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AbstratH.E.S.S. is an array of four Imaging Atmospheri Cherenkov Telesopes that aims at ex-ploring the non-thermal universe by means of photons with energies between 100 GeV and
100 TeV. These very-high-energy (VHE) γ-rays an be deteted and their energy an bereonstruted by observing the Cherenkov light of extensive partile showers the VHE γ-rays indue in the atmosphere.This work presents systematial studies of the H.E.S.S. energy reonstrution. The di�e-renes in the responses of the individual telesopes are tested and it is investigated whe-ther suh asymmetries have an e�et on the overall auray of the energy reonstrution.Therefore the H.E.S.S. Standard Analysis is tested using Monte Carlo simulations andVHE γ-ray data sets obtained from the observation of the Crab Nebula and the ativegalati nuleus PKS 2155�304.Minor di�erenes in the telesope responses at perentage level are found, whih have in-reased slightly during the last �ve years, mirroring the deay of the optial omponentsof the telesopes. However, the e�et of these inter-telesope systematis on the ener-gy reonstrution is negligible, espeially when ompared to the ≃ 17% overall energyresolution of the experiment.

KurzfassungH.E.S.S. ist ein System vier abbildender Cherenkov-Teleskope, welhes die Beobahtungdes niht-thermishen Universums mittels der Detektion von Photonen mit Energien zwi-shen 100 GeV and 100 TeV ermögliht. Mithilfe des Cherenkovlihtes ausgedehnter Teil-henshauer in der Atmosphäre kann diese hohenergetishe Gammastrahlung nahgewie-sen und die Energie der Gammaquanten bestimmt werden.Die vorliegende Arbeit befasst sih mit systematishen Studien der H.E.S.S. Energiere-konstruktion. Es wird überprüft, ob Untershiede im Verhalten der einzelnen Teleskopebestehen und ob solhe Asymmetrien eine Auswirkung auf die Genauigkeit der Energie-rekonstruktion haben. Zu diesem Zwek wird die H.E.S.S. Standard-Analyse mit MonteCarlo-Simulationen und Beobahtungsdaten des Krebsnebels sowie des aktiven Galaxien-kerns PKS 2155�304 getestet.Diese Untersuhungen o�enbaren geringfügige Untershiede auf Prozentniveau zwishenden einzelnen Teleskopen. Die Asymmetrien haben sih im Laufe der letzten fünf Jahreleiht vergröÿert, was auf die Vershlehterung der optishen Komponenten der Teleskopezurükzuführen ist. Diese E�ekte zwishen den Teleskopen haben jedoh keinen signi�-kanten Ein�uss auf die Energierekonstruktion, insbesondere da die Energieau�ösung desExperiments mit ≃ 17% deutlih ungenauer ist.
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Chapter 1Introdution and Motivation
If a man will begin with ertainties, he shall end with doubts; but if he willbe ontent to begin with doubts, he shall end in ertainties. � Franis Baon(English philosopher, 1561-1626, �The advanement of learning�)Sine the sienti� revolution in the 16th and 17th entury, doubt has been the drivingfore of progress. Books like Rene Desartes' �Meditations on First Philosophy� (1641)paved the way for sienti� thinking by arguing that doubt is the only thing one an reallybe ertain of. This initial thought was followed by the birth of modern siene, and in thefollowing enturies, experiments and dedution - instead of superstition and dogmatism -have been used to understand and predit nature.In the ase of modern astrophysis, already ommon sense ditates doubt. The distaneto most objets that are the subjet of astrophysis exeeds our imagination. Theoriesabout (inter-)stellar objets are solely built on the observation of light and other osmimessenger partiles that reah us - after having travelled for thousands or millions ofyears.In order to gain further insights in the osmos, astrophysial disiplines like very highenergy (VHE-, (E > 100 GeV)) gamma-ray astronomy investigate eletromagneti ra-diation that is not visible to the human eye. These observations open a window to thenon-thermal universe, i.e. to radiation from the most energeti proesses in the osmos.However, highly energeti photons are absorbed in the atmosphere. This obstale totheir observation an be overome by using satellite bound experiments (like the FERMIGamma-ray Spae Telesope that was launhed in 2008) whih reonstrut the photon'senergy with a semi-ondutor based alorimeter. However, in the last twenty years,a ground-based alternative in the form of Imaging Atmospheri Cherenkov Tele-sopes (IACTs) has emerged. These utilise the atmosphere as a alorimeter by observingthe Cherenkov light of partile showers that were triggered by the absorption of highlyenergeti photons in the atmosphere (see hapter 2). They therefore have a signi�antlylarger detetion area than satellite-bound detetors (≃ 105 m2 ompared to ≃ 1 m2) andare able to observe photons of even higher energies, whih are more rare than photonswith lower energy. 1



2 Chapter 1. Introdution and MotivationThe di�ulty of this detetion tehnique is that highly energeti photons have to bedisriminated from a variety of other partiles that impinge on the atmosphere everyseond. This partile �ux of about 1000 partiles per square metre per seond (aboveenergies of 1 GeV, ([1℄) was �rst disovered byVitor Hess in the year 1912 [2℄. Hess (whowas awarded the Nobel prize in 1936) onduted balloon experiments in the higher layersof the atmosphere, from whih he notied that on board eletrosopes disharged morerapidly with inreasing altitude. This e�et was attributed to highly energeti hargedpartiles from outer spae, whih were alled osmi rays1. Their disovery triggeredintensi�ed researh of energeti partiles from spae (ulminating in the disoveries ofpartiles like the positron, the kaon and the pion) whih some deades later inspired theonstrution of the �rst earth-bound partile aelerators.The osmi ray riddle

Fig. 1.1: Energy spetrum of osmi rays. The red data points were olleted by variousexperiments, the dashed green line orresponds to a power law with an averaged index andis drawn in order to visualize the atual spetrum's deviation from it (image taken from[3℄).Today, many aspets of the osmi rays have been investigated and it has been found1the term is a bit misleading sine the partiles arrive individually and not in beams of partiles



3that they onsist mainly of protons (≈ 85%) and α-partiles (≈ 11%), but also withontributions from heavier nulei (1%), eletrons, positrons (together 1.8%) and photons[4℄. The energies of the partiles over ten orders of magnitude, ranging from 1010 eVup to 1020 eV. Their energy spetrum (Fig. 1.1) dereases steeply (i.e. there are manyfewer partiles of higher energy than there are of lower energies), obeying a power-lawdNdE ∝ E−Γ with slightly varying index. The energy spetrum steepens a bit at the soalled �knee� (from an index of Γ = 2.7 to Γ = 3.1) at around 1016 eV, but �attens againat the �ankle� (to Γ = 2.7) at approximately 1019 eV.Despite the fat that osmi rays have been investigated for almost one entury, their exatorigin is still ontentiously debated. It is widely believed that osmi rays with energiesup to the knee are aelerated in the shok-waves of supernova explosions2, however, adeisive proof of this hypothesis is still pending. Determining the origin of the osmirays is ompliated by the fat that - due to Lorentz fores - harged partiles are de�etedin interstellar magneti �elds and therefore all diretional information of the osmi raysis lost when they reah earth.VHE γ-raysPhotons, on the other hand, are not a�eted by magneti �elds and therefore the diretionin whih they are observed points bak towards their emission region. VHE-photons areemitted in stellar regions where osmi partiles are aelerated to highest energies. Theirdetetion with arrays of IACTs therefore allows to study osmi aelerators like supernovaremnants or pulsar wind nebulae. There are three known proesses that an ause theemission of VHE γ-rays:1. Synhrotron emission / Bremsstrahlung: harged partiles that are aeler-ated in an external �eld emit photons. This mehanism is only relevant as a soureof VHE-photons in ase of very strong magneti �elds and eletrons with very highenergies (onditions that an e.g. be found lose to the surfae of a neutron star).2. Inverse Compton (IC)- Sattering: low energy photons (e.g. from the os-mi mirowave bakground) are up-sattered by populations of highly relativistieletrons or positrons via the inverse Compton-e�et and are thereby obtain veryhigh energies. The IC-omponent usually peaks in the VHE-range of the energyspetrum.3. Core-Core-Collisions: if atomi nulei (e.g. protons) are aelerated and ollidewith other nulei (that e.g. drift through the interstellar medium), neutral pions anbe reated via the strong interation. These pions subsequently deay into a pair ofVHE-photons (see 2.1.1).Eah of these proesses emits radiation that is haraterized by a unique energy spetrum.IACTs allow the observer to reonstrut the spetra of osmi soures in the very high en-2For osmi rays of more than 1018 eV, one suspets an extragalati origin, mainly due to the fatthat the gyro radius of partiles with suh high energies in the galati magneti �elds exeeds the sizeof our galaxy [5℄.



4 Chapter 1. Introdution and Motivationergy range. The most suessful ground-based VHE γ-ray experiment is the High EnergyStereosopi System (H.E.S.S.), whih onsists of four IACTs loated in the Namibiandesert. It started operation in 2003. To date, H.E.S.S. has disovered more than 50VHE γ-ray soures within our galaxy [6℄ and various extragalati VHE γ-ray emitters,e.g. ative galati nulei (AGNs), Radio Galaxies and - quite reently - a StarburstGalaxy [7℄.Solving the osmi ray riddle by observing supernova remnantsOne important result obtained from H.E.S.S. observations is a spatially resolved imageof the supernova remnant RX J1713.7�3946 (see Fig. 1.2), in whih exessive VHE γ-rayemission in the outer shell struture an be seen. By studying the energy spetrum ofthis radiation, one is able to draw onlusions about the partiles that are responsible forthe VHE γ-ray emission.If mostly protons and other hadrons were aelerated to very high energies by the shok-wave of the supernova, the VHE γ-ray spetrum would be dominated by photons origi-nating in the deay of neutral pions. Alternatively, if primarily eletrons and positronswere aelerated to very high energies, one would expet a spetrum assoiated with theVHE γ-ray emission due to the IC-sattering of the aelerated leptons by the mirowavebakground radiation.

Fig. 1.2: Sky map showing VHE γ-ray exess events in the region of the extended su-pernova remnant RX J1713.7�3946 that was observed by H.E.S.S. in 2004 and 2005. Theoverlay in the lower left orner shows the point spread funtion, i.e. the size a point sourewould have in this sky map (image taken from [8℄).Consequently, the reonstrution of the VHE-range of the energy spetrum with IACTsould provide the missing lue for unraveling the origin of the osmi rays. Unfortunately,the energy spetrum reonstruted for RX J1713.7�3946 based on the H.E.S.S. data (seeFig. 1.3) does not rule out the IC-model as a predominant emission mehanism, in par-



5tiular beause the exat shape of the expeted spetra for both senarios depends onadditional parameters (e.g. the magneti �eld and the e�etive ambient density). Never-theless, the proton senario seems to be favoured, whih would suggest a diret onnetionbetween supernova explosions and osmi rays.Common to the spetra of all VHE γ-ray emitters is a steepening above a soure-spei�uto� energy. The physial reason behind this is that osmi aelerators an aeleratepartiles only up to a ertain energy. In a leptoni senario, partiles with energiesabove the uto� energy subsequently lose energy due to synhrotron radiation, with themaximum intensity being emitted at a frequeny of νsynh ∝ E2 [9℄. Hene, by determiningthe uto� energy, one is able to predit the shape of the synhrotron spetra, whih anbe reonstruted using X-ray astronomy experiments. With suh a multi-wavelengthanalysis, further evidene regarding the aeleration senario an be olleted.

Fig. 1.3: H.E.S.S. data points for the supernova remnant RX J1713.7�3946 plotted inan energy �ux diagram. The small dashed line (blue) desribes the VHE γ-ray emissionspetrum due to π0-deay, whereas the broad dashed line (green) desribes the expeteddistribution aording to the leptoni IC-model. The upper limit obtained from EGRETmeasurements is plotted as a red arrow. The shaded grey band displays the systematierror that is inherent to the measurement (image taken from [10℄).Motivation for systemati tests of the energy reonstrutionAs an be seen in the example of RX J1713.7�3946, an aurate reonstrution of theenergy spetrum at low and high energies is essential for the disrimination between theleptoni and the hadroni senario on the basis of H.E.S.S. data. Obviously an aurateenergy reonstrution is also desired for other parts of the energy range.



6 Chapter 1. Introdution and MotivationMotivated by the need of an aurate energy estimation of the observed VHE γ-rays,this thesis investigates the present day energy reonstrution of H.E.S.S.. The objetiveis to hek whether the auray of the event reonstrution has hanged over the last�ve years. Therefore new systematial studies are presented. These onsist of two parts:First, the energy reonstrution of the whole telesope array will be investigated andmajor systematial e�ets will be quanti�ed (hapter 3); seond, in hapter 4 it will betested whether the responses of the individual telesopes have hanged relative to eahother, thereby introduing new systematial e�ets. Additionally, the time-wise evolutionof di�erenes between the telesopes will be evaluated.In order to analyse the energy reonstrution of H.E.S.S., Monte Carlo simulations ofVHE γ-rays are used to test the response of the telesope system. Furthermore, twobright VHE γ-ray soures (the Crab Nebula and the AGN PKS 2155�304), that wereobserved intensively and in regular intervals during the last �ve years, are analyzed inorder to study the energy reonstrution of real air showers.Before the systematial tests that were performed for this work are disussed, hapter 2will give an introdution to the physis of air showers and to the H.E.S.S. experiment. Aspeial fous of this hapter will rest on the explanation of the omplex analysis hain thatis required to infer the energy of VHE-photons from the Cherenkov-light of air showers.



Chapter 2The H.E.S.S. Experiment
The High Energy Stereosopi System (H.E.S.S.) is an array of four Imaging Atmo-spheri Cherenkov Telesopes (IACTs) loated in Namibia. H.E.S.S. observes souresof highly energeti VHE γ-rays by deteting the Cherenkov light of partile showers thatare triggered by the absorption of VHE γ-rays in the atmosphere. This hapter disusses

Fig. 2.1: The four IACTs on the H.E.S.S. site, that is loated on the Goellshau farm inNamibia.general properties of air showers in the atmosphere and gives insights into the detetionof Cherenkov light with arrays of IACTs like H.E.S.S.. Furthermore, the general lay-out of the H.E.S.S. experiment is introdued, followed by a detailed desription of theHillas analysis tehnique, whih is used to reonstrut the diretion and the energy of theVHE γ-rays observed by the telesopes. 7



8 Chapter 2. The H.E.S.S. Experiment2.1 Detetion of VHE γ-rays with Cherenkov telesopes2.1.1 The physis of air showersGround-based Cherenkov telesopes use the atmosphere as a detetion medium, i.e. theyobserve the deposition of the energy of highly energeti partiles in the atmosphere.Whenever a VHE γ-ray or a highly energeti osmi ray partile hits the atmosphere andinterats with air-moleules, seondary partiles are produed. The energy of these se-ondary partiles is su�ient to produe further partiles. Thereby a asade of seondarypartiles - an air shower - is reated, that desends towards earth. Depending on whihpartile triggered the air shower, one disriminates between eletromagneti and hadroniair showers.Whereas eletromagneti air showers are primarily triggered by photons and eletrons,hadroni showers result from the absorption of protons and heavier nulei from the os-mi ray �ux. Responsible for the development of eletromagneti air showers is the inter-

Fig. 2.2: Longitudinal shower development, i.e. partile trajetories for a simulated
300GeV photon and a 1TeV proton [11℄.play of the proesses of Bremsstrahlung and pair prodution: The interation of thehighly energeti primary partile with the Coulomb potential of an atmospheri nuleiprodues an eletron-positron pair. Both the eletron and the positron retain a largefration of the primary energy and ontinue their propagation through the atmosphere.In the Coulomb-�eld of other atmospheri nulei these seondary partiles lose energy andemit Bremsstrahlung. The Bremsstrahlung photons are again apt to produe additionaleletron-positron pairs, that again emit Bremsstrahlung. This interplay ontinues untilthe produed eletrons primarily lose energy due to the ionisation of the ambient medium



