at highertzenit

04 -0.03 -0.02 -0.01 0O MQ-Ol. ?-02. ?(0d3 0.04 angle do not reach such lowest energies, and at the enefgies o
Ispointing in X [deg] ~ 100 GeV, both spectra are consistent, such an overestimated
light scale cannot be excluded aprori. On the other handnwhe
Figure 22: The dference in the reconstructed and nominal source positionthe MC light scale is decreased, there is a clefedince be-
of the Crab Nebula during 10 nights of observations. The tinddes show a  tween the low and medium zenith angle samples at low ener-
distance of 02 and 003". gies. Moreover, even while th¢ value computed between the
two spectra give acceptable probabilities~016% and~ 10%

) for down scaling by 10% and 25% respectively, there is a clear
weak handle on the absolute light scale of both telescopes. Qsirycture in the flux ratio plot.

the other hand, the muon analysisfeus from the fact thatthe A second way to artificially increase the threshold of the
light seen from selected muon events is emlFted mqstly up t1AGIC telescopes is to use a highBizecut. In Fig.[24 we

the height ofv.800m above the.telescopes, Whlle the light fron?show the Crab Nebula spectra for a low zenith angle sample
y-ray events is generated mainly at the height of 10km. Thighained forSizegreater than 50, 100, 200 and 400 phe. As
in addition makes the light spectrum of muon events shiftethefore, we perform a full analysis of the Crab Nebula data for
to lower wavelengths. The muon calibration used in MAGIC gach of the MC samples with artificially shifted light scalée
depends on comparison with muon MCs, which introduces adsompute the ratio of the flux obtained with a given cut in the
ditional systematic uncertainties due to possible Miéfamis- g izeparameter to the reference cut of 50 phe. Note however
matches at the shortest wavelengths. that the plotted statistical uncertainties of the flux ratie over-

A small miscalibration of the energy scale wilfect the re-  estimated as the points between the spectra witkeréint cuts
constructed spectrum in two ways, both having the highest imin Sizeare strongly correlated (the same Crab Nebula sample
pact at the lowest energies. For example, let us assume Bat Mvas used to obtain each of them). In this case, the situation i
simulations have a higher light scale, i.e. for a given epérg  opposite to the one with the energy threshold varying with th
amount of light generated by)a-ray shower at a given energy zenith angle of the observations. For the underestimatd i
predicted by the MC simulations is larger than for real show-scale the spectra atftiérent size cuts are still consistent be-
ers. In this case, real-ray showers will have a small&ize tween each other, thus no constraint on the absolute ligie sc
parameter than predicted by the MC simulations. Thus some afan be drawn. On the other hand, for the overestimated light
them may not survive a data quality size cut, or not evendrigg scale, the flux ratio while going to lower energies has a ahara
the telescopes lowering the real collection area w.r.t. ahe  teristic V-shape (best visible with red curves in Figl 24piitg)
predicted from MC simulations. This would artificially lowe to lower energies it first slightly drops (due to the direffeet
the reconstructed flux, especially at the low energies. @n thon the collection area) and then sharply increases (censist
other hand, the overestimation of the light shed into the-camwith a pile-up dfect from the bias in energy estimation below
eras by the shower will introduce an unrecoverable biasen ththe energy threshold). Combining both methods we validate
energy estimation migrating events to lower energies. Rer t that the systematic uncertainty of the absolute energ\e sufal
medium energies where the collection area is quite flat amd ththe MAGIC telescopes is below 15%, similarly to the one ex-
usualy-ray spectra drop rapidly this will also artificially lower pected in Aleksi¢ et all (2012a).
the reconstructed spectrum. For the lowest energies, tblow
analysis threshold, where the collection area drops vesty fa 5.4. Systematic uncertainty in flux normalization and slope
more events will migrate in a given energy bin than escapafro  Due to better camera and trigger homogeneity after the up-
it, artificially increasing the reconstructed flux by a pilp-ef- grade and also lack of dead time in the readout the total sys-
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Figure 23: Spectra of the Crab Nebula obtained with the law €frcles) and medium (empty squares) zenith angle sasrfpleMC with diterent energy scales
(-25%, -10%, -5%, no scale;5%, +10%, see header of legends). The bottom panel shows theofatie medium zenith angle flux to the low zenith angle flux.
As a reference two historical Crab Nebula spectra (MAGIMeM et al.|((2008b), and H.E.S|S. Aharonian étlal. (200&)péotted with a dashed and a solid line.
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zenith angle spectra.

