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Parameter Cleaningprocedure Level Exponent

ALPHA ’Island’ 4.0/3.0 1.5
WIDTH ’Island’ 1.3/0.3 1.5

LENGTH ’Island’ 1.3/0.3 1.0
CONC ’Island’ 1.3/0.3 /
DIST ’island’ 1.3/0.3 1.5

Asymmetry ’classic’ 4.0/3.0 2.0
NumberMountain ’classic’ 3.5/2.7 /

MountainSize ’classic’ 3.5/2.7 /

TableA.5: Thetablesummarizestheoptimalcleaninglevelsfor thedifferentimageparameters.

TheNumber-Mountain distribution andMountain-SIZE distribution areplottedfor
both,gammasandhadronsin Fig. A.28 andFig. A.27.

TheNumber-Mountaindistributionsfor gammasandhadronsarequitewell separated,
but theoneof theMountain-SIZEparametershowssignificantoverlapandit is not useful
for hard cuts. However, it still improvestheseparationwhenusedasanadditional input
to theLDA togetherwith otherparameters.Thiswill beshown in thenext section.

A.4.5 Impr ovementin gamma/hadron separation

As all of thenew parametershave beennow presented,we canproceedto checkwhether
they give an improvementin discriminationof the total imagedataset.The tool for this
procedureis theLDA . More parameterswill be introduced,stepby step,to seeif an im-
provement canbeachieved.

Impr ovement of the gamma/hadron separation by including the new parameters in
the LDA

Now weincludethenew parameters,thatweredefinedabove,in theanalysisandseeif this
increasesthediscriminationpower. Thenew parametersare¡ Parameterswith weights (exponents ë ) on

@ > ï¡ Parametersobtainedby differ ent imagecleaning procedures.¡ Asymmetry¡ Number-Mountain¡ Mountain-SIZE

Tab. summarizestheoptimalcleaninglevelsfor thedifferentimageparametersasob-
tainedin the studiesabove. The imageparametersof thr eedatasetswerecalculatedac-
cordingly. ThesearetheMC gammadataset, a(recorded)OFF datasetandtheMkn 421
dataset (flaresin 2001,167hoursobservationtime).

Thestepwiseimpr ovement is shown in four steps:

1. First the parametersWIDTH , LENGTH , CONC , zenith angle GRH�J