2.1. Detetion of VHE γ-rays with Cherenkov telesopes 9instead of Bremsstrahlung, at whih point the shower development abates. eletromag-neti showers usually have a small lateral extend and develop symmetrial around theshower axis.Hadroni air showers are in many respets similar to eletromagneti showers. However,the fat that hadrons are also subjet to the strong interation, results in a drastially dif-ferent shower development. If a highly energeti proton enounters an atmospheri nulei,the proton is sattered inelastially via the strong interation, resulting in the produtionof mesons (pions and kaons) and additional nulei (protons, neutrons). A part of theseseondary hadrons are neutral pions that have a very short lifetime (≈ 8 × 10−17 seconds[12℄) and deay almost immediately in two photons. The photons indue eletromagnetisub-showers that again develop aording to the interplay of Bremsstrahlung and pairprodution. However, due to the inelasti nature of strong interations, these have abigger lateral momentum than primary eletromagneti showers, resulting in an overalllarger lateral extend of hadron-indued air showers (see Fig. 2.2).The di�erenes in the development of eletromagneti and hadroni showers allow a dis-rimination between gamma-indued and nulei-indued showers. Suh a disriminationis espeially important sine even for the brightest VHE γ-ray soures, only about 0.1%of all observed air showers were indued by VHE γ-rays. The exat disrimination teh-nique will be disussed in more detail when introduing the standard analysis of H.E.S.S.in setion 2.3.4.2.1.2 Cherenkov light of air showersWhenever a partile moves through a medium with a veloity that exeeds the veloityof light in this medium, Cherenkov light is emitted. The veloity of light in a mediumis cn = /n with n being the refrative index of the medium and  the speed of light invauum.This Cherenkov ondition is ful�lled for the seondary partiles of an air shower passingthrough the upper layers of the atmosphere. Hene, air showers an be observed bydeteting the Cherenkov light that they emit. The Cherenkov-light is only emitted withina narrow one around the diretion of the shower, with an opening angle of:
Θc =

1

β · n
(2.1)where β = v

c
, with v being the veloity of the shower partile and n the refrative indexof the atmosphere. The diameter of the Cherenkov light pool at observation level is then

dlight-pool = h · tan (Θc/2) ≃ h · Θc/2 (2.2)with h being the height of the shower maximum, i.e. the height above observationlevel at whih the maximal intensity of the shower an be found. For a photon with
E = 300 GeV, the shower maximum is loated at h ≃ 10 km. The angle under whihCherenkov light is emitted in this ase takes values in between 0.5◦ and 1.0◦, whih



10 Chapter 2. The H.E.S.S. Experimenttranslates to a light-pool diameter on the ground of dlight pool ≃ 250 m. Θc depends onthe height of the shower; due to the lower density of the ambient air, it inreases withdereasing h (see [10℄, page 16). This results in a superimposition of the light ones that areemitted by the shower in di�erent heights at observation level. Due to multi-sattering ofthe seondary partiles, a di�use omponent of the Cherenkov photons reahes the groundoutside of the radius of the Cherenkov light-pool. A lateral distribution of the Cherenkovlight on the ground (based on simulations) for a VHE γ-ray and for a proton an be foundin Fig. 2.3.

Fig. 2.3: Lateral Cherenkov light distribution of the shower from Fig. 2.2 ([11℄).2.1.3 Zenith angle and light-pool radiusWith ground-based telesopes, most soures are not observed at zenith (i.e. diretly abovethe telesopes), but at an angle of inlination towards the horizon. This zenith anglehas two e�ets on the observation of air showers with IACTs:1. In addition to the larger horizontal distane between shower and telesope, showersthat are observed at large zenith angles reah their maximum intensity in greaterheight. This is the ase beause the shower maximum develops after the showerovered a ertain distane in the atmosphere, whih - given the horizontal propa-gation of the shower - results in a shorter expansion in vertial diretion. Hene,the distane between the telesopes and the shower maximum in the atmosphereinreases. On the one hand, this larger distane between the telesope array andthe shower results in smaller images of the shower in the telesope-ameras, whihredues the auray of the shower reonstrution (see setion 3). On the otherhand, the Cherenkov light travels a longer way through the atmosphere and - dueto the absorption e�ets in the medium - is fainter when reahing the telesope.Thus, when a soure is observed under a large zenith angle, a VHE γ-ray must havea larger energy in order for its shower to be deteted by the telesope array.



2.1. Detetion of VHE γ-rays with Cherenkov telesopes 11

Fig. 2.4: Sketh illustrating the widening of the Cherenkov light-pool at ground levelfor observations under a large zenith angle. Note that in reality, the height of the showerabove observation level is muh larger than its lateral distane from the telesopes.2. The Cherenkov light distribution on the ground is in�uened by projetion e�ets:due to the greater height of the shower, the Cherenkov light one has widened whenreahing the ground. In addition, the light-pool on the ground is strethed in onedimension due to observing under an angle (see Fig. 2.4).

x [m]
-600 -400 -200 0 200 400 600

y 
[m

]

-600

-400

-200

0

200

400

600

0

20

40

60

80

100

120

140

160

180

 zenith angle°0

x [m]
-600 -400 -200 0 200 400 600

y 
[m

]

-600

-400

-200

0

200

400

600

0

5

10

15

20

25

30

35

40

 zenith angle°50

Fig. 2.5: Distribution of impat positions on the ground of simulated VHE γ-ray showersinident at 0◦ o�set angle and 0◦ (left) and 50◦ zenith angle right, respetively. (0,0)orresponds to the enter of the telesope array, whereas the bright dots at ±84m oinidewith the telesope loations. The zenith in the simulations is simulated in negative x-diretion.The distribution of the impat points of VHE γ-ray showers on the ground based onsimulations for 0◦ and 50◦ zenith angle, respetively, an be found in Fig. 2.5. One an



12 Chapter 2. The H.E.S.S. Experimentlearly see that the impat points for observations at large zenith are sattered over a muhlarger area. As the zenith angle is simulated in negative x-diretion, the distribution isstrethed in x-diretion, with ≈ 51% of the impat points having positive x-values. Notethat the diagonal strutures in both plots (better disernible in the right plot) re�et thehexagonal shape of the amera pixels (see the disussion of the geometry reonstrutionin 2.3.3).The widening of the Cherenkov light-pool at observation level also beomes apparent inFig. 2.6. Here, the mean image amplitude, i.e. the average number of photo eletronsolleted by an IACT, as a funtion of the perpendiular distane between the showeraxis and the telesope is displayed for di�erent energy bands.
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Fig. 2.6: The mean image amplitude, i.e. the average number of photo eletrons olletedby an IACT, in dependene of the impat distane for one telesope of H.E.S.S., displayedfor di�erent energy bands and simulated VHE γ-ray showers inident at 20◦ (left) and 50◦zenith angle right.For observations at 20◦ zenith angle, the mean image amplitude stays roughly onstantfor distanes up to an edge in the plot at 130m, from whih on it dereases rapidly.This distane is just the ring radius of the entral Cherenkov light-pool on the ground(visible in Fig. 2.3) and is alled the Cherenkov shoulder. The deline in photo eletronsfor distanes past the Cherenkov shoulder an be explained by the fat that outside ofthe entral region of the Cherenkov light-pool, only (the fainter) Cherenkov light frommulti-sattered seondary partiles is deteted.For inreasing energies, the amount of olleted light naturally inreases for a �xed dis-tane between the shower axis and the telesope. Low energy showers only trigger thetelesope system up to a ertain distane, e.g. 250 m for showers with 500 GeV < Eγ <
1.0 TeV.For 50◦ zenith angle, a larger area is overed by the Cerenkov light-pool. Thus, theCherenkov shoulder is shifted to larger distanes, i.e. the number of olleted photons isroughly onstant up to ≈ 230 m. As will be seen in hapter 3.3, at suh a zenith angle, the



2.2. Experimental setup of H.E.S.S. 13energy reonstrution for photons with an energy of less than 1TeV su�ers from strongsystematis. Therefore only energy bands above this threshold were inluded in the righthand plot in Fig. 2.6.2.2 Experimental setup of H.E.S.S.H.E.S.S. onsists of four idential IACTs loated in the Khomas Highland in Namibia,
100 km outside the apital Windhoek. At 1800 m altitude, the site provides optimal on-ditions for astronomial observations. One of the telesopes (CT3) has started operationin July 2002, with the onstrution of the other three telesopes being ompleted in De-ember 2003. The full telesope array has been taking data sine then.2.2.1 The telesope arrayThe four telesopes are distributed on the orners of a square with 120 m side length,being oriented in a way that seen from the enter of the square, there is one IACT in eahpoint of the ompass (i.e. the diagonals of the square are orientated in north-south andeast-west diretion). A piture of all four telesopes an be found in Fig. 2.1 whereas Fig.2.7 shows one of the IACTs.The layout of the telesope array represents a ompromise: On the one hand, a largespaing between the telesopes is desirable, as the observation of air showers with twoor more telesopes allows a three-dimensional reonstrution of the primary partile'sdiretion. The stereosopi observation additionally allows for a superior seletion ofosmi ray events onerning the rejetion of single muon events (see setion 2.3.6) orbakground events triggered by the night sky, as these in general are not observed by twotelesopes at the same time. Consequently, the larger the spaing between the telesopes,the higher the auray of the geometry reonstrution. Additionally, a large side lengthof the array also inreases the total detetion area of the array.

Fig. 2.7: One of the four Imaging Atmospheri Cherenkov Telesopes of H.E.S.S..



14 Chapter 2. The H.E.S.S. ExperimentOn the other hand, as one wants that showers are deteted by two or more of the IACTsin the array, the maximal distane between telesopes is limited by the radius of theCherenkov light-pool on the ground (≃ 120 m, see Fig. 2.3). With 120 m in between tele-sopes, the Cherenkov light-pool of most deteted showers overs two or more telesopes,while a stereosopi geometry reonstrution is still possible.2.2.2 Detetion of Cherenkov light with H.E.S.S.The Cherenkov light of air showers is very faint: for a primary photon with an energyof 1 TeV, only about 100 photons per m2 reah the ground. The arrival time of theCherenkov photons lie in a time frame of a few nanoseonds [13℄. In order to detet thesesignals, eah of the four H.E.S.S. telesopes onsists of 382 mirror segments mounted on ahexagonal dish. Eah segment has a diameter of 60 cm, giving eah telesope a detetionarea of 107 m2. The dish to whih the mirrors are attahed is onstruted suh that ithas a radius of urvature of 15 m whih at the same time is also the foal length of thetelesope.

Fig. 2.8: The priniple of the detetion of Cherenkov light with IACTs like H.E.S.S..As will be explained in setion 2.3.3, the two amera images are interseted in the sameoordinate system in order to reonstrut the diretion of the shower (image taken from[14℄).The inident light is re�eted and foused into a amera, whih onsists of 960 photomultipliers with a size of 0.16◦ eah. Winston ones are installed in front of eah photo



2.3. The H.E.S.S. Standard Analysis 15multiplier in order to fous light onto the ative area of the multiplier. The amera hasa total �eld of view of 5◦. Eah amera is onneted to a entral trigger unit that startsthe amera readout, as soon as a shower is seen by two or more telesopes. The typialtrigger rate for observations at zenith is ≃ 200 Hz. The telesope system is triggered byshowers that were indued by primary partiles with an Energy > 100 GeV. A skethdisplaying the general detetion priniple and the projetion of the shower image in theamera plane an be found in Fig. 2.8.H.E.S.S. stores data in 28 minute long runs. The amount of olleted data is oftengiven in terms of live time, whih is the run duration subtrated by the dead timeof the detetors. Observations are arried out in moon-less nights during good weatheronditions. During a run, the telesopes trak the observation position in the sky, whih isusually 0.5◦ - 0.7◦ away from the target position, i.e. the diretion of expeted VHE γ-rayemission.This small angular distane between the pointing diretion and the soure diretion isalled o�set angle. Usual o�set angles are 0.5◦ - 0.7◦, whereas the diretion of the o�seton the sky is subsequently shifted with eah run. This tehnique is alled wobbling andit allows to ollet omparable data on the bakground regions surrounding the respetiveVHE γ-ray soure, whih beomes important when estimating the fration of bakgroundevents in the soure region. This is used for the spetral reonstrution and is disussedin detail in [15℄.
2.3 The H.E.S.S. Standard AnalysisIn the following, the H.E.S.S. Standard Analysis will be introdued and explained. In therun of the analysis, ellipse-like amera images are �rst parametrised using an approahintrodued by Hillas. Then the diretion and the energy of the primary partile aredetermined based on these parameters.2.3.1 Run seletion and image leaningHowever, before amera images are parametrised, suitable runs are seleted and the re-maining amera images are leaned. Runs are disarded if they were taken under badweather onditions or if eventual hardware failures ourred. Then, the amera images ofthe remaining runs are alibrated, i.e. di�erenes resulting from varying signal ampli�a-tion and sensitivity of the di�erent pixels in the amera are orreted.When Cherenkov photons are reorded by the amera, also photons from the night skybakground are deteted. These an be removed by seleting pixels that have registeredat least 5 photo eletrons and have a neighbouring pixel with 10 p.e. or more and vieversa. Pixels that do not ful�l these onditions are no longer used in the analysis. Adetailed desription of the image alibration an be found in [16℄.



16 Chapter 2. The H.E.S.S. Experiment2.3.2 Hillas parametrisationWith the leaned image, a parametrization of the intensity distribution in the ameraan be undertaken. Camera images of gamma-indued air showers have a longitudinalstrethed shape (see Fig. 2.9) and an in �rst order be approximated by an ellipse. Theimage an be parametrised using the Hillas method [17℄ with the following parameters:
• Width and length, i.e. the minor (respetively the major) axis of the image.
• the size, i.e. the number of photo eletrons in the leaned image.
• the enter of gravity (COG), i.e. the position of the enter of the ellipse in theamera.
• θ, i.e. the orientation of the shower in the amera plane.

gamma with E = 1 TeV and an impact distance of 116 m

0 6 15 30 60 150 300 p.e.

proton with E = 2.3 TeV and an impact distance of 58 m

0 6 15 30 60 150 300 p.e.Fig. 2.9: Camera images of air showers indued by a photon with 1TeV (left) and asimulated proton with 2.3TeV (right).These Hillas parameters (exept the size) are visualized in Fig. 2.10.The geometry-based parameters, i.e. width, length, COG and image orientation of two ormore telesopes are used for the reonstrution of the shower diretion and the intersetionpoint of its axis with the ground level. This geometry reonstrution is disussed in setion2.3.3. The size, i.e. the amount of light olleted by a telesope, for a �xed zenith- ando�set-angle is proportional to the energy of the primary partile. Thus, together withthe information obtained from the geometry reonstrution, it an be used to obtaina seperate energy estimate from eah of the telesopes. The estimates of the di�erenttelesopes are then averaged to determine the energy estimate of the whole array. This isdisussed in setion 2.3.5.
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Fig. 2.10: Hillas parameters of an ellipse, desribing the Cherenkov light distribution ofa shower image in the amera.Preseletion of imagesHowever, prior to the geometry reonstrution of the shower, suitable shower images forthis reonstrution are seleted. Therefore two preseletion uts based on the Hillasparameters of the individual images in the amera are applied:1. A ut on the size, whih exludes faint shower images for whih only a bad showerreonstrution would be possible.2. A ut on the loal distane, i.e. the distane of the COG from the enter of theamera in metres, is applied in order to disard images in whih a part of theshower image lies outside of the amera.The geometry of the shower is only reonstruted for those shower images that passthe preseletion uts. A amera image is not used in the further analysis if its size is
< 80 p.e. (for standard uts, see table 2.1), and its loal distane < 0.525 m. Other utsare applied after the geometry has been reonstruted. These postseletion uts areused to disriminate gamma- from hadron-indued showers and are disussed in setion2.3.4.2.3.3 Geometry reonstrutionThe stereosopi approah, i.e. the fat that images of showers are only taken when atleast two telesopes have seen the shower, allows to determine both the inident diretion



18 Chapter 2. The H.E.S.S. Experimentof the primary partile and the ore position, i.e. the point where the shower wouldhave hit the ground, with high auray.In order to reonstrut the inident shower diretion, one de�nes the image axis as aline along the major axis of the Hillas ellipse [18℄. The image axis then points towardsthe soure diretion in the nominal system.1 For example, if the telesope points diretlyat the soure, the image axis will go through the enter of the amera. In order to getan averaged estimate of the shower diretion, one intersets the image axes of thetelesopes pairwise2 in a ommon oordinate system and thereby obtains one estimatefor the shower diretion for eah telesope pair (see Fig. 2.8). Before these intersetionpoints are averaged, they are weighted aording to the following riteria:
• Intersetion points obtained by telesope pairs with amera images with large sizeand a pronouned longitudinal extend of the ellipse reeive a large weight.
• The intersetion points are also weighted with the sine of the angle in between twoimage axes, the stereo angle (see appendix A), mirroring the fat that telesopepairs with large stereo angles provide a more aurate estimation of the showerdiretion.The weighted average of all intersetion points then yields the inident diretion of theshower. The ore position is determined by interseting the image axes in the array-wideground-(oordinate) system instead of the nominal system.3 The distane of one of thetelesopes to the ore position is alled the impat distane.2.3.4 Gamma/hadron separationThe Hillas parameters also allow a disrimination between gamma- and hadron-induedshowers. As was explained in setion 2.1, non-gamma osmi ray events reate showerswith a large lateral extension in omparison to VHE γ-ray photons that trigger longitudi-nally strethed partile asades. By applying uts on the Hillas parameters that desribethe image shape, one is thus able to suppress the vast majority of osmi-ray bakgroundevents.In order to obtain parameters whih are independent of the zenith angle and the o�setwith whih an event was observed, one introdues the saled width (SCW) and the saledlength (SCL) for eah event and telesope. The saled width (length) of telesope i isde�ned as the deviation of the width (length) from its expeted value (that was obtainedusing Monte Carlo γ-ray simulations4) in units of standard deviations:1The nominal system is the oordinate system in whih the four amera images are superimposed.2For the four telesopes of H.E.S.S. one gets six intersetion points if all telesopes have deteted theshower.3For long shower images, the hexagonal shape of the amera pixels results in a preferene of er-tain shower diretions, whih translates to the preferene of ertain ore-distane values. This beomesapparent when investigating the simulated ore distane distribution in Fig. 2.5.4In whih VHE γ-ray events are simulated and the length and width-values for eah telesope -aording to the respetive size and the distane between the shower impat point and the telesope -are �lled into lookup tables.