16



g =
K L Crab MAGIC, ApJ 674 B L e Crab MAGIC, ApJ 674
g 10" : g 100 o
> AR T e Crab HESS, A&A 457 > ECE Crab HESS, A&A 457
ek fot et ekl LS S P et il el S W S0 W A
2 AN IR O ol . EEJ 1Y 2 LI O Wl i £3. 5. 16
— | | s — q ¥ LhE
5 : ¥oE ) : ! g
5 3 #-4
g S g SN
y S + w My :
101 - .I é 101 B #* i |
k| Scale 0.9 R R k| Scale 0.95 R P
- : N [ 1 N
| —— Size cut 50 —=— Size cut 100 g || — Size cut 50 —=— Size cut 100
L-..| —&— Size cut 200 —*— Size cut 400 li-..| —&— Size cut 200 —*— Size cut 400
2 o
s s I
5 2f EREA:
1 T\;brzl{iLT i3 7%11{1 il ] 1 ¥ ]i/%’,\x; Gy z,a;:%\l 1.l I
E E e A
i ! T/ ‘?’T YT ‘T’TTT i it T ? 1 T '[ T\ ‘
E Scale 0.9 B Scale 0.95
03 FE —e— Size 100 to 50 —5— Size 2001050 —*— Size 400 to 50 0.3 F —e— Size 100 to 50 —&— Size 200 to 50 —%— Size 400 to 50
2 3 \4 2 3 4
10 10 Energy (Ge\JIS) 10 10 Energy (Ge%)
a5 =
N'w ------ Crab MAGIC, ApJ 674 N‘w ------ Crab MAGIC, ApJ 674
g 10-10 g 10-10 ;
> R 3 Crab HESS, A&A 457 > i Crab HESS, A&A 457
> ook ot bt Bl I W A > dd B o T y
2 ] . 3 PRI 1Y = { I I i Y WrER
= | ) % bog = ¥ T A S
g ! Tat, ) ) N i
R T
g by % L
11 | * $. ‘I -11 | * ‘+“l
10 k= bk ¥ 10+ k= b}
k| Scale 1.0 b k| Scale 1.05 T B
- N [ 1 N
I--{ —— Size cut 50 —=— Size cut 100 - || — Size cut 50 —=— Size cut 100
L-..| —&— Size cut 200 —*— Size cut 400 li-..| —&— Size cut 200 —*— Size cut 400
L o
s s I
5 2f EREA:
w (T8
1 l S TR NN U ERUN W 1 '%\r\k[r; PIFAEIFLT b s iudl [
NN AN 2 AN AR AMASARAREATRT F TTH AAIAARNY)
E Scale 1.0 E Scale 1.05
03 FE —e— Size 100 to 50 —5— Size 2001050 —*— Size 400 to 50 0.3 F —e— Size 100 to 50 —&— Size 200 to 50 —%— Size 400 to 50
2 3 \4 2 3 4
10 10 Energy (Ge\%) 10 10 Energy (Ge%)
o { ------ Crab MAGIC, ApJ 674 b } ------ Crab MAGIC, ApJ 674
§ 10% v a0ttty
> g ) Crab HESS, A&A 457 > b [ Crab HESS, A&A 457
> bk 3 B S8 TR 9N A0 > B ek ok O y
< P £ 2 [T I A FT e
! LS = b o
g : RE g E5
=g L ) =2 LI SN
© * 1 © } *':,~ 1
(\L‘JJ ?“'*\T f T.LI ¥ }.._.+ X *
107 by 107 boood
F--|Scale 1.1 2 gt 5 k| Scale 1.25 g i &
[ & [ | |
I+ — Size cut 50 —=— Size cut 100 T 3 || — Size cut 50 —+— Size cut 100 ! |
l-..| —=— Size cut 200 —*— Size cut 400 l-..| —=— Size cut 200 —*— Size cut 400
2 o
g 8 I
3 2r 5 2F '}\i\
' [’
1 \ﬁ\%\/@ IR e b Ll 1 - kg s biid sl i1l Ll
= PV Y 4 TT T T T F ] I E Y T e T TTT T TT T
E Scale 1.1 E Scale 1.25
0.3 F —e— Size 100 to 50 —&— Size 200 to 50 —%— Size 400 to 50 0.3 F —e— Size 100 to 50 —&— Size 200 to 50 —%— Size 400 to 50
2 3 \4 12 3 4
10 10 Energy (Ge\]75) 10 10 Energy (Geé??

Figure 24: Spectra of the Crab Nebula obtained with the lawitzeangle sample for élierentS izecuts and with scaled MC: -10%, -5%, no scaté%, +10% and
+25% (see the legend header iffelient panels). The spectra are obtained Bithecuts of 50 phe (black dots), 100 phe (green full circles), (2@ (red empty
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line. For better visibility the data points are joined wittoken dotted lines.
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x10° . We first divide the data according to data runs. Each data
run is normally 20-min long, and correspond to one wobble
pointing. With such time binning the integrated flux above
300 GeV is computed with a statistical precision of about 10%
(see Fid.Zb). Three short data runs (with a much higher rela-
tive statistical uncertainty of the flux estimation,20%) were
removed from this study. Fitting the points with a constaat w
obtainy?/Ngos = 106/50, corresponding to a fit probability of

! | 6.7-10°5. The spread of the individual pointsds ~ 15%, sug-
008 ! gesting a relative run-to-run systematic uncertainty- af1%.
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0.1

006K Note, that while so far there was no variability observedrfro

0041~ the Crab Nebula, it is not excluded that a small intrinsid-var

0.021~ ability, below the accuracy of the current IACTSs is presdnt a
o5 L L L U - the source itself. Therefore, the values derived with theghad

samplenumber  can be treated as conservative estimates of the run to run sys
tematic uncertainty of the MAGIC telescopes. Adding such a
Figure 25: Integrated fluxes above 300 GeV of the Crab Nelurlaifferent  systematic uncertainty of 11% in quadrature to the stasbti
data runs{ 20 min) as a function of the data sample number are shown with, ncertainties of the individual points (see the dashed dacs

thin lines and asterisks. The thick lines show the corresipgnnight by night . . = . S .
fluxes (vertical error bars show the data span). The secdnof slashed er- In Flg), and performing a fit with a constant, we obtairt tha

ror bars for the thin lines shows the statistical unceryaatded in quadrature the x?/Ngot = 46/50, nominally corresponding to probability
with 11% systematic uncertainty. The dashed vertical Im@sthe mean flux  of 63%.

obtained from the total data sample. In the case of night-by-night binnird is of the order of 5%.
Interestingly, this light curve can be fitted with a constiunt

tematic uncertainity in the flux normalization is slightywer ~ With x*/Ngor = 165/9, which corresponds to a barely accept-
than evaluated in Aleksi¢ etlal. (2012a). We checked thérizon able_probab|llty o_f 5.7%. We _conservatlvely conclude tﬂmt
bution of the mismatch in cutfiéciencies to the systematic un- relatlvg syst_ematlc uncertainties are of the order of 11%is T
certainty and estimate it to be 12% in the whole investigated value is similar tolfhe values before the upgrade of the MAG_IC
energy range, compatible with the 10-15% uncertaintiegadue telescopes Aleksic et al. (2012a) as well as to the O”e_’“h.“'a'
analysis and dat®IC discrepancies reported in_Aleksi¢ et al. by the H.E.S.Stel_escopé_s_(,_e\ha.;o_ma.n_éﬂ_a.L._iZ006). I '“?‘F”a

). The Biect on the spectral indices was smaller than thé)lg that most of this uncertainty is due to the atmospherie va
statistical uncertainty obtained with this data sample. eafe ations.
mate the uncertainty on the flux normalization to be 18% at low
energies £ 100GeV) and 11% in the energy range of a few6. Conclusions
hundred GeV. At the highest energies,1 TeV, due to more
pronounced M@lata mismatches the systematic uncertainty is The upgrade of the readout and one of the cameras of the

a bit higher, namely 16%. The systematic uncertainity on thAGIC telescopes have significantly imprgved their perfor-
reconstructed spectral slope of the sources is s@lL5 for a mance. The trlgggr threshold for low zenith angle obserya-
source with signal to background ratio of at least 25%. tions is~ 50 GeV. With the 15h sample of Crab Nebula data, its