2.3. The H.E.S.S. Standard Analysis 19SCWi =
Widthi− < WidthMC

i >

σi

(2.3)where < WidthMC
i > is the expeted width of the shower image, Widthi the width ob-tained from the Hillas parametrisation and σi the spread of the expeted value.In order to get a measure for the average saled width of all telesopes, one alulates themean saled width (MSCW) of the shower:MSCW =

∑Ntel

i (SCWi · ωi)∑Ntel

i ωi

(2.4)where ωi =
<WidthMC

i >2

σ2

i

is a weighting fator. The mean saled length (MSCL) is de�nedin an analog way.The distribution of these two quantities for simulated VHE γ-rays and protons as wellas observational O� data5 an be found in Fig. 2.11. The apparent di�erene betweenthe distributions of simulated protons and O�-data an be explained by the abundaneof heavier nulei in the latter data set, whih inrease the lateral spread of momentum(see 2.1.1) and therefore lead to an overall larger MSCW.
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Fig. 2.11: Mean Saled Width (left) and Mean Saled Length (right) for VHE γ-rayMonte Carlo simulations in omparison to simulated protons and O�-data. By seletingonly events with MSCW < 0.9 (standard uts), one is able to exlude the majority of thebakground events. (image taken from [19℄)All events that pass the preseletion are subjet to the postseletion, in the ourseof whih the MSCW and MSCL of eah shower is alulated. Only events that pass5O� data are obtained from observations in regions where no VHE γ-ray soure is expeted and justonsists of hadroni osmi-ray events.



20 Chapter 2. The H.E.S.S. Experimentuts on these two quantities remain in the analysis. In addition, a ut on θ2, i.e. thesquare of the angular distane between the soure diretion and the reonstruted showerdiretion an be used for the analysis of point soures. In this ase, events are onlyused for the reonstrution of the spetrum if they are deteted within a prede�nedirular region around the VHE γ-ray soure. Beause of the isotropy of the osmi raysignals, one thereby dramatially redues the amount of bakground events in the analysis,partiularly for the observation of point soures. Values for the di�erent preseletion- andon�g. MSCWmin MSCWmax MSCLmin MSCLmax Sizemin[p.e.℄ θ2loose -2.0 1.2 -2.0 2.0 40 0.04standard -2.0 0.9 -2.0 2.0 80 0.0125hard -2.0 0.7 -2.0 2.0 200 0.01Tab. 2.1: Values of the di�erent ut parameters for the three ut on�gurations (loose,standard and hard) in the H.E.S.S. standard analysis.postseletion-uts are hosen aording to three on�gurations that were optimized fordi�erent soure types. �Loose� uts are optimised for a strong soure with a similarintensity as the Crab Nebula and a hard spetra (index 2.6), whereas the �standard�on�guration obtains a maximal signi�ane [20℄ for a point soure with spetral indexof 2.6 and a �ux of ≈ 10% of the Crab Nebula. The �hard� on�guration obtains bestresults for faint point soures (≈ 1% Crab) with a spetral index of 2.0.The values for the uts on the spei� parameters disussed above an be found in table2.1.2.3.5 Energy reonstrutionAll shower images that pass the preseletion uts are used to estimate the energy ofthe primary partile. The energy estimate is obtained by omparing the size and thereonstruted geometry of a shower image with the results of Monte Carlo simulations.These simulations onsist of two steps: At �rst, air showers indued by VHE γ-rays withdi�erent energies are simulated for di�erent zenith- and o�set-angles. Then, the responseof the telesope array to these air showers is simulated and the reonstruted size andimpat distane for eah of the telesopes is �lled in separate tables that link these twoparameters to the simulated energy of the VHE γ-ray. These lookup tables (see Fig.2.12) are produed for various zenith- and o�set-angle ombinations of the simulatedVHE γ-rays, sine the reonstrution of the impat distane (i.e. the geometry) stronglydepends on these parameters.6 The omparison of the size and the impat distaneobtained by the reonstrution of the real shower with the orresponding entry in theenergy lookup tables, allows to reonstrut the energy of the VHE γ-ray that induedthe observed partile shower. In order to selet the lookup table that resembles the6Lookup tables are also produed for the RMS spread of the energies in eah size and impat distanebin. These are used to estimate the error for a spei� reonstruted energy.
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Fig. 2.12: Energy lookup tables simulated at 0.5◦ o�set, and 20◦ zenith (left) and 50◦zenith (right), respetively.observational onditions best, both the o�set- and zenith-angle of the observation areinterpolated to the losest respetive value for whih lookup tables exist.During the last years, energy lookup tables were produed several times. Eah time, thetelesope system was simulated with di�erent properties, taking into aount the hangeof the responses of the various telesopes with time. In this work, lookup tables based ontwo sets of Monte Carlo simulations are used:1. Phase1 simulations were produed shortly after the omplete array started obser-vation. To take into aount that CT3 was already running for one and a half yearsand its mirrors and Winston ones had already degraded signi�antly, it is onlysimulated with a redued response of 92%, whereas the other three telesopes areattributed 100% optial e�ieny (see setion 2.3.6).2. Phase1b simulations were performed one year later when the whole array had de-graded substantially and it was measured that all telesopes have the same (redued)optial e�ieny of 70%. CT1 CT2 CT3 CT4Phase1 100% 100% 92% 100%Phase1b 70% 70% 70% 70%Tab. 2.2: Simulated responses of the di�erent telesopes in Monte Carlo simulations fromPhase1 and Phase1b.When reonstruting the energy with the H.E.S.S. analysis software, a spei� on�g-uration is hosen, whih uses either the energy lookups based on phase1 or phase1bsimulations. In this work, predominantly the �std south 1b� on�guration is used, thatuses energy lookup tables from phase1b simulations of the southern hemisphere togetherwith standard uts for the event seletion.



22 Chapter 2. The H.E.S.S. ExperimentFinally, after obtaining the energy estimate of eah telesope from the respetive lookuptables, the energy estimates of the Ntel telesopes that passed the preseletion uts areaveraged to get the mean energy of the event:
E1,2,3,4 =

Ntel∑

i=1

Ei

σ2
i

(2.5)where Ei is the reonstruted energy of telesope i, σ the error of the energy (whose squareis used as a weighting fator).The optial e�ienies attributed to the di�erent telesopes in the simulations (summa-rized in table 2.2) are obviously only a rough guess of the atual optial e�ienies ofthe system. However, it is possible to estimate the optial e�ienies of the individualtelesopes by observing muon events. When observing VHE γ-ray soures, the energy esti-mate of eah telesope is aordingly orreted using the estimate of the optial e�ienyobtained from the muon orretion. This tehnique is disussed in the following.2.3.6 Muon orretionH.E.S.S. investigates air showers by onverting the Nγ Cherenkov photons emitted by theshower to Np.e. photo eletrons. It is ruial to know what the ratio of these parameters,i.e. the optial e�ieny ǫ = Np.e.Nγ
is. There are a number of e�ets that in�uene theonversion of Cherenkov photons emitted by the extensive air shower to photo eletronsmeasured by the amera. Some of these e�ets with estimates of their importane are7:

• The amera asing and the telesope arms shade a fration of the mirrors, therebyreduing the amount of photons in the air shower that reah the amera by 11%[21℄.
• The re�etivity of the mirrors for Cherenkov light with wave lengths of λ ≃ 300 nmin 2004 was of the order of 75% and has sine then dereased. In the ase of H.E.S.S.,this derease is mainly aused by the dry and hot environment the site is loated in[22℄.
• The Winston ones that are used to fous the inoming photons onto the respe-tive amera pixels transmit only about 75% of the inoming light [23℄. Again, there�etivity worsens with inreasing age of the Winston ones.
• The quantum e�ieny of the photo multipliers amounts to 20% for a wave lengthof λ ≃ 300 nm, but varies strongly with λ and also dereases signi�antly over time[24℄.Sine three of these four fators hange with time, it is important to monitor the optiale�ieny of the telesopes on a regular basis. This is done using the muon-orretiontehnique, that is disussed in detail in [25℄.7The following perentage values were obtained by simulations that were performed prior to theompletion of H.E.S.S..
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Fig. 2.13: Ring-like image in the amera of a muon that diretly impinged on one of themirrors. Note that this image was not leaned, whih explains the image noise in most ofthe pixels.The tehnique uses the fat that hadron-indued air showers (see 2.1.1) inlude manymuons that mostly originate from the deay of harged pions and kaons aording to:
π± −→ µ± + νµ(νµ) (≈ 100%)
K± −→ µ± + νµ(νµ) (≈ 63.5%)Muons are not subjet to the strong interation and mostly lose energy due to ionisationof the atoms and moleules in the atmosphere. Compared to eletrons, their larger massmakes them minimally ionising. They therefore penetrate deeply into the atmosphere andreah the surfae. Due to the high energy of muons in osmi ray-indued showers, theyemit a signi�ant amount of Cherenkov light.Compared to air showers, the opening angle of the Cherenkov emission is smaller, andthe deteted light is emitted muh loser to the telesope, whih results in a muh smallerarea being illuminated by the Cherenkov light of the muon. Therefore muon events aremostly only observed by one telesope. For array systems with multipliity trigger likeH.E.S.S., this light is the major bakground omponent for a single IACT. Indeed, muonimages are only taken �by aident�, i.e. the telesope system is triggered by a bakgroundevent and in one of the ameras a muon is deteted, disernible by a ring-like image (seeFig. 2.13).Sine the opening angle of the Cherenkov one depends on the energy of the muon, thegeometry of the muon-ring in the amera allows to estimate the number of Cherenkovphotons that have arrived in the amera. By omparing this number with Np.e., one isable to obtain an estimate for the optial e�ieny of the telesope. Based on this value,a muon orretion fator for the reonstruted energy of the telesope is alulated andapplied to the initially reonstruted energy of this telesope.



24 Chapter 2. The H.E.S.S. ExperimentHowever, there are no regular ross heks of the e�etiveness of the muon orretion,whih given its importane, leaves room for doubt regarding the auray of the overallenergy reonstrution, espeially sine there are a number of e�ets that are not takeninto aount by the muon orretion (e.g. �utuations in the atmospheri density). Themethods to ompare the di�erent telesope responses that are presented in hapter 4 allowto investigate the e�etiveness of the muon orretion. Before this, in hapter 3, generalsystematis in the energy reonstrution of H.E.S.S. are investigated.



Chapter 3Systematis of the EnergyReonstrution
In the last hapter it was explained how the energy reonstrution of the H.E.S.S. ex-periment works. It was shown how the images of Cherenkov showers in the di�erenttelesopes are parametrised using the Hillas approah and how, based on these parame-ters, the shower geometry and the energy of the primary partile an be reonstruted.This hapter fouses on the known systematis in this reonstrution hain, whereas inthe next hapter possible yet unknown systematis stemming from the di�erenes in thetelesope responses will be disussed.The major auses responsible for the inauray in the energy reonstrution disussedin this hapter will be investigated by testing the system with two sets of Monte Carlosimulations, that were simulated with 0.5◦ o�set angle and a zenith angle of 20◦ and
50◦, respetively.1 In order to simulate the response of the telesope system with prop-erties similar to those of present day H.E.S.S., phase1b simulations were used, in whiha redued optial e�ieny is attributed to the individual telesopes (see setion 2.3.5).Furthermore, the VHE γ-ray spetrum is simulated with a soft spetral index of Γ = −2.0.First, the auray of the geometry reonstrution is tested by evaluating the deviation ofthe reonstruted ore position from the simulated one. Suh unertainties propagate toan error in the energy reonstrution, whih will be evaluated by omparing the simulatedevent energy to the energy that was reonstruted by the telesope system. Based on thesatter of the reonstruted energies around the simulated energy, an estimate for theoverall energy resolution of H.E.S.S. an be given. In hapter 4, this estimate will beompared to the systemati errors obtained by pairwise omparisons of telesopes.Apart from explaining the overall energy systematis, this hapter fouses on the e�etof the multipliity, i.e. the number of telesopes that are used for the reonstrution ofthe shower, on the estimation of ore position and energy. This is important sine notall of the H.E.S.S. data is reonstruted using all four telesopes (see setion 2.3.4). In120◦ and 50◦ zenith angle were spei�ally hosen sine the VHE γ-ray soures PKS 2155�304 andthe Crab Nebula that will be used for the interalibration in the following hapter, were observed underomparable zenith angles. 25



26 Chapter 3. Systematis of the Energy Reonstrutionorder to investigate the systematis when reonstruting events with only two or threetelesopes, the studies regarding the geometry and energy reonstrution in the followingsetions will be arried out separately for events with di�erent multipliities.23.1 Multipliity distributionBefore the systematis of the energy reonstrution for di�erent multipliities will beestimated, one is interested in how relevant events with a spei� multipliity are atdi�erent energies and for di�erent ore distanes.One is also interested in how the respetive distributions di�er regarding the post-triggerand the post-seletion multipliity of events, whih is aused by the uts of the preseletion(see setion 2.3.2). On the one hand, even though all four telesopes are loated withinthe Cherenkov light-pool on the ground, the number of deteted photo eletrons in one ortwo telesopes may not be high enough to pass the size ut. This happens primarily forshowers with lower energies. At higher energies, all telesopes register enough Cherenkovlight even if the respetive shower's ore position is loated far outside of the array.However, in this ase the telesope(s) on the opposite side of the array detet a showerimage whose enter of gravity is loated at the edge of the amera. These images arefrequently disarded due to the loal distane ut (see setion 2.3.4).
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Fig. 3.1: Distribution of multipliities as a funtion of the ore distane. The same datasets as in 3.2 were used. Events from the full energy range are inluded in the distributions.The disrepany between the event group involving post-seletion multipliities and the2When investigating multipliities, it is neessary to distinguish between the number of telesopes thatdeteted the shower and the number of telesopes in whih the shower image passed the applied utsand was atually reonstruted. A signi�ant fration of events e.g. is deteted by four telesopes butonly passes preseletion uts in two or three of the telesopes. 'Multipliity' in the following refers to thenumber of telesopes in whih an event passed the applied uts.