spectrum could be reconstructed between 65 GeV ardliey.
Within systematic uncertainties it is consistent with poes
measurements of the Crab Nebula with IACTs. The best per-
The total systematic uncertainty estimated in the previousormance of the MAGIC telescopes is achieved at medium en-
section is a proper quantity to be used while comparing thergies, at a few hundred GeV. At those energies the images are
MAGIC observations with the data of other instruments ohwit sufficiently large to provide enough information fdfieient re-
theoretical predictions. However, a significant fractidrttee ~ construction, while the rapidly falling power-law spectriof
systematic uncertainty is nearly constant and witieet all the  the Crab Nebula still provides enough statistics. The gnerg
MAGIC data in the same way. On the other hand, part ofresolution at these medium energies is as good as 16% with
the systematic uncertainity (e.g. atmospheric transorisat  a negligible bias and the angular resolutionJs0.07°. The
a given day or small changes in the optical PSF) will vary fromsensitivity above 220 GeV is (6 + 0.03)% of C.U. for 50h
one night to another resulting in slightlyftérent estimations of observations. At the lowest energies, below 100 GeV, the
of the flux even from a steady source. In order to estimate thiperformance has improved drastically, reducing the neetled
remaining, relative systematic uncertainty we use the atkth servation time by a factor of 2.5. The larger trigger regiod a
of Aleksic et al.[(2012a). We divided our data into sub-skmp improved pixelization of the MAGIC-I camera have improved
and compute the flux for each of them. Then we compare thalso the &-axis performance. A source with a Crab Nebula like
standard deviationgg, of the distribution of the reconstructed spectrum, but 80 times weaker, can be detected atfteetmf
fluxes with the typical uncertainty of individual point&;-, to ~ 1° within 50 h of observations, making the MAGIC telescopes
determine the “excess RMS”. capable of #icient sky scans.
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5.5. Night to night systematic uncertainty




E[GeVM] | bias[%] | o[%] | RMS[%] E[GeV] | bias[%] | o[%] | RMS [%]
47 -75 246+09 | 218+11| 225+04 47 -75 458+ 1.8 23+2 26.6+ 1.0
75-119 71+04 | 198+05| 209+0.2 75-119 189+ 0.7 | 21.3+0.8 | 23.7+04
119-189 -01+03|180+03 | 213+0.2 119-189 38+04 | 189+04 | 222+0.3
189 -299 -15+0.3 | 168+0.3 | 2049+ 0.18 189 - 299 -20+03|182+03 | 232+0.2
299 - 475 -22+0.2 | 155+0.2 | 2020+ 0.17 299 - 475 -38+03|175+03 | 223+0.2
475 - 753 -21+0.2 | 148+ 0.2 | 2012+0.18 475 - 753 -26+03|168+03 | 230+0.2
753-1194 | -14+02| 154+02 | 213+02 753-1194 | -15+03 | 166+03 | 232+ 0.2
1194-1892 | -18+03 | 161+03 | 213+0.2 1194-1892 | -04+03 | 166+03 | 245+ 0.3
1892-2999 | -23+04 | 181+04 | 232+0.3 1892-2999 | -0.2+0.3 | 17.3+0.3 | 252+ 0.3
2999-4754 | -1.7+04 | 196+05| 251+03 2999-4754 | 05+04 | 188+04 | 26.0+0.3
4754 -7535 | -26+06 | 219+06 | 265+04 4754-7535 | 09+05 | 205+05 | 280+04
7535-11943| -2.1+08 | 227+09 | 268+0.5 7535-11943| -0.1+0.7 | 223+0.7 | 292+ 05
11943 -18928 -6.7+0.8 | 207+0.9 | 244+05 11943-18928 0.7+08 | 227+0.8 | 295+ 0.6
Table A.2: Energy resolution and bias obtained from a lowithegmgle (0- Table A.3: Energy resolution and bias obtained from a medienith angle

30°) MC sample. The individual columns repoE:- energy range, bias ard- (30— 45°) MC sample. Columns as in Talfle A.2.
mean and standard deviation of a Gaussian fiEt@i{ Eirue)/Etrue distribution,
RMS - standard deviation obtained directly from this disition.