3.2. Core resolution 27events with post-trigger multipliity an be seen in Figs. 3.2 and 3.1, that display themultipliity distribution for di�erent ore distanes and energies, respetively.
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Fig. 3.2: Distribution of multipliities for di�erent energies, for two di�erent Monte Carlosimulations with 20◦ (left) and 50◦ zenith angle (right), respetively. The dashed lines referto the ase where the respetive telesopes have triggered, whereas the ontinuous linesshow those events whih pass standard uts.Regarding the multipliity distribution in dependene of the ore distane, one sees thatat 20◦ zenith angle, events with small ore distanes, i.e. showers whose impat point lieswithin the array, are mostly four-telesope-events, whereas for ore distanes > 120 mthe majority of events have multipliity two. For 50◦ zenith angle, the majority of theevents for all ore distanes are four-telesope-events. This mirrors the fat that theCherenkov light-pool on the ground widens for large zenith angles (see Fig. 2.4), makingit less probable that one telesope is outside of the area illuminated by the Cherenkovlight one. Sine the number of Cherenkov photons that is emitted in this one inreaseswith the energy of the primary partile, the fration of four-telesope-events inreaseswith inreasing energy.3.2 Core resolutionAs was disussed in setion 2.3.3, the event reonstrution relies on the stereosopi ap-proah, i.e. the fat that showers are registered and reonstruted by the di�erent tele-sopes independently. For N telesopes that registered the shower, N(N − 1)/2 estimatesfor the ore position an be derived. Consequently, if only two or three telesopes areused to reonstrut an event, the ore position estimate will be less aurate than forevents where all four telesopes are used for the reonstrution. In the following it willbe investigated how good the ore resolution is, i.e. the deviation of the reonstrutedore position from the simulated ore position of the shower, for di�erent multipliitiesand varying zenith angles. The error on the ore reonstrution is de�ned as:
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Fig. 3.3: Core resolution distributions with Gauss �t for Monte Carlo simulations with
20◦ zenith (blak) and 50◦ zenith (blue). Sigma denotes the standard deviation of theGaussian that was �tted to the respetive distribution. Note that the number of entriesin eah bin was saled with the total number of entries in the histogram.

∆d = dre − dMC (3.1)where dre is the reonstruted ore distane and dMC is the distane to the true oreposition given by the Monte Carlo simulations. Fig. 3.3 shows the ore resolution fordi�erent multipliities and 20◦ and 50◦ zenith angle, respetively. A Gaussian �tted tothe respetive distributions desribes the distributions reasonably well. The σ of theGaussian was taken as a measure for the average ore resolution. The respetive valuesfor di�erent multipliities are summarized in table 3.1.



3.3. Energy bias 29At 20◦ zenith angle (for whih the average reonstruted ore distane in the used dataset is ≃ 163 m), the ore resolution for all events ombined amounts to ∆d ≃ 13 m. Fortwo-telesope-events, the ore resolutions worsens to ∆d ≃ 19 m, re�eting the fat thatonly two image axes are interseted. Additionally, as disussed above, these events showlarge ore distanes for whih a small inauray in the stereo angle introdues a largeinauray in the ore distane estimation.zenith all events [m℄ Mult=4 [m℄ Mult=3 [m℄ Mult=2 [m℄angle
20◦ zen 13.20 ± 0.02 7.58 ± 0.02 14.53 ± 0.06 18.70 ± 0.05
50◦ zen 61.70 ± 0.08 53.85 ± 0.08 69.24 ± 0.20 72.59 ± 0.19Tab. 3.1: Values for the average ore resolution, i.e. RMS-values of the Gaussians of theore error distributions (see Fig. 3.3).For events that are observed at 50◦ zenith angle, the ore resolution worsens signi�antlyto ∆d ≃ 61 m for all events ombined, whereas the average reonstruted ore distaneof this data set is ≃ 254 m. The worsening of the ore resolution an be explained by thelarger distane between the shower maximum in the atmosphere and the telesope array,whih leads to smaller images in the amera and therefore to an overall worsening of thegeometry reonstrution (see setion 2.1.3).One also sees that the mean of the ore error distribution is shifted to negative values,i.e. on average the reonstruted ore distane is signi�antly smaller than the true oredistane.In the next setion it will be investigated how the redued ore resolution for two- andthree-telesope-events (espeially for 50◦ zenith angle) in�uenes the energy reonstru-tion.3.3 Energy biasAs disussed in setion 2.3.5, the energy of the primary partile is reonstruted by om-paring the reonstruted size and impat distane with lookup tables. Sine the impatdistane is the distane from the enter of the array to the ore position of the shower,the ore resolution is ruial for the auray of the energy reonstrution.In order to quantify the auray of the energy reonstrution for a partiular event,the relative error in the reonstruted energy Ere with regards to the simulated energy,

EMC, is determined. One then de�nes the energy bias ∆E as the relative error of thereonstruted energy averaged over all events with a spei� energy:
∆E = <

Ere − EMC
EMC > (3.2)The relative error of the energy reonstrution as a funtion of EMC is �lled into a twodimensional histogram using the same Monte Carlo simulations that were used to estimate
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Fig. 3.4: Two dimensional distributions displaying the relative energy error ∆E =
Ere−EMC

EMC as a funtion of the energy for VHE γ-rays simulated at 20◦ zenith and 0.5◦o�set for di�erent multipliities. Only events that passed standard uts are inluded.the ore resolution. For 20◦ zenith, these histograms for the respetive event multipliitiesare shown in Fig. 3.4. The orresponding histograms for 50◦ zenith an be found in Fig.3.5.In order to get an average value for the energy bias in a spei� energy range, the distri-bution was slied in energy bins and eah slie �tted by a Gaussian. The results for both
20◦ and 50◦ zenith an be found in Fig. 3.6.Disernible in all plots is an inrease of the energy bias at small energies, whih is theresult of a seletion e�et: showers with low energies that show an upward �utuation insize remain in the analysis while others are rejeted by the size ut. As a onsequene,the reonstruted energy of these events is generally higher than the simulated energy,
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Fig. 3.5: Two dimensional distributions displaying the relative energy error ∆E =
Ere−EMC

EMC as a funtion of the energy for VHE γ-rays simulated at 50◦ zenith and 0.5◦o�set for di�erent multipliities. Only events that passed standard uts are inluded.resulting in a positive energy bias. The opposite happens at very large energies, whereno events with upward �utuations appear in the analysis as the VHE γ-rays are onlysimulated up to a ertain energy. Consequently, only showers that show a downward�utuation in size are inluded, whih auses a negative bias for very high energies.In order to use only events with aurately reonstruted energy for the prodution ofthe energy spetrum, one de�nes a useful energy range that exludes the region with highenergy biases at small energies. Therefore the lowest energy bin with an average energybias < 10% is found. The safe energy threshold is then de�ned as the energy of thisbin plus 10% (see the vertial dashed lines in the top left plot in Fig. 3.6). Due to thestriter size seletion, the energy threshold inreases when applying hard uts to a data



32 Chapter 3. Systematis of the Energy Reonstrution

 [log(TeV)]
MC

log E
-1 0 1 2

M
C

) 
/ E

M
C

 -
 E

re
c

(E

-0.2

0

0.2

0.4

All Events

 zen, std cuts°20
 zen, hard cuts°20
 zen, std cuts°50

 [log(TeV)]
MC

log E
-1 0 1 2

M
C

) 
/ E

M
C

 -
 E

re
c

(E

-0.2

0

0.2

0.4

Multiplicity = 4

 [log(TeV)]
MC

log E
-1 0 1 2

M
C

) 
/ E

M
C

 -
 E

re
c

(E

-0.2

0

0.2

0.4

Multiplicity = 3

 [log(TeV)]
MC

log E
-1 0 1 2

M
C

) 
/ E

M
C

 -
 E

re
c

(E

-0.2

0

0.2

0.4

0.6

Multiplicity = 2

Fig. 3.6: Pro�le plots displaying the energy bias ∆E =< Ere−EMC
EMC >, i.e. the averagerelative energy error as a funtion of the energy, for di�erent multipliities and for twoMonte Carlo data sets simulated under 20◦ zenith and 50◦, respetively. The oloredvertial lines in the top left plot are the safe energy thresholds estimated for the respetivedata sets.set. It shifts to even higher energies when observing under large zenith angles. Again,the reason for this is the larger distane between the shower maximum and the telesopearray. Consequently, showers have to have a larger energy to be deteted by the telesopesystem.Note that the safe energy threshold also depends on the optial e�ieny of the system(see setion 2.3.5). Sine in this work, Monte Carlo simulations with a redued optiale�ieny were used, the respetive safe energy thresholds are shifted to higher energiesompared to earlier studies of the telesope system [10℄. Here, the safe energy threshold



3.4. Energy resolution 33for all events ombined for 20◦ zenith angle is ≈ 300 GeV for standard uts and ≈ 760 GeVfor hard uts. For 50◦ zenith angle and standard uts, the safe energy threshold shifts to
≈ 1.1 TeV.Above the safe energy threshold, the energy bias urves are �at up to 50 TeV, the exeptionbeing two- and three-telesope-events at 50◦ zenith. Here the urve is not as smooth, withthe average energy bias for di�erent energies being in between ±10%. This is very likelya result of the redued auray of the ore estimation for two- and three-telesope-eventsat 50◦ zenith.3.4 Energy resolutionWhen interpreting observations of VHE γ-ray soures, it is important to give an estimateof the average error made in the energy reonstrution. Suh an estimate is the aver-age sattering of the reonstruted energy around the simulated energy, i.e. the energyresolution. The energy resolution as a funtion of the energy an be obtained by tak-ing the standard deviation of the Gaussian �tted to the energy bias distribution in eahenergy-bin.In Fig. 3.7, the energy resolution as a funtion of the energy for the previously usedsimulations and di�erent multipliities is shown. In order to get an estimate for theaverage energy resolution, one analyses the distribution of the energy biases for all events,see Fig. 3.8. As a measure of the average sattering around ∆E = 0, the width of theGaussian �tted to this distribution is taken. This value is taken as the overall energyresolution. The results for di�erent multipliities and zenith angles an be found in table3.2. Note that the width of the distribution depends on the spetral index Γ. Due to thesofter spetrum utilised in this work, more events with higher energies are inluded in thedata set, whih results in an slightly higher overall energy resolution than in the ase ofa steeper spetrum.zenith all events Mult=4 Mult=3 Mult=2angle [%℄ [%℄ [%℄ [%℄

20◦ zen 16.72 ± 0.03 11.85 ± 0.03 17.32 ± 0.07 22.75 ± 0.06
50◦ zen 23.45 ± 0.04 17.88 ± 0.04 27.41 ± 0.09 33.22 ± 0.13Tab. 3.2: Values for the energy resolution averaged over all energies for di�erent multi-pliities, see Fig. 3.8. Standard uts were applied.One an see that for 20◦ zenith, the energy resolution for all events ombined amountsto ≃ 18%, but is notieably better when seleting only four-telesope-events, in whihase it is ≃ 12%. One noties that the energy resolution for 50◦ zenith is signi�antlyworse, espeially for two- and three-telesope-events. This worsening an be understoodwhen looking at the orresponding energy bias histograms in Fig. 3.5. One there sees along "tail" of events with an energy bias > 1.0 in the distributions for two- and three-telesope-events.3 These are events with ore distanes far outside of the array (> 400 m)3This tail is also present for 20◦ zenith but muh less pronouned, see Fig. 3.4.
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Fig. 3.7: Energy resolution as a funtion of the simulated energy for di�erent multipliitiesand for two Monte Carlo data sets simulated under 20◦ and 50◦ zenith, respetively. Notethat data points for the resolution are only shown above the safe energy threshold (≃ 1TeVfor 50◦ zenith).and for whih the error of the ore estimation is very high. This leads to an averageoverestimation of the reonstruted energy: If one looks at the energy lookup table for
50◦ zenith in Fig. 2.12, one sees that for 400 m impat distane and for a �xed low size, thegradient in energy for dereasing distanes is less steep than the gradient for inreasingdistanes. Hene, large statistial �utuations in the impat distane will result in anoverall overestimation of the reonstruted energy.A possibility to improve the energy resolution at the expense of redued event statistisis to exlude events with large ore distanes, as these are mostly events for whih theenergy reonstrution su�ers from large inauraies. Alternatively, a ut on small stereo



3.5. Summary 35

MC
)/EMC - E

rec
(E

-1 -0.5 0 0.5 1

E
ve

nt
s 

[%
]

0

5

10

15

 = 0.167 
 zen°20

σ

 = 0.235 
 zen°50

σ

All Events
 zen, std cuts°20

 zen, std cuts°50

MC
)/EMC - E

rec
(E

-1 -0.5 0 0.5 1

E
ve

nt
s 

[%
]

0

5

10

15

20

25

 = 0.118 
 zen°20

σ

 = 0.179 
 zen°50

σ

Multiplicity = 4

MC
)/EMC - E

rec
(E

-1 -0.5 0 0.5 1

E
ve

nt
s 

[%
]

0

5

10

15
 = 0.173 

 zen°20
σ

 = 0.274 
 zen°50

σ

Multiplicity = 3

MC
)/EMC - E

rec
(E

-1 -0.5 0 0.5 1

E
ve

nt
s 

[%
]

0

2

4

6

8

10

12  = 0.228 
 zen°20

σ

 = 0.332 
 zen°50

σ

Multiplicity = 2

Fig. 3.8: Energy bias distribution for all energy bins. Two Monte Carlo simulations of
20◦ and 50◦ zenith were used. A Gaussian was �tted to eah distribution. σ denotes thewidth of the Gaussian and is taken as the overall energy resolution for the respetivemultipliity.angles would have a similar e�et. However, the testing and implementation of suh utsis beyond the sope of this thesis.3.5 SummaryThis hapter ompared the systematis in the energy reonstrution of H.E.S.S. for dif-ferent event multipliities and zenith angles. For this the reonstrution hain was testedwith two Monte Carlo simulations with 20◦ and 50◦ zenith angle, respetively, and 0.5◦



36 Chapter 3. Systematis of the Energy Reonstrutiono�set.It was found that, at 20◦ zenith angle, events with lower multipliities are espeiallyimportant for energies < 1 TeV, whereas for large energies and 50◦ zenith angle mostevents are four-telesope-events.Furthermore, it was shown that the ore position reonstrution using only two or threetelesopes is less aurate. Additionally, the ore resolution worsens with inreasingzenith: for observations at 20◦ zenith angle, the ore resolution amounts to ≃ 13 m (forall multipliities ombined), whereas for 50◦ zenith angle and all multipliities, the oreresolution is ≃ 62 m.The energy bias was introdued as the relative deviation of the reonstruted energy fromthe simulated energy. It was found that it amounts to < 5% for four-telesope-events forboth zenith angles under onsideration. At 50◦ zenith, two- and three-telesope-eventssu�er from an energy bias of up to 10%, whih is likely the result of the large error in theore estimation for these event lasses.Finally the overall energy resolution of H.E.S.S. was estimated and it was found that itis ≃ 18% for observations at 20◦ zenith and 24% for observations at 50◦ zenith. Theworsening of the energy resolution with inreasing zenith an be explained by the wrongreonstrution of two- and three-teleope-events with ore distanes > 400 m. In this on-text, it is eventually worth onsidering whether a ut on the ore distane (e.g. < 400 m)or on small stereo angles (e.g. φi,j > 20◦) ould improve the overall energy reonstrutionof H.E.S.S. sine these uts would exlude events with misreonstruted ore distanesand energies.The next hapter will investigate whether there are asymmetries in the geometry- andenergy-reonstrution between individual telesopes by applying several interalibrationmethods to two VHE γ-ray data sets. The reonstrution errors stemming from eventualdi�erenes will then be ompared with the unertainty of the overall energy reonstrutionthat was disussed in this hapter.