E Zenith angle< 30° Zenith angle 36- 45°

The performance of the MAGIC telescopes at medium zenith [GeV]|  ©caud’] | ©Oosdl°] Ocaud’]l | Gosedl°]
angles, 30- 45°, is mostly similar to the one at low zenith an- 95 |0.087+ 0.004| 0.157°29%7| 0.088+ 0.013| 0.129" 339
gles. The higher threshold, however, significantly degdealke 150 10.075< 0.002/0 135+0:005 0.078< 000510 148*0:017
the performance parameters belew200 GeV. For the highest T TTT0005) T T — 0013
energies, above a few TeV, better performance is achieviad wi 238 |0.067+ 0.001| 0.108'3:353| 0.072+ 0.003 0.120"3907
observations at medium zenith angles. o 378 |0.058= 0.0010.09599%410.063 0.003| 0.097:39%
We revised dferent sources of systematic uncertainities aftet 599 |0.052 0.001] 0.081°09% 0,054+ 0.003| 0.083 0007

the upgrade and studied in detail the uncertainty in theggner
threshold. The larger trigger region has allowed us to Iaver 949 |0.046=+0.001|0.07373503| 0.052+ 0.002| 0.082+0.55¢
systematics connected with the background estimation dg-af ~ 1504 [0.044+ 0.001] 0.0717°95] 0.046+ 0.002| 0.077+0007

. . DaaE U YL o003 WVFOEY Y0004
tor of 2. From comparisons of reconstructed SEDs of the Crab 383 [0.0422 0.002] 0.067°°%% | 0.0452 0.003| 0.068-0010
Nebula for diferent energy thresholds we validated the system- HacE b : DAoE L. 0,006

-0.005
atic uncertainty in the energy scale to be below 15%. The sys- 3777 | 0.042+ 0.003| 0.0653 57| 0.039+ 0.004| 0.0610. 572
tematic uncertainty on the flux normalization was estimated 5986 [0.041+ 0.004| 0.062°9922| 0.038+ 0.006| 0.0590-031
be 11-18%, and on the spectral slop@15. The part of the o o
systematic uncertainty which can change from one observati 9487 | 0.040+ 0.005| 0.056' ;5| 0.046=+ 0.009] 0.055 505
run to another is estimated to be about 11%. _ ]

Thanks to the improvementin the performance achieved afthﬁ’eblfpg'rid : 22u;a{uf;?;ﬁt'gﬂﬁae”Zigﬂgzgg Ogr:t;gg&giﬁ;eﬁﬁotﬁ?gg?
the upgrade, the MAGIC telescopes have reached an unpreggebula data sampl®caysis computed as a sigma of a 2D Gaussiandiges
dented sensitivity. Since then, five new VhtEay sources have is the 68% containment radius of theray excess.
already been discovered by MAGIC. Among them, 3C 58, is the
least luminous pulsar wind nebula so far detected in the VHE

y-rays (Aleksi¢ et all, 2014d).
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Ethresn y-rate bkg-rate SnewNbkg | SligMaiof | StieMmagsor | StieMa 50 Siex /NG
[GeV] [min~!] [min~Y] [%C.U.] [%C.U.] [%C.U.] [%C.U.] | [10Bcm2s
84 191+0.2 8.73+0.07 2.29+0.03 229+ 003 | 229+0.03| 2.29+0.03 1565+ 1.7
86 188+0.2 7.80+ 0.06 2.07+0.02 207+003| 2.07+0.03| 2.07+0.03 1371+ 15
104 16.88+0.19 4.88+ 0.05 1445+ 0.015| 1.71+002| 1.45+0.02 | 1.45+0.02 759+ 0.8
146 6.17+0.10 0.320+ 0.013 0.84+0.02 125+ 0.03| 1.00+0.02 | 095+0.02 28.6+0.8
218 3.63+0.07 0.070+ 0.006 0.66+ 0.03 1.06+004 | 083+0.03| 0.78+0.03 134+ 0.7
289 294+ 0.07 0.032+ 0.004 0.56+0.04 0.93+0.05| 0.72+0.04 | 0.67+0.04 76+05
404 3.05+0.07 0.030+ 0.004 0.51+0.04 0.87+0.04 | 0.67+0.04| 0.63+0.03 44+03
523 2.51+0.06 0.023+ 0.003 0.55+0.04 0.95+0.05| 0.72+0.04 | 0.68+0.05 32+03
803 159+ 0.05 0.0109+ 0.0010| 0.60+0.03 112+ 004 | 084+0.03| 0.78+0.03 1.78+0.10
1233 0.95+0.04 0.0062+ 0.0007 0.75+0.05 153+0.06| 1.11+0.05| 1.02+0.05 1.12+0.08
1935 0.55+0.03 0.0053+ 0.0011 1.20+0.15 250+ 016 | 1.80+0.13| 1.66+0.15 0.83+0.10
2938 0.31+0.02 0.0027+ 0.0008 16+0.2 3.7+03 26+0.3 23+0.2 0.51+0.08
4431 | 0.160+0.016 | 0.0022+ 0.0006 27+05 6.6+ 0.6 45+ 05 41+04 0.41+0.07
6718 | 0.078+0.011| 0.0018+ 0.0010 49+16 129+ 17 87+15 78+14 0.34+0.11
8760 | 0.046+0.008 | 0.0005+ 0.0005 72+13 17+2 104+ 1.7 9.0+18 0.30+ 0.05

Table A.5: Integral sensitivity of the MAGIC telescopesaibed with the low zenith angle Crab Nebula data sample ah@ieen energy threshol&; esp. The
sensitivity is calculated a¥excesd vNokg = 5 (SNex/\/Wg)’ or according to the significance obtained from Li & Ma (1983) (using 1, 3 or 5 bawkeqd regions,

SligMa,10fs SLigMa .30 andSiigma sor). The sensitivity is computed for 50 h of observation tim¢twihe additional conditionBlexcess> 10, Nexcess> 0.05Npkg
(SNW\/mSyS). They-rate and bkg-rate columns show the rate @vents from Crab Nebula and residual background respbctibeve the energy threshold of

the sensitivity point.

Ethresh y-rate bkg-rate SNex/Nbkg | Stiémator | Stiemagor | StigMa 501 Snex \/Nbkg
[GeV] [min~1] [min~1] [%C.U.] [%C.U.] [%C.U.] [%C.U.] [107 ¥ cm?s
114 197+ 04 7.68+0.10 195+0.03| 195+0.04| 1.95+004| 195+0.04 914+16
119 193+0.3 6.83+0.10 176+003| 177+003| 1.76+0.04| 176+0.04 784+13
141 174+ 0.3 423+ 0.08 122+0.02| 155+0.03| 1.26+003| 122+0.03 435+0.8
210 5.60+ 0.16 0.216+ 0.017 0.76+0.04| 115+0.05| 092+0.04| 0.86+0.04 161+0.8
310 359+ 012 0.070+ 0.010 0.67+005| 107+007| 084+0.06| 0.79+0.06 83+0.7
401 319+ 0.12 0.051+ 0.008 0.65+0.06 | 1.05+0.08| 0.82+0.07| 0.77+0.06 56+0.5
435 331+ 012 0.053+ 0.009 0.63+006| 103+008| 080+0.07| 0.75+0.06 48+04
546 298+ 0.11 0.042+ 0.008 0.63+0.06| 1.03+0.08| 0.80+0.07| 0.75+0.06 34+03
821 224+ 0.10 0.023+ 0.002 0.61+004| 106+005| 081+0.05| 0.76+0.04 177+0.12
1262 1.19+0.07 | 0.0086+0.0014| 0.71+0.07| 138+0.09| 1.02+0.08| 0.94+0.07 1.02+0.10
1955 0.84+ 006 | 0.0072+0.0013| 093+011| 184+013| 135+011| 1.24+0.10 0.63+0.07
2891 0.60+ 0.05 0.013+ 0.003 1.7+0.2 32+03 24+0.2 22+03 0.58+0.08
4479 0.31+ 004 | 0.0052+0.0017 21+04 45+ 0.6 32+05 3.0+04 0.32+0.07
7133 0.14+0.02 | 0.0017+0.0010 27+09 71+10 48+ 09 43+09 0.17+ 0.06