Chapter 4Inter-telesope Systematis
In the last hapter, possible systematis of the energy reonstrution using two, three orfour telesopes were examined. In this hapter, the investigation of the energy reonstru-tion of individual telesopes in H.E.S.S. is desribed and it is disussed how these omparewith eah other. Comparing the individual telesope responses is important, given thefat that all four telesopes of H.E.S.S. have now run for almost six years, during whihthe system has been a�eted by two major e�ets:1. Due to orrosion, the telesope mirrors and the Winston ones (see setion 2.2.2) havedegraded permanently.2. The gain of the photo multipliers has been adjusted in regular intervals in order toaount for the degradation of the system.Even though the optial e�ienies of the telesopes are regularly estimated using themuon-orretion (2.3.6), it is not lear whether these orretions are su�ient to ompen-sate for the hanging optial e�ienies. The methods utilised in this hapter allow toverify the funtionality of the muon-orretion.In the ourse of this investigation, it is be heked whether the hanges in the telesopesystem have an impat on the energy reonstrution of the individual telesopes. In orderto searh for asymmetries in between the respetive responses of the telesopes, all fourtelesopes in the array are ompared pairwise. Two methods are used for this pairwiseomparison of the telesopes:

• The �rst method tests whether the two telesopes under onsideration reonstrutCherenkov showers di�erently. This is done by evaluating the relation between thesize and the reonstruted impat distane (see setion 2.3.2 for a de�nition of sizeand impat distane). As an be seen in hapter 2.3.3, eah telesope detets adi�erent size when taking an image of an air shower: the larger the impat distane,the smaller the reonstruted size. For the same shower, one expets the relationbetween these two parameters to be the same for all telesopes. Hene, by omparing37



38 Chapter 4. Inter-telesope Systematisthe di�erenes in size with the di�erenes in reonstruted distane for a telesopepair, one is able to �nd possible asymmetries in the shower parameter reonstrutionin between these two telesopes. If all telesope pairs are ompared aordingly, oneis able to quantify asymmetries in the telesope responses within the whole array.This method was already applied to the HEGRA telesopes ([26℄) and is heneforthalled size-distane interalibration (setion 4.1).
• The seond method ompares the energies reonstruted by the individual tele-sopes. As was shown in hapter 2.3.5, eah telesope gives a separate estimateof the primary partile's energy. The energy estimates of all telesopes are thenweighted and averaged to alulate the mean energy of the event. The telesopeenergies are again ompared pairwise. This will be alled energy interalibration(setion 4.2). It is also evaluated how muh eah telesope's reonstruted energydeviates from the averaged energy of all four telesopes. Thereby it an be hekedwhether the individual energy reonstrution of one telesope is �awed. This willbe alled relative energy alibration (setion 4.3).Both methods are �rst tested by applying them to Monte Carlo simulations. After on-�rming the funtionality of the methods, the interalibration is undertaken for real ob-servational data.Note that the energy that is used for the spetral studies of VHE γ-ray soures, in ontrastto the size, is muon-orreted (see 2.3.6). Di�erenes in the asymmetries found by thetwo methods an thus be used to analyse the funtionality of the muon orretion.As VHE γ-ray soures providing the observational data needed for the systematial tests inthis hapter, PKS 2155�304 and the Crab Nebula are taken. These are two of the brightestH.E.S.S. soures that have been monitored over a long time, with rather di�erent meanzenith angles.For the AGN PKS 2155�304, two di�erent data sets are ompared. On the one hand, adata set onsisting of almost exlusively VHE γ-rays was used. It only onsists of threeruns (taken on July 28, 2006) during whih PKS 2155�304 was in an exeptional highstate. On the other hand, the full data set taken on PKS 2155�304 in the last �ve yearswas utilized, whih onsists of bakground events also. As a soure that was observedunder a larger zenith-angle, the third data set used for the following analysis is the CrabNebula. All observational data taken by H.E.S.S. during the last �ve years is used for thetests in this hapter. Some properties of the three data sets are summarized in table 4.1.At the end of this hapter (setion 4.4), in order to see whether systemati e�ets haveinreased in the last years, the time evolution of asymmetries is investigated. Therefore,the full PKS 2155�304 data set (spanning almost six years) is divided into three two-yearlong subsets, for whih the time evolution of the di�erent asymmetries is examined.The next setion introdues the size-distane interalibration, that is tested with MonteCarlo simulations and is then applied to the VHE γ-ray data sets listed above.



4.1. Size-distane interalibration 39soure Ntotal live time bak-ground averagezenithPKS 2155�304(big�are) 5967 1.3 h 1.0% 13.3◦PKS 2155�304(full data set) 67552 205.4 h 17.5% 20.4◦Crab Nebula 8632 21.8 h 11.3% 48.1◦Tab. 4.1: Properties of the three VHE γ-ray data sets used for the interalibration in thishapter. Ntotal denotes the total amount of events in the data set (after standard uts).The bakground perentage was alulated aording to: 1 − NexessNtotal .4.1 Size-distane interalibrationThe size-distane interalibration an be used to ompare the response of the di�erent tele-sopes in H.E.S.S.. In order to �nd possible asymmetries within the array, one ompareshow the same event is reonstruted by the di�erent telesopes, i.e. at di�erent distanes.Therefore the size si(Eγ , di) (reonstruted by telesope i for a shower impat distane dithat was triggered by a VHE γ-ray with Eγ) is ompared with the size sj(Eγ, dj) of thesame shower reonstruted by telesope j.One then evaluates the di�erene of si(Eγ, di) and sj(Eγ , dj) for events with di ≈ dj.If the responses of the two telesopes under onsideration are similar, one expets that
si(Eγ, di) ≈ sj(Eγ , dj).In order to alulate the size-distane asymmetry for a telesope pair, one introdues twovariables that display the di�erenes in size and distane, respetively. To get valuesranging from −1.0 to 1.0, one sales the di�erene of the deteted sizes si and sj with thesum of the two values and de�nes the size asymmetry as as

as =
si − sj

si + sj

(4.1)The di�erene of the impat distanes for the two telesopes, di and dj are saled in asimilar way:
ad =

di − dj

di + dj

(4.2)with ad being the distane asymmetry. For a proper interalibration of the array, oneexpets as = 0 for ad = 0. For an error ǫ in the interalibration one obtains di�ering sizes
si = f(di) and sj = (1 + ǫ) · f(dj) whih results in as(ad = 0) = ǫ

ǫ+2
. Thus, for ǫ ≪ 1, thesize-distane asymmetry is only half as large as the atual error in the interalibration.



40 Chapter 4. Inter-telesope Systematis4.1.1 Core position reonstrution with two telesopesIn the following, the size asymmetry and the distane asymmetry of two telesopes forall events in various data sets are evaluated. This is done for all telesope pairs. Forthe four telesopes of H.E.S.S., this orresponds to six ombinations. For eah telesopepair, the impat distane was alulated. The images from the other two telesopes (evenif they have also seen and reonstruted the shower) were ignored in the ore positionreonstrution.As was desribed in setion 2.3.3, the ore position is obtained by interseting the imageaxes of the shower images in the ground system. The image axes are drawn along the longaxis of the Hillas ellipse, whih is onstruted for eah amera image. When using onlytwo images, this geometry reonstrution is obviously inferior (i.e. su�ers from a largererror) to the reonstrution using all four telesopes. It is nevertheless used here in orderto disover possible systematis in the shower reonstrution of the telesope pair undersrutiny.4.1.2 Event seletionNot all events in the available data sets are used for the size-distane interalibration. Forthe pairwise omparison of telesopes, events are seleted suh that the two telesopes (andpossibly others) under onsideration have both triggered and passed standard uts ( 2.3.4)on size, loal distane in the amera, θ2, Mean Saled Length and Mean Saled Width(see setion 2.3). The standard uts are applied in order to improve the image quality andrejet bakground events. In order to stay onsistent with the distane reonstrution andpossible e�ets between telesopes, both the Mean Saled Width and the Mean SaledLength of an event are determined using only the two telesopes that should be ompared.In addition, a ut on the stereo angle 30◦ < φi,j < 150◦ (see 2.3.3) is used. This ut guar-antees that the interseted image axes are neither remotely parallel nor that they intersetat small angles, both of whih redues the auray of the geometry reonstrution.4.1.3 Understanding the size-distane asymmetryBefore the di�erent steps in the interalibration-routine are disussed, a short explanationof the shape of the size-distane-asymmetry plot is given. In Fig. 4.1, one an see thesize asymmetry as a funtion of the distane asymmetry for the telesope pair CT1-CT3.Here, a set of Monte Carlo simulations with 0.5◦ o�set and 20◦ zenith was used. Eahdata point in the plot orresponds to a simulated event.One would expet to see an anti-proportional behaviour of the size asymmetry and thedistane asymmetry. This trend is visible in the plot, yet it is superimposed by a horizontalstruture. Events in this horizontal struture have di�erent impat distanes but similarsizes. The origin of these events beomes lear when one again looks at the relationbetween size and impat distane (Fig. 2.6): for all impat distanes di, dj < 130 m, i.e.if the telesope that detets the shower lies within the entral region of the Cherenkov-
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Fig. 4.1: Size asymmetry as a funtion of the distane asymmetry for the telesope pairCT1-CT3. All impat distanes were inluded.
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Fig. 4.2: Seletion of the Fig. 4.1. Left: Only events where the impat distane forboth CT1 and CT3 is below 130m are inluded. Right: Only events where both impatdistanes were larger than 130m are inluded.light pool, the reonstruted size of the shower is almost onstant. Hene, if the oreposition of a shower is lose to (e.g. in between) the two telesopes under onsideration,the size asymmetry is ≈ 0 whereas the distane asymmetry is 6= 0. Only if di,j > 130 m,



42 Chapter 4. Inter-telesope Systematisi.e. both telesopes lie outside of the Cherenkov light-pool, one observes the expetedanti-proportional relation between the size asymmetry and the distane asymmetry.This is visualised in Fig. 4.2, where seletions of the events in 4.1 are shown. In the leftplot, the ase where both telesopes lie within the Cherenkov light-pool is displayed. Inthe right plot, the ase where both telesopes lie outside of the entral region of Cherenkovlight-pool is shown. Events with di < 130 m < dj are not onsidered, explaining why therespetive-distributions in Fig. 4.2 lak events with |ad| > 0.4.The fat that the anti-proportional relation between size and impat distane is only validfor large impat distanes, is taken into aount in the next setion, when two methodsare introdued to obtain a value that quanti�es possible asymmetries in between twotelesopes.4.1.4 Calulation of the asymmetry valuesIn this setion, it will be explained how a value for the average asymmetry of a telesopepair an be determined from size-distane asymmetry distributions like Fig. 4.1. One eval-uates the mean size asymmetry for events with equal impat distanes, i.e. with distaneasymmetry ad ≈ 0. Aording to [26℄, this an either be done by �tting the size asym-metry distribution with a Gaussian (Gauss method) or by determining the deviation ofthe size-distane-asymmetry of events with large impat distanes from an anti-linear �t(linear method). The two respetive methods are explained in the following.Gauss methodThe Gauss method is visualised in Fig. 4.3. One evaluates the size asymmetry distributionfor events with no distane asymmetry, i.e. one analyses the distribution of as at |ad| <
0.05, i.e. in the entral x-bins of the size-distane-asymmetry plot. The as-distribution inthese entral bins an be approximated by a Gaussian. The mean value of this �t is thentaken as ai,j

s , the size-distane asymmetry of telesope pair i,j. Note that for thismethod, events with all impat distanes are inluded.1Linear methodThe linear method is visualised in Fig 4.4. Only events with impat distanes larger thanthe Cherenkov light-pool radius are taken (see argumentation in the previous setion),whih allows to exploit the expeted anti-linear behaviour of the size-distane asymmetryplot. In the orresponding size-distane asymmetry histogram, one averages as in eah
ad bin and thereby obtains one data point per bin. This pro�le-plot is then �tted witha linear urve. In a perfetly alibrated array, one would expet that as(ad = 0) = 0.1Events from the horizontal struture of the size-distane asymmetry plot are taken in order to inludethe important group of events with ore positions within the array, i.e. between the four telesopes.However, sine these events have almost no size asymmetry, they may redue the asymmetry valueobtained from this method somewhat.
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Fig. 4.3: Illustration of the Gauss method. Left: Size asymmetry as a funtion ofthe distane asymmetry for the telesope pair CT1-CT2 and the PKS 2155�304 big�aredata set, inluding events with all impat distanes. 500 events of the data set passstandard uts and the ut on the stereo angle. Right: as-distribution for |ad| < 0.05, i.e.event distribution of the region between the dashed lines in the asymmetry histogram (leftplot). The asymmetry value a
1,2
s for the telesope pair CT1-CT2 is then the mean valueof the Gauss �t applied to this distribution (dashed red line).
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44 Chapter 4. Inter-telesope Systematisthe Gauss method. It an be easily obtained by taking the intersetion point of the linear�t and a vertial line at x = 0.The di�erent size asymmetry plots for the PKS 2155�304 big�are data set for the Gaussmethod and the linear method are displayed in Figs. 4.5 and 4.6, respetively. Theorresponding size-distane asymmetry plots for the other data sets together with thelinear pro�le-plots and the distribution plots, to whih the Gauss �t was applied, an befound in appendix B.Interalibration sumOne one has obtained a size-distane asymmetry value for eah of the six telesopepairs, one wants to hek the onsisteny of the obtained asymmetry values. This an forexample be done by alulating the sum of the asymmetry values for the four edge pairsof the telesope array:
∑inter. = a1,2

s (0) + a2,3
s (0) + a3,4

s (0) + a4,1
s (0) (4.3)One expets this sum to be lose to 0, otherwise there would be a systemati error in theinteralibration method. The error of the interalibration sum is alulated aording toGaussian error propagation.4.1.5 Results of the size-distane interalibrationIn this setion, both the Gauss and the linear method are tested by applying them tovarious data sets obtained from Monte Carlo simulations. On the one hand, the methodsare tested with simulations with di�ering optial e�ienies, on the other hand the be-haviour of the methods for varying zenith angles are evaluated. Thereby it is also hekedwhether the two methods give ompatible results.After the tests using simulations, size-distane asymmetries for the real VHE γ-ray souresPKS 2155�304 and the Crab Nebula are alulated.Monte Carlo simulations with di�ering optial e�ieniesPerfetly suited for the testing are two sets of Monte Carlo simulations that were produedat di�erent points in time in order to simulate the energy reonstrution of H.E.S.S..In the "phase1" and "phase1b" simulations (see 2.3.5), di�erent optial e�ienies areattributed to the individual telesopes (see table 2.2). In phase1 simulations, CT3 issimulated with a di�erent optial e�ieny than the other telesopes2, whereas in thephase1b simulations, all telesopes have the same (redued) optial e�ieny. By usingthe size-distane interalibration methods introdued in the previous setion, one should2Taking into aount that it was ompleted one and a half years prior to the other three telesopes
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Fig. 4.5: Size-distane asymmetry histograms for all telesope pairs and the PKS 2155�304 big�are data set. Events with all impat distanes are inluded.
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Fig. 4.6: Size-distane asymmetry histograms for all telesope pairs and the PKS 2155�304 big�are data set. Only events with impat distanes di, dj > 130m are inluded.