Table A.6: Integral sensitivity of the MAGIC telescopesaibed with the medium zenith angle (3@5°) Crab Nebula data sample above a given energy threshold
Ethresh. Columns as in TableAl5.
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Enmin Emax y-rate bkg-rate Snew/Nbkg | StigMa,10 | StieMa,3or | StieMa 50 Sex/Nbkg
[GeV] | [GeV] [min~1] [min] [%C.U.] [%C.U.] [%C.U.] [%C.U.] [10 2 cm2s1Tev 1]
63 100 3.01+013 4.06+0.08 6.7+ 0.2 88+04 71+0.3 6.8+ 0.3 730+ 30
100 158 429+0.12 241+ 0.06 331+012| 477+014| 3.87+0.11 | 3.67+0.10 137+5
158 251 3.37+0.08 0.54+0.03 200+0.08 | 295+ 0.10 | 2.38+0.08 | 225+ 0.08 305+13
251 398 1.36+0.05 0.066+0.010 | 1.72+0.15| 28+0.2 | 216+0.16 | 203+ 0.15 9.3+0.8
398 631 1.22+0.04 0.027+0.006 | 1.23+0.16 | 210+ 0.18 | 1.61+0.18 | 1.51+0.15 23+0.3
631 1000 0.88+0.04 | 0.0133+0.0018| 1.19+0.10 | 218+ 0.12 | 1.64+0.09 | 1.53+0.11 0.72+0.06
1000 1585 0.58+0.03 | 0.0059+0.0007| 1.21+0.10| 248+ 0.11 | 1.80+0.09 | 1.66+ 0.09 0.230+ 0.018
1585 2512 0.30+0.02 | 0.0027+0.0005| 1.58+0.18| 38+0.2 | 260+0.19 | 2.36+0.18 0.090+ 0.010
2512 3981 | 0.166+ 0.016 | 0.0020+ 0.0005| 25+04 6.2+ 0.5 43+04 3.8+04 0.041+ 0.007
3981 6310 | 0.093+0.012 | 0.0014+0.0003| 3.7+0.7 102+1.0 6.8+ 0.7 6.1+0.7 0.017+0.003
6310 | 10000 | 0.060+ 0.010 | 0.0046+ 0.0015 10+ 3 22+ 3 16+ 3 15+ 2 0.013+ 0.003
Table A.7: Diterential sensitivity of the MAGIC telescopes obtained wtite low zenith angle observations of Crab Nebula data sanipie definitions of the

sensitivities are as in Tadle A.5. Theate and bkg-rate columns show the rate efients from Crab Nebula and residual background resphciivéhe differential

estimated energy bins.

Emin Emax y-rate bkg-rate Syex/Nbkg | StigMa,1of | StieMa 3o | StieMa 50f Sy ex/Nbkg
[GeV] | [GeV] [min=1] [min~Y] [%C.U.] [%C.U.] [%C.U.] [%C.U.] | [102cm2s1Tev Y
63 100 | 0.40+0.12 292+0.11 39+ 16 56+ 16 45+ 12 43+ 11 4200+ 1700

100 158 | 3.18+0.16 2.89+0.05 49+04 70+04 57+0.3 54+03 202+ 15
158 251 | 2.67+0.19 0.54+0.04 252+019| 37+03 3.0+03 28+0.2 38+3
251 398 | 286+0.13| 0.305+0.019 | 1.76+0.14 | 2.64+0.14 | 211+ 0.11 | 2.00+0.10 95+08
398 631 | 1.76+0.12 | 0.088+ 0.006 15+02 | 241+0.16 | 1.90+0.14 | 1.79+0.13 28+04
631 1000 | 1.44+0.09 | 0.038+0.002 | 1.23+0.13 | 204+ 0.12 | 1.58+0.09 | 1.48+0.10 0.74+0.08
1000 | 1585 | 0.94+0.08 | 0.0197+0.0016 | 1.36+0.12 | 2.38+0.16 | 1.81+0.13 | 1.69+0.13 0.26+0.02
1585 2512 | 0.67+0.06 | 0.0111+0.0015| 1.43+0.16 | 27+02 | 200+0.19| 1.85+0.18 0.082+ 0.009
2512 | 3981 | 0.32+0.05 | 0.0093+0.0012| 28+04 53+0.7 39+0.6 3.7+05 0.046+ 0.007
3981 6310 | 0.20+0.04 | 0.0042+0.0017| 29=+0.6 6.4+12 4.6+0.9 4.2+09 0.014+ 0.003
6310 | 10000 | 0.10+ 0.03 | 0.0052+0.0002| 6.7+1.9 14+ 3 10+ 3 9+2 0.008+ 0.002

Table A.8: Diferential sensitivity of the MAGIC telescopes obtained wiite medium zenith angle (3045°) Crab Nebula data sample. Columns as in TRblé A.7.
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