4.1. Size-distane interalibration 47be able to quantify the di�ering response of CT3 in phase1 simulations and therebyon�rm the funtioning of the interalibration methods.For phase1, CT3 is simulated with only 92% optial e�ieny (ompared to 100% for theother three telesopes), one therefore expets to �nd the following size-distane asymmetryvalue for all telesope pairs involving CT3:
ai,3

s (0) =
si − s3

si + s3

(0) ≃
1.0 − 0.92

1.0 + 0.92
= 0.042 (4.4)For all pairs where CT3 is not involved one expets to �nd no asymmetry. The sameapplies for all telesope pairs for the phase1b data set.This expeted behaviour is indeed on�rmed, as an be seen in table 4.2, where theasymmetries of all telesope pairs for both methods and both simulated on�gurationsare displayed. The magnitude of the asymmetry values of all pairs involving CT3 forphase1 simulations is ≈ 0.042, whereas all other ombinations yield an asymmetry loseto zero. linear method Gauss methodTelesope phase1 phase1b phase1 phase1bpairs (±0.001) (±0.001) (±0.001) (±0.001)CT1-CT2 -0.005 -0.004 -0.002 0.000CT1-CT3 0.043 0.002 0.046 0.003CT4-CT1 -0.003 -0.004 -0.000 -0.001CT2-CT3 0.046 0.005 0.045 0.002CT2-CT4 0.013 0.014 0.017 0.014CT3-CT4 -0.039 0.003 -0.043 -0.000∑inter. -0.001 0.001 3 · 10−4 0.002

±0.002 ±0.002 ±0.003 ±0.002Tab. 4.2: Size-distane asymmetry values and interalibration sum for phase1 andphase1b Monte Carlo simulations, simulated under 0.5◦ o�set and 0◦ zenith. ∑inter.was alulated aording to (4.3). In phase1 Monte Carlos, CT3 has a redued optiale�ieny of only 92% whereas in phase1b simulations all CTs have the same optial e�-ieny (70%). As a result of this, for phase1 simulations, the interalibration asymmetryis ≃ 0.042 whenever CT3 is ompared (see bold values).Additionally, the results for the Gauss method and the linear method are ompatiblewithin their respetive error ranges, validating the ompatibility of both methods. Fur-thermore, all interalibration sums are ompatible with zero within 1σ, whih as wellon�rms the validity of the applied interalibration methods.The error for the individual asymmetry values is the error of the �t to the respetivedistribution. One noties that the asymmetries are not ompatible with zero within 1σ.This is eventually a result of the oarse binning of the asymmetry histograms and theinauraies that therefore ensue when applying a �t.



48 Chapter 4. Inter-telesope SystematisE�et of the zenith angleSine the interalibration methods are applied to a data set taken on the Crab Nebulathat was observed under an average zenith angle of 48◦, the appliability of the methodsfor larger zenith angles are heked in the following.As was explained in setion 2.1.3, observations at large zenith angles result in a wider areaon the ground being illuminated by Cherenkov light, with the light-pool being strethedin one dimension (see Figs. 2.4 and 2.5). Additionally, in setion 3.2 it was found thatthe ore resolution is signi�antly worse for observations at 50◦ zenith angle. It shouldtherefore be tested, whether the size-distane asymmetry plots hange for inreasing zenithangle. This is indeed the ase, as one an see by omparing the size-distane asymmetryplots of two Monte Carlo data sets with 20◦ and 50◦ zenith (see Figs. B.1 and B.2 in theappendix):Whereas for 20◦ zenith, the majority of the events have a distane asymmetry lose tozero, for 50◦ the size-distane asymmetry distributions shows a maxima with ad 6= 0. Onean see that CT1-CT3 is the only telesope pair whose size-distane asymmetry histogramhas the same shape as at 20◦ zenith. This makes sense as the zenith in the simulations isorientated in the diretion of CT4, strething the ore position distribution along the axisbetween CT4 and CT2. As a onsequene of this, CT2 and CT4 on average reonstrutsmaller impat distanes whereas the impat distanes for CT1 and CT3 inrease onaverage ompared to simulations with smaller zenith angles.In order to be able to apply he disussed interalibration methods to data sets with largezenith angles (like the Crab Nebula), they are slightly modi�ed, thereby aounting forseveral systemati e�ets that were disussed in the last paragraph:1. Due to the fat that more and more events have stereo angles < 30◦ (see Fig. A.3),the ut on the stereo angle is loosened to 15◦ < φi,j < 150◦.2. For the linear method (see 4.1.4), only impat distanes beyond the Cherenkovlight-pool are aepted. For observations at 50◦ zenith, the radius of the light-pool is inreased and therefore only events with di,j > 230 m are inluded in theinteralibration.3. For the Gauss method, the interval width (in whih the size asymmetry distributionis evaluated and �tted) is doubled (to |ad| < 0.1)). This is done in order to inludethe bulk of the events, that for some telesope pairs for large zenith angles is nolonger loated at ad ≈ 0.The asymmetry values for all telesope pairs for phase1b simulations with varying zenithsangles an be found in table B.1. One noties di�erenes of ±0.01 of the single asymmetryvalues for inreasing zenith-angles. Furthermore the di�erent methods no longer givesimilar results for all telesope pairs. Its likely that these disrepanies stem from theskewed shapes of the size-distane asymmetry plots of some telesope pairs for largezenith angles (see Fig. B.2).One an onlude that the interalibration methods are still usable for data sets that wereobserved at larger zenith angles. One should keep in mind, however, that the systematial



4.1. Size-distane interalibration 49error of the methods inreases for inreasing zenith angles, sine the ore positions onthe ground are no longer distributed symmetrial around the enter of the array buton average are loser to two of the telesopes. This leads to skewed shapes of the size-distane asymmetry plots respetively to inreased size-distane asymmetries for some ofthe telesope pairs.PKS 2155�304 PKS 2155�304 (big�are) PKS 2155�304 (all runs)Telesope linear Gauss linear Gausspairs method method method methodCT1-CT2 0.018 ± 0.006 0.021 ± 0.006 0.024 ± 0.002 0.023 ± 0.002CT1-CT3 0.025 ± 0.007 0.038 ± 0.008 0.018 ± 0.002 0.018 ± 0.003CT4-CT1 -0.066 ± 0.007 -0.055 ± 0.007 -0.032 ± 0.002 -0.029 ± 0.002CT2-CT3 0.031 ± 0.006 0.021 ± 0.007 -0.004 ± 0.002 -0.004 ± 0.002CT2-CT4 0.034 ± 0.007 0.033 ± 0.009 0.007 ± 0.002 0.009 ± 0.003CT3-CT4 0.021 ± 0.007 0.021 ± 0.008 0.013 ± 0.002 0.013 ± 0.002∑inter. 0.005 ± 0.013 0.008 ± 0.014 0.002 ± 0.004 0.002 ± 0.004Tab. 4.3: Size-distane asymmetry values for the two PKS 2155�304 data sets for boththe linear method and the Gauss method. The asymmetry values for eah telesope pairwere obtained aording to the proedure desribed in setion 4.1.4. ∑inter. was alulatedaording to (4.3).After having heked the validity of the linear method and the Gauss method, these arenow applied to two data sets of the VHE γ-ray soure PKS 2155�304. The orrespondingsize-distane asymmetry histograms an be found in the appendix (Fig. B.4 and B.5 forthe big�are and Fig. B.6 - B.8 for the full data set). An overview of the results is displayedin table 4.3.When omparing the results for the two data sets, one noties that the asymmetry valuesfor the big�are are overall larger than the asymmetries for the full PKS 2155�304 dataset. This ould very well be beause of the fat that the full data set inludes ten timesmore events than the big�are data set. The asymmetries for the di�erent telesope pairsfor PKS 2155�304 are disussed in more detail when the asymmetries of the reonstrutedenergies have been evaluated in the upoming setion 4.2.However, the fat that the interalibration sums for both data sets are lose to andompatible with zero, indiates that both interalibration methods give oherent results.Crab NebulaFor the Crab Nebula data set, the size-distane asymmetry histograms, the Gauss-distributionin the entral impat distane bins and the linear pro�le plots an again be found in theappendix (Fig. B.9 - B.11).



50 Chapter 4. Inter-telesope SystematisCrab NebulaTelesopes linear method Gauss methodCT1-CT2 0.009 ± 0.006 0.001 ± 0.005CT1-CT3 0.003 ± 0.006 -0.001 ± 0.006CT4-CT1 0.006 ± 0.006 -0.009 ± 0.004CT2-CT3 0.009 ± 0.005 0.005 ± 0.004CT2-CT4 0.012 ± 0.006 0.025 ± 0.005CT3-CT4 -0.011 ± 0.005 0.008 ± 0.005∑inter. 0.012 ± 0.012 -0.004 ± 0.01Tab. 4.4: Size-distane interalibration values and sum for the Crab Nebula, on the leftfor the linear method, on the right for the Gauss method.Sine the Crab Nebula was observed under a larger zenith angle (48◦ on average), themethods to quantify size-distane asymmetry in between telesopes were altered slightlyaording to the steps given in the disussion of large simulated zenith angles in theprevious subsetion.As one sees in table 4.4, the asymmetries for the di�erent telesope pairs are smaller thanfor both PKS 2155�304 data sets. They are ompatible with zero within 1-2 σ. Onenoties that the asymmetries obtained by the Gauss and the linear method di�er, whihan be explained by the worse appliability of the methods to data sets with large zenithangles.Overall, the onlusion drawn from the size-distane interalibration for PKS 2155�304an be on�rmed: the asymmetries in the responses of the telesopes in H.E.S.S. are
≤ 0.05 (≤ 0.03 if exluding the big�are data set).In the next hapter the asymmetries obtained here are ompared with asymmetries be-tween the energies reonstruted by the individual telesopes. This allows to see the e�etof the muon orretion, that is applied during the energy reonstrution.4.2 Energy interalibrationIn the last setion, di�erenes in the responses of the telesopes were investigated byevaluating the size-distane asymmetry of the di�erent telesope pairs in H.E.S.S.. Thiswas done in order to hek whether one of the telesopes reonstruts showers di�erentlythan the other telesopes.In this hapter one wants to examine whether the individual telesopes reonstrut dif-ferent energies for the same shower. It was explained in setion 2.3.5 that eah telesopegives an energy estimate for an event based on the omparison of the reonstruted sizeand impat distane with energy lookup tables. When reonstruting the energy of realVHE γ-ray soures, a muon-orretion fator is applied to this energy estimate. This isdone to ompensate for the di�erent optial e�ienies of the telesopes. By evaluatingasymmetries between the energy estimates of the di�erent telesopes, and by omparing



4.2. Energy interalibration 51these asymmetries to the size-distane asymmetries obtained in the previous setion, onean estimate the e�etiveness of the muon-orretion.4.2.1 ProedureTo quantify the di�erene between the reonstruted energy of two telesopes, one againsales the di�erene by the sum of the two energy values and de�nes the energy asym-metry of telesope i and j as:
∆Ei,j

asym =
Ei − Ej

Ei + Ej

(4.5)where Ei (respetively Ej) is the energy that was reonstruted by telesope i (telesopej). The energy asymmetry is ompared with Ei,j, the arithmeti mean of the energiesreonstruted by telesopes i and j.3In order to gain an average energy asymmetry value for a telesope pair, one proeeds insimilar fashion as for the size-distane interalibration: Like in setion 4.1, all telesopes
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Fig. 4.7: Left: Distribution of energy asymmetries ∆E
i,j
asym (see equation 4.5) as a fun-tion of the mean energy Ei,j for the telesope pair CT1-CT2 and the full data set ofPKS 2155�304. Right: The same distribution averaged in eah x-bin, with eah datapoint orresponding to the mean of a Gauss �t in the respetive bin. The �tted onstant(dashed red line) is used to obtain <Easym>, the energy asymmetry averaged over thewhole energy range. This value is heneforth taken as ∆Ei,j, the energy asymmetry of thetelesope pair.are ompared pairwise, whih means there are six telesope-ombinations that have to beevaluated. However, only events where all four telesopes triggered and all four telesopespassed standard uts were taken for the energy interalibration.Energy asymmetries are only ompared for the energy range: [300 GeV, 3 TeV] (i.e.

[log(−0.5 TeV), log(0.5 TeV)℄ = [-0.5, 0.5℄). As below 300 GeV systemati e�ets in the3Weights that are used in the standard Hillas energy reonstrution of H.E.S.S. (see hapter 2.3.5),are not taken into aount here when alulating Ei,j , beause the energy asymmetry is unweighted, too.



52 Chapter 4. Inter-telesope Systematisenergy reonstrution beome dominant (see setion 3.3), and for energies above a ou-ple of TeV, event statistis of most gamma-ray soures beome very sparse (due to theirsteep power-law), this energy range shows the most promise for the energy interalibrationattempted here.The proedure to obtain an average value for the energy asymmetry of a telesope pair isillustrated in Fig. 4.7. Eah seleted event is �lled into a two dimensional histogram withthe energy asymmetry ∆Ei,j
asym as the ordinate and log(Ei,j) as the x-axis (Fig. 4.7, left).Then the energy asymmetry distribution in eah log(Ei,j) bin is approximated with aGaussian. The �t is done using the likelihood-method (instead of the hi square-method),whih is better suited for bins with small statistis. The mean value of the Gauss-�t isthen taken and inserted into the same log(Ei,j)-bin in the orresponding pro�le plot (Fig.4.7, right). The error of the mean value of the Gaussian in the spei� bin is taken as theerror for the data point. The event statistis in eah bin of the two dimensional histogramhave to be high enough so that a proper Gaussian an be �tted, thus only bins with morethan 20 events were used. As a onsequene, if there are bins without data points inthe �nal energy asymmetry plots (Figs. C.1 - C.3), even though these bins lie within theenergy range that was spei�ed as aessible to H.E.S.S., this is due to lak of statistisin this bin.If no large systemati e�et is present, one expets the data points to have an energyasymmetry lose to zero. Consequently, the energy asymmetry pro�le plot ought to bemore or less horizontal. One �ts a linear funtion y(x) = const to the plot and obtains

y(0) as ∆Ei,j , the energy asymmetry value for the telesope pair i,j.Finally, to hek the onsisteny of the energy asymmetry values, one (in similar fashionas in (4.3)) de�nes the energy interalibration sum:
∑E.int. = ∆E1,2 + ∆E2,3 + ∆E3,4 + ∆E4,1 (4.6)The errors of the interalibration sum are alulated using standard error propagationrules. One again expets this sum to be 0 if there are no systemati errors in the energyinteralibration method.4.2.2 Results of the energy interalibrationMonte Carlo simulationsAs for the size-distane interalibration, the method for the energy interalibration is �rsttested using Monte Carlo simulations.Two simulated data sets are ompared: on the one hand Monte Carlo simulations4 with

0.5◦ o�set and 0◦ zenith are used, on the other hand similar simulations that only di�erin the sense that they were simulated under 50◦ zenith, instead. As this interalibration4From here on, only simulations from phase1b are used.



4.2. Energy interalibration 53method is again applied to the Crab Nebula data set, it is important to look for zenithangle-related systematis.As one sees in table 4.5, the energy asymmetries for the data set with 50◦ zenith anglehardly di�er from the asymmetry values of the data set with 0◦. Thus one an assumethat - in ontrast to the size-distane interalibration - the zenith-related systematis arenegligible for the energy interalibration.Telesope 0◦ zenith 50◦ zenithpairs (±0.0003) (±0.0003)CT1-CT2 -0.0001 0.010CT1-CT3 -0.001 -0.000CT4-CT1 -0.004 -0.007CT2-CT3 -0.001 -0.010CT2-CT4 0.004 -0.003CT3-CT4 0.004 0.007∑E.int. 0.0001 0.0004
± 0.0006 ± 0.0006Tab. 4.5: Energy interalibration asymmetry values ∆Ei,j for two sets of Monte Carlosimulations: one with 0◦ zenith, the other with 50◦ zenith angle. ∑E.int. was alulatedaording to (4.6).PKS 2155�304The energy interalibration method is now applied to both big�are- and full data set ofPKS 2155�304.The respetive energy asymmetry values are displayed in table 4.6. The orrespondingenergy asymmetry pro�le plots an be found in the appendix (Fig. C.1 and C.2, respe-tively).As expeted, the energy asymmetries are smaller than the size-distane asymmetries (seetable 4.3), whih most likely results from the muon-orretion. The asymmetry valuesfor the big�are data set are again larger than the asymmetries obtained from the fullPKS 2155�304 data set. Again, the di�erene in statistis, i.e. the fat that the full dataset inludes 10 times more events, is most likely ontributing to this.However, one noties, that for the big�are data set, the asymmetry values for all pairsinvolving CT4 are partiularly high (0.02 − 0.03) ompared to the other asymmetries inthis data set. Sine this behaviour is not visible for the full data set, it is likely that thedeviating energy of CT4 is the result of some geometry-related asymmetry in the big�areruns.One possible interpretation would be that the redued energy of CT4 in these runs is dueto the wobble o�set (see 2.2.2): in order to get bakground regions observed under thesame o�set as the soure, the array takes runs under o�sets of 0.5◦, shifting the diretionof that o�set by 90◦ with eah run. Sine the big�are data set onsists only of three runs,



54 Chapter 4. Inter-telesope SystematisTelesope PKS 2155�304 PKS 2155�304pairs (big�are) (all runs)CT1-CT2 0.004 ± 0.003 -0.008 ± 0.001CT1-CT3 0.010 ± 0.004 -0.015 ± 0.001CT4-CT1 -0.030 ± 0.003 0.003 ± 0.001CT2-CT3 0.008 ± 0.003 -0.007 ± 0.001CT2-CT4 0.025 ± 0.004 0.005 ± 0.001CT3-CT4 0.018 ± 0.004 0.012 ± 0.001∑E.int. 0.0002 ± 0.007 0.001 ± 0.002Tab. 4.6: Energy asymmetry values ∆Ei,j for two PKS 2155�304 data sets: the big�aredata set and the full data set. ∑E.int. was alulated aording to (4.6). Std uts wereapplied.the wobble o�set was only orientated into three out of four possible diretions, therebyausing one diretion (the one in whih CT4 is loated) to be disadvantaged. In the fulldata set, equal amounts of runs with all four wobble diretions are inluded, whih wouldexplain why the deviating behaviour of CT4 is not visible there.Crab NebulaThe results for the energy interalibration using the Crab Nebula data set an be foundin table 4.7. The asymmetry values are taken from the �ts in the energy asymmetry plotsin C.3 (appendix). The individual asymmetry values in the table di�er from the onesobtained for PKS 2155�304. This may be due to the di�erent average zenith angle underwhih the Crab was observed (≃ 48◦ for the Crab ompared to ≃ 20◦ for PKS 2155�304)or to the fat that the bulk of the Crab data was taken in another period of H.E.S.S.'slifetime than the majority of the PKS 2155�304 events. One does not notie a deviatingbehaviour of the asymmetries of the pairs involving CT4, though.Telesope pairs Crab NebulaCT1-CT2 -0.022 ± 0.002CT1-CT3 -0.013 ± 0.002CT4-CT1 0.006 ± 0.002CT2-CT3 0.012 ± 0.002CT2-CT4 0.017 ± 0.002CT3-CT4 0.008 ± 0.002∑E.int. 0.004 ± 0.004Tab. 4.7: Energy asymmetry values ∆Ei,j for the Crab Nebula (that was observed underan average o�set of ∼ 48◦ zenith). ∑E.int. was alulated aording to (4.6). Standarduts were applied.One an onlude that the energy asymmetries in between the telesopes are overallsmaller than the asymmetries in the responses obtained from the size-distane interal-ibration. This on�rms the funtioning of the muon orretion. Minor asymmetries



4.3. Relative energy alibration 55between the individual energy estimates of the telesopes remain, yet these are only ofthe order < 0.02.4.3 Relative energy alibrationIn this setion, the deviation of the energy estimates of the respetive telesopes fromthe energy that is reonstruted by the whole array is quanti�ed. The trends obtainedfrom this relative energy alibration are losely onneted to the results from the energyinteralibration asymmetries: the same quantities (i.e. the single telesope energies) areompared. Thus, asymmetries that were present in the energy interalibration are visiblein the results of the relative energy alibration and vie versa. Still, the relative energyalibration allows to view the results under a new angle, namely one is able to quantifythe relative unertainty in the energy reonstrution of eah telesope.4.3.1 Obtaining the relative energy unertaintyIn the following, one investigates the di�erene of the single telesope energies, Ei, andthe arithmeti mean of the energy estimates of the four telesopes, E1,2,3,4. As an intuitivedisplay of the deviation between the two values, one hooses a modi�ation of the alreadydisussed energy bias (see 3.3): only instead of EMC, the true energy of the event (whihof ourse is only available for simulations), one takes E1,2,3,4, i.e. Eall, and instead of EReone hooses Ei. One onsequently investigates the relative energy unertainty
∆Ei =

Ei − E1,2,3,4

E1,2,3,4

(4.7)as a funtion of log(E1,2,3,4).The same energy range as in 4.2.1 is taken to investigate the relative energy alibration.The event seletion is idential to the one used in the energy interalibration, too. Theproedure to obtain the relative energy unertainty (see 4.8) is similar to the one whihwas used to obtain the energy asymmetry value for a pair of telesopes in setion 4.2.1: foreah telesope, a two dimensional histogram is �lled with the relative energy unertaintyas a funtion of log(E1,2,3,4) (see 4.8, left). The distribution in eah log(E1,2,3,4)-bin isthen taken and �tted with a Gaussian. Again, the mean value of this Gaussian beomesthe data point for this bin in the relative energy unertainty pro�le plot (Fig. 4.8, right),whereas the error of the mean value of the Gaussian beomes its error (see D.2 in theappendix). Only bins with more than 20 events were taken for the pro�le plot - if a binhas no data point, this is due to the lak of statistis in the orresponding bin.The mean relative energy unertainty for telesope i, ∆Ei, is then obtained by �tting ahorizontal line to the relative energy unertainty plot. The y-bias of this line again yields
∆Ei of telesope i.As a ross hek for the validity of the used method, one introdues the relative ali-bration sum:
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Fig. 4.8: Left: Distribution of relative energy unertainties ∆E1 (see equation 4.7) as afuntion of the energy reonstruted by all four telesopes E1,2,3,4 for CT1 and the fulldata set of PKS 2155�304. Right: The same distribution averaged in eah x-bin, witheah data point orresponding to the mean of a Gauss �t in the respetive bin. The�tted onstant (dashed red line) is used to obtain <Erel>, the relative energy unertaintyaveraged over the whole energy range. This value is heneforth taken as ∆Ei, the relativeenergy unertainty of the telesope.
∑E.rel. = ∆E1 + ∆E2 + ∆E3 + ∆E4 (4.8)One again expets the sum of the four relative energy unertainty values to be zero if theapplied method is working orretly.4.3.2 Results of the relative energy alibrationThe method is again applied to all three VHE γ-ray data sets that were already used inthe previous setions.PKS 2155�304The relative alibration results for PKS 2155�304 are displayed in table 4.8. The orre-sponding relative energy unertainty plots an be found in the appendix (Fig. D.1 andD.2). For the big�are data set, one gets a on�rmation for the deviating behaviour ofCT4 in this data set: CT4 reonstruts a 3.5% lower energy ompared to the energyreonstruted by the whole array. Like in the energy interalibration, this e�et vanishesone one takes the full PKS 2155�304 data set.



4.3. Relative energy alibration 57Telesope PKS 2155�304 PKS 2155�304pairs (big�are) (all runs)CT1 0.019 ± 0.004 -0.014 ± 0.001CT2 0.015 ± 0.004 0.003 ± 0.001CT3 -0.001 ± 0.004 0.019 ± 0.001CT4 -0.035 ± 0.004 -0.008 ± 0.001∑E.rel -0.002 ± 0.008 -0.001 ± 0.002Tab. 4.8: Relative energy unertainty values ∆Ei for two PKS 2155�304 data sets: thebig�are-data set and the full data set. ∑E.rel. was alulated aording to (4.8). Std utswere applied.Crab NebulaThe results for the Crab Nebula data set an be found in table 4.9, the orresponding rel-ative energy unertainty plots in Fig. D.3. One again noties relative energy unertaintiesof up to 2.5%. Telesope Crab NebulaCT1 -0.026 ± 0.003CT2 0.023 ± 0.004CT3 3.6 · 10−9 ± 1.9 · 10−6CT4 -0.007 ± 0.002∑E.rel -0.010 ± 0.005Tab. 4.9: Relative energy unertainty values ∆Ei for the Crab Nebula. ∑E.rel. wasalulated aording to (4.8). Std uts were applied.4.3.3 Energy spreadIn order to evaluate the impat of the relative energy unertainty on the energy reon-strution, one is interested in how large the single telesope energies satter around theaveraged value obtained by all four telesopes, i.e. one determines a somewhat similarquantity as the energy resolution in setion 3.4 (that obviously an only be determinedfor Monte Carlo simulations).The energy spread is obtained by taking the width of the Gauss that was �tted to thedistribution in eah x-bin in the relative energy unertainty plots (see Fig. 4.8, left). Itserves to display how muh the relative energy measurement an hange due to statistial�utuations. Fig. 4.9 displays the energy spread of Monte Carlo simulations for di�erentuts. One sees that the spread dereases with striter event seletion and is best for harduts, where it amounts to 12% for energies above 500GeV. The redued energy spreadfor smaller energies results from systematial e�ets, mirroring the overestimation of thereonstruted energy below the safe energy threshold due to a seletion se�et (see 3.3).As a next step, the energy spread for the full PKS 2155�304 data set using standard uts isalulated. It is ompared with simulations that were simulated under 0.5◦ o�set and 20◦
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Fig. 4.9: Spread of the relative energy unertainty of CT1 for loose, std and hard uts(see setion 2.3.4). As a data set, phase1b Monte Carlo simulations with 0.5◦ o�set and
20◦ zenith were taken. The spread was alulated for loose, std and hard uts.zenith. The results are displayed in Fig. 4.10. One is able to make out a good agreementbetween simulations and data for small energies for all four telesopes. For energies above900GeV, the agreement worsens. This an be explained by the steeper power law of theVHE γ-ray soure, i.e. the fration of hadroni osmi rays inreases with energy in thePKS 2155�304 data set. As an be seen in Fig. 2.9, the amera images of hadron-induedshowers annot be properly approximated by a Hillas ellipse, whih leads to a muh largerunertainty in the energy reonstrution for these events, i.e. an overall inrease of theenergy spread for the energy range where they beome more dominant.However, for energies < 1 TeV and standard uts, the energy spread of the events from thePKS 2155�304 data set is of the order of 15%. If one ompares this to the values obtainedfor the relative energy unertainties earlier in this setion, one sees that the asymmetriesin between di�erent telesopes are negligible for the overall energy reonstrution.4.4 Time evolution of asymmetriesIn the previous setions, the asymmetries based on all data olleted on the respetivesoures during the operation time of H.E.S.S. were evaluated. Given the fat that theresponses of the individual telesopes eventually have not been hanging uniformly, it isinteresting to evaluate the hanges in asymmetry over time. Therefore, in this setion,the evolution of the asymmetry values obtained in the previous three setions will bedisplayed and disussed. One more, omparing the size-distane asymmetries and theenergy asymmetry values allows to ross hek the e�etiveness of the muon-orretionfor di�erent points in the life time of H.E.S.S..
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Fig. 4.10: Comparison of the spread of the relative energy unertainty for phase1b MonteCarlos (0.5◦ o�set and 20◦ zenith) and the full PKS 2155�304 data set. For both data setsstd uts were applied.As a soure for the investigation of the time evolution of the system, one takes the fulldata set taken on PKS 2155�304. This data set is most suitable for this setion's purposeas it inludes an abundane of VHE γ-ray events that were taken subsequently over thespan of the last six years. The data set is divided into three two-year subsets, with moreor less similar statistis (see table 4.10). In the following, the respetive asymmetry valuesfor all telesope pairs will be evaluated for the di�erent subsets.Time VHE γ-ray live time [h℄ bakground [%℄frame events01/01/2004 - 31/12/2005 13569 64.7 31.401/01/2006 - 31/12/2007 42609 77.8 10.501/01/2008 - 01/08/2009 11374 62.9 27.2Tab. 4.10: Properties of the three subsets of the full PKS 2155�304 data set after applyingstandard uts. The bakground was estimated aording to: 1 − NexessNtotal



60 Chapter 4. Inter-telesope Systematis4.4.1 Time evolution of the size-distane asymmetryThe time evolution of the size-distane asymmetry values an be found in table 4.11. Avisualisation of these results is shown in Fig. 4.11, where the values of the respetive size-distane asymmetry values for four telesope pairs are plotted for eah of the three timeintervals. One an see that the size-distane asymmetries of the di�erent telesope pairsinrease over time. Yet still, even for the 2008/2009 - data set, the asymmetry values arewithin ±0.06.The overall inrease of the asymmetry values with time indiates that the optial e�-ienies of the di�erent telesopes do not deay uniformly. In the next setion it will beheked whether this trend also prevails for the energy asymmetries.
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Fig. 4.11: Time evolution of the size-distane asymmetry, for both the linear method(left) and the gauss method (right). The respetive values are taken from table 4.11. Forlarity's sake, only the four telesopes pairs that are used for the interalibration sum aredisplayed here.
Telesope 2004/2005 2006/2007 2008/2009CT1-CT2 0.009 ± 0.005 0.022 ± 0.003 0.061 ± 0.006CT1-CT3 0.021 ± 0.006 0.017 ± 0.003 0.022 ± 0.006CT4-CT1 -0.004 ± 0.005 -0.044 ± 0.003 -0.016 ± 0.006CT2-CT3 0.006 ± 0.005 0.003 ± 0.002 -0.047 ± 0.006CT2-CT4 -0.015 ± 0.005 0.023 ± 0.003 -0.051 ± 0.006CT3-CT4 -0.008 ± 0.005 0.022 ± 0.003 0.005 ± 0.005∑E.rel 0.003 ± 0.010 0.004 ± 0.005 0.003 ± 0.011Tab. 4.11: Time evolution for the size-distane asymmetry values a

i,j
s (see 4.1.4).



4.4. Time evolution of asymmetries 614.4.2 Time evolution of the energy asymmetryThe time evolution of the energy asymmetry values an be found in table 4.12, with �gure4.12 being the orresponding visualization. One sees that - in ontrast to the size-distaneasymmetry values - the energy asymmetry values do not inrease signi�antly with time.This indiates that the muon orretion properly orrets the inreasing deviation of theoptial e�ienies for the di�erent telesopes. Overall, the energy asymmetry values are
< 0.02 for all times.
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Fig. 4.12: Time evolution of the asymmetry values for the energy interalibration.The respetive values are taken from table 4.12. For larity's sake, only the four telesopepairs that are used for the interalibration sum are displayed here.Telesope 2004/2005 2006/2007 2008/2009CT1-CT2 -0.016 ± 0.002 -0.006 ± 0.001 -0.007 ± 0.003CT1-CT3 -0.013 ± 0.003 -0.015 ± 0.001 0.015 ± 0.003CT4-CT1 0.005 ± 0.002 0.020 ± 0.001 0.009 ± 0.003CT2-CT3 -0.0001 ± 0.002 -0.008 ± 0.001 -0.008 ± 0.003CT2-CT4 0.012 ± 0.003 0.004 ± 0.001 -0.001 ± 0.003CT3-CT4 0.012 ± 0.002 0.014 ± 0.001 0.008 ± 0.003∑E.rel 0.0001 ± 0.021 0.002 ± 0.017 0.002 ± 0.016Tab. 4.12: Time evolution of the energy asymmetry values ∆Ei,j (see 4.2.1).



62 Chapter 4. Inter-telesope Systematis4.4.3 Time evolution of the relative energy errorFinally, the time evolution of the relative energy unertainty of the respetive telesopesan be studied. The results for this hek an be found in table 4.13 and Fig. 4.13.They on�rm that the energy reonstrution of the individual telesopes did not getworse during the last �ve years. For the full PKS 2155�304 data set, the individualreonstruted telesope energies are within ±2% of the mean reonstruted energy for alltime frames. Telesope 2004/2005 2006/2007 2008/2009CT1 -0.015 ± 0.003 -0.013 ± 0.001 -0.021 ± 0.004CT2 0.013 ± 0.003 0.0001 ± 0.001 0.001 ± 0.003CT3 0.015 ± 0.003 0.020 ± 0.001 0.015 ± 0.004CT4 -0.013 ± 0.003 -0.008 ± 0.001 -0.001 ± 0.004∑E.rel -0.001 ± 0.028 -0.001 ± 0.025 -0.007 ± 0.026Tab. 4.13: Time evolution of the relative energy unertainty ∆Ei (see 4.3).
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Fig. 4.13: Time evolution of the relative energy unertainty values. The respetivevalues are taken from table 4.13. For larity's sake, only the four telesopes pairs that areused for the interalibration sum are displayed here.Overall, the results in this setion on�rm the funtionality of the muon-orretion: thetrend of inreasing asymmetries observed for the time evolution of the size-distane in-teralibration is properly taken into aount. The prevailing energy asymmetries are of



4.5. Summary of the results 63a negligible order of magnitude (< 2%), on�rming that the energy reonstrution ofH.E.S.S. has not worsened over time.4.5 Summary of the resultsIn this hapter the telesopes of H.E.S.S. were ompared pairwise in order to see whethersystematial e�ets worsen the geometry- or energy-reonstrution of individual tele-sopes. By applying di�erent interalibration methods to two bright VHE γ-ray soures,asymmetries in the responses of the telesopes were quanti�ed. It was found that asym-metries in between the telesope responses exist, on�rming that the optial e�ieniesof the telesopes di�er (see 4.1.5). However, these size-distane asymmetries (with oneexeption) are of the order of ≤ 0.03, i.e. equivalent to a relative di�erene of telesoperesponses of < 6%.By omparing these asymmetries (that re�et asymmetries in the shower reonstrution)with asymmetries in the energy reonstrution, onlusions about the e�etiveness of themuon-orretion were inferred. It was found that latter asymmetries are less pronounedthan the size-distane asymmetries, indiating that the muon-orretion is working prop-erly and is able to redue the deviation of the energy reonstruted by one telesope fromthe energy reonstruted by the whole array to 2−3% (see 4.3.2). This e�et is negligiblewhen omparing it to the spread in single telesope energies around the mean value ( 15%,see 4.3.3) or the overall energy resolution of H.E.S.S. that is of the order of 17−24% (seehapter 3.3).The investigation of the time evolution of the asymmetries on�rmed that this inau-ray in the energy reonstrution has remained more or less onstant sine the H.E.S.S.experiment started taking data.Overall one an onlude that up to date, there are no major systematial e�ets withinthe shower- or the energy-reonstrution stemming from di�erenes in the H.E.S.S. tele-sopes. Minor systemati e�ets in between telesopes are present, but are about oneorder of magnitude smaller than the already known systematial e�ets in the energyreonstrution.





Chapter 5Conlusion and Outlook
H.E.S.S. is an array of four Imaging Atmospheri Cherenkov Telesopes that is used todetet very high energy (> 100 GeV) photons. By observing these VHE γ-rays, someof the most energeti proesses in the universe an be investigated. One of the primeagendas of H.E.S.S. is to help unraveling the origin of the osmi rays, that are likelyaelerated in the shok-waves of supernova remnants. In this and many other physialontexts the highest possible auray in the reonstrution of the energy spetrum ofVHE γ-ray emitters is ruial in order to interpret the observational results.H.E.S.S. detets VHE γ-rays by observing the Cherenkov light of atmospheri air showersthat were indued by VHE-partiles. The reonstrution of the primary partile's energyharbors systemati unertainties, that limit the spetral resolution of the experiment. Theobjetive of this work was to investigate the urrent auray of the energy reonstrutionof H.E.S.S.. This investigation was arried out in two steps:The overall systematis and energy reonstrution were investigated by testing theHillas standard analysis with Monte Carlo simulations. Speial attention was paid tothe in�uene of the multipliity, i.e. the number of telesopes that partiipated in thereonstrution of the partile shower, on the auray of the event reonstrution.It was found that the geometry reonstrution is less aurate for observations at largezenith angles. The ore resolution, i.e. the average sattering of the reonstruted oredistanes around the simulated value, amounts to ≃ 62 m for showers observed at azenith angle of 50◦, whereas for observations at 20◦ zenith, a muh better ore resolutionof ≃ 13 m is obtained. This worse resolution for large zenith angles an be explained bya on average larger distane between the telesope array and the shower maximum.The higher inauray of the ore reonstrution for observations at 50◦ zenith angle hasno signi�ant e�et on the error of the energy reonstrution. However, one noties aworsening of the energy reonstrution at large zenith angles for two- and three-telesopeevents. This an be explained by a signi�ant reonstrution error in the geometry re-onstrution of a fration of events with impat distanes > 400 m that propagates to anerror of > 400% in the energy reonstrution.A ut on the ore distane or small stereo angles would exlude these events from theanalysis and thereby the energy reonstrution under large zenith angles using only two65



66 Chapter 5. Conlusion and Outlookor three telesopes ould eventually be improved. However, further systematial studiesare required to investigate all e�ets of suh a ut.As a next step, the overall energy resolution of H.E.S.S. for observations at 20◦ and 50◦zenith angle was determined and found to be ≃ 17% and ≃ 23%, respetively. Whereasthe �rst value agrees quite well with systematial studies arried out in the past ([10℄),the energy resolution for 50◦ zenith angle obtained in this work is 5% larger, again due tothe large error in the ore reonstrution for events with lower multipliity. When onlytaking four-telesope-events, the energy resolution for observations at 50◦ zenith angleinreases to ≃ 18%, whih is in agreement with the previous studies.Then, the event reonstrution of the individual telesopes based on the H.E.S.S.data on the VHE γ-ray soures PKS 2155�304 and the Crab Nebula was ompared. Byapplying an interalibration method it was investigated if there are systemati di�erenesbetween the event reonstrution of the di�erent telesopes. Furthermore, it was de-termined whether possible asymmetries between telesopes have an e�et on the energyreonstrution.It was found that the asymmetries between responses of di�erent telesopes are < 10%.Regarding the energy estimates of the individual telesopes, the asymmetries are lesspronouned, on�rming the funtioning of the muon orretion. The overall di�erenesbetween the energy estimates of the single telesopes and the energy reonstruted by thewhole array are < 4%. Additionally, the time evolution of the asymmetries was monitored(see 4.4). Whereas the di�erenes in the telesope responses have inreased in the last�ve years, the energy asymmetries have remained onstant, whih further underlines thefuntioning of the muon orretion.It an be onluded that no signi�ant systematis result from the di�erenes between theindividual Cherenkov telesopes of H.E.S.S.. Minor di�erenes are present, but these haveno signi�ant impat on the energy reonstrution sine they are an order of magnitudesmaller than the overall energy resolution of the experiment.In 2010, the mirrors of CT3 will be replaed, similar replaements are foreseen for the othertelesopes following in a time frame of 1-2 years. The new mirrors will inrease the optiale�ieny of the respetive telesopes signi�antly. Until the mirrors of all telesopes arereplaed, this will eventually introdue signi�ant asymmetries in the telesope responses.It will be interesting to repeat the systematial studies performed in this work in orderto see whether the muon orretion adequately orrets muh more severe asymmetriesthan those present in today's system.In the near future, H.E.S.S. phase II will be ompleted, for whih a signi�antly larger, �fthCherenkov telesope with a total mirror area of 600 m2 will be added to the entre of thearray. The interalibration of the array with this �fth telesope will be hallenging, givenits di�erent size and properties. Eventually adapted versions of the methods presented inthis thesis will be appliiable to the new setup as well.With H.E.S.S. II, the sensitivity of the instrument will inrease and showers of lower en-ergies will be detetable. This will enable H.E.S.S. to delve even deeper into the mysteriesof the non-thermal universe.



Appendix AStereo Angle
The stereo angle of a telesope pair is the angle under whih the axes of two Hillasellipses interset (see 2.3.2). It is obtained from the orientations of the two images in theorresponding ameras ([0◦, 360◦]), whih are measured ounterlokwise, starting in x-diretion.1 The determination of the stereo angle is visualised in Fig. A.1. The di�ereneof the two Hillas image orientations gives the intersetion angle of the two image axes.This de�nition is ambiguous, though, sine for some orientations of the image axes, thedi�erene between the two image orientation angles is > 180◦ and one an obtain thestereo angle by substrating the di�erene from 360◦.Consequently, φi,j, the stereo angle of telesope i and j is alulated aording to:

φi,j = |θi − θj | (for |θi − θj | <= 180 ◦)
φi,j = 360 ◦ − |θi − θj | (for |θi − θj | > 180 ◦)

(A.1)where θi (θj) is the Hillas image orientation of telesope i (j). This de�nition is unam-biguous.This de�nition is motivated by Fig. A.1 and Fig. A.2. It is also noteworthy that theabundane of ertain stereo angle values depends on the zenith angle under whih eventsare observed. The stereo angle distribution for di�erent sets of Monte Carlo simulationswith varying zenith angle is displayed in Fig. A.3. One sees that for larger zenith angles,more and more events are reonstruted with small stereo angles. This mirrors the fatthat the Cherenkov light-pool radius on the ground is larger than for observations atzenith and onsequently more and more events have ore positions that lie outside of thearray. The orresponding impat distanes are large and the image axes interset at smallangles.
1The image orientations, like all Hillas parameters, are determined in the nominal system, in whihthe four amera images are superimposed. 67



68 Appendix A. Stereo Angle

Fig. A.1: Intersetion of the image axes of two Hillas ellipses in the nominal system. Thedi�erene of the Hillas image orientations φ1, φ2 is < 180◦, thus the di�erene is taken asthe stereo angle.

Fig. A.2: Intersetion of the image axes of two Hillas ellipses in the nominal system.The di�erene of φ1, φ2 is > 180◦, therefore one obtains the stereo angle by taking theomplementary angle.
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Appendix BSize-distane Interalibration Plots
linear methodTelesope 20◦ zenith 40◦ zenith 50◦ zenithpairs (±0.001) (±0.001) (±0.001)CT1-CT2 0.006 -0.003 -0.002CT1-CT3 0.001 0.000 0.002CT4-CT1 0.008 0.001 0.000CT2-CT3 -0.006 0.004 0.007CT2-CT4 -0.016 -0.001 0.001CT3-CT4 -0.011 -0.001 -0.003∑inter. -0.003 0.001 0.002
± 0.002 ± 0.002 ± 0.002Gauss methodTelesope 20◦ zenith 40◦ zenith 50◦ zenithpairs (±0.001) (±0.001) (±0.001)CT1-CT2 0.002 0.004 0.007CT1-CT3 0.000 -0.001 0.002CT4-CT1 0.002 0.008 0.010CT2-CT3 0.001 -0.006 -0.006CT2-CT4 -0.001 -0.009 -0.004CT3-CT4 -0.004 -0.009 -0.011∑inter. -0.0005 -0.002 0.0002
±0.0032 ± 0.002 ± 0.0019Tab. B.1: Size-distane asymmetry values for phase1b Monte Carlos with 0.5◦ o�set andvarying zenith angles, for both the linear and the Gauss method.
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72 Appendix B. Size-distane Interalibration Plots
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Fig. B.1: Size-distane asymmetry distributions for all telesope pairs for Monte Carlosimulations from phase1b with 0.5◦ o�set and 20◦ zenith. No ut on the impat distaneor the stereo angle was applied.
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Fig. B.2: Size-distane asymmetry distributions for all telesope pairs for Monte Carlosimulations from phase1b with 0.5◦ o�set and 50◦ zenith. No ut on the impat distaneor the stereo angle was applied.
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Fig. B.3: Size-distane asymmetry plots for all six telesope pairs for the big�are ofPKS 2155�304. All imat distanes are inluded, hene on is able to make out thesuperposition of a horizontal and an anti-linear struture (see 4.1.3). On average, ≃ 2300events were inluded in the eah of the asymmetry plots (after applying std uts).
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Fig. B.4: Distributions used for the linear method for the Size-distane asymmetryplots for all six telesope pairs using the big�are of PKS 2155�304 as a data set. Onlyimpat distanes > 130m are inluded, hene the anti-linear struture (see 4.1.3). Onaverage, ≃ 400 events were inluded in the plots (after applying std uts). as(0) denotesthe intersetion point of the linear �t (dashed red line) and vertial line at x = 0 and istaken as the interalibration value for the spei� telesope pair.
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Fig. B.5: Distributions used for the Gauss method for the Size-distane asymmetryplots for all six telesope pairs for the big�are of PKS 2155�304 (runs 33746, 33747 and33748). All impat distanes are inluded, but only distane asymmetries whose absolutevalue is < 0.05. On average, ≃ 300 events were inluded in the plots (after applying stduts). "Mean" denotes the mean value of the Gauss �tted to the distribution and is usedas the interalibration value for this telesope pair.
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Fig. B.6: Size-distane asymmetry distributions for all six telesope pairs for the fullPKS 2155�304 dataset (all 467 runs). All imat distanes are inluded, hene on isable to make out the superposition of a horizontal and an anti-linear struture (see 4.1.3).On average, ≃ 22500 events were inluded in the eah of the asymmetry plots (afterapplying std uts).
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Fig. B.7: Distributions used for the linear method for the Size-distane asymmetryplots for all six telesope pairs for the full PKS 2155�304 dataset (all 467 runs). Onlyimpat distanes > 130m are inluded, hene the anti-linear struture (see 4.1.3). Onaverage, ≃ 5500 events were inluded in the plots (after applying std uts). as(0) denotesthe intersetion point of the linear �t (dashed red line) and vertial line at x = 0 and istaken as the interalibration value for the spei� telesope pair.
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Fig. B.8: Plots used for the Gauss method for the Size-distane asymmetry plots forall six telesope pairs for the full PKS 2155�304 dataset (all 467 runs). All impatdistanes are inluded, but only distane asymmetries whose absolute value is < 0.05. Onaverage, ≃ 3500 events were inluded in the plots (after applying std uts). "Mean" denotesthe mean value of the Gauss �tted to the distribution and is used as the interalibrationvalue for this telesope pair.
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Fig. B.9: Size-distane asymmetry plots for all six telesope pairs for the full datasettaken on the Crab Nebula (52 runs). All imat distanes are inluded, hene on is ableto make out the superposition of a horizontal and an anti-linear struture (see 4.1.3). Onaverage, ≃ 4000 events were inluded in the eah of the asymmetry plots (after applyingstd uts).
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Fig. B.10: Plots used for the linear method for the Size-distane asymmetry plots forall six telesope pairs for the full dataset taken on the Crab nebula (52 runs). Onlyimpat distanes > 130m are inluded, hene the anti-linear struture (see 4.1.3). Onaverage, ≃ 2500 events were inluded in the plots (after applying std uts). as(0) denotesthe intersetion point of the linear �t (dashed red line) and vertial line at x = 0 and istaken as the interalibration value for the spei� telesope pair.
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Fig. B.11: Plots used for the Gauss method for the Size-distane asymmetry plots forall six telesope pairs for the full data set taken on the Crab nebula. Only distaneasymmetries whose absolute value is < 0.1 were used for the determination of the asym-metry value. On average, ≃ 750 events were inluded in the plots (after applying std uts)."Mean" denotes the mean value of the Gauss �tted to the distribution and is used as theinteralibration value for this telesope pair.
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Fig. C.1: Averaged energy asymmetry as a funtion of the average energy reonstrutedby both telesopes for all six telesope pairs and the big�are data set of PKS 2155�304.
< Easym > of telesope pair (i,j) is taken as ∆Ei,j.
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Fig. C.2: Averaged energy asymmetry as a funtion of the average energy reonstrutedby both telesopes for all six telesope pairs and the full PKS 2155�304 data set.
< Easym > of telesope pair (i,j) is taken as ∆Ei,j.
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Fig. C.3: Averaged energy asymmetry as a funtion of the average energy reonstrutedby both telesopes for all six telesope pairs and the Crab Nebula data set. < Easym >of telesope pair (i,j) is taken as ∆Ei,j.
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Fig. D.1: Average relative energy unertainty as funtion of the mean energy reon-struted by all telesopes of the array for the big�are of PKS 2155�304. < Erel > oftelesope i is taken as ∆Ei.
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Fig. D.2: Average relative energy unertainty as funtion of the mean energy rreon-struted by all telesopes of the array for the full PKS 2155�304 data set. < Erel >of telesope i is taken as ∆Ei.
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Fig. D.3: Average relative energy unertainty as funtion of the mean energy reon-struted by all telesopes of the array for the Crab Nebula. < Erel > of telesope i istaken as ∆Ei.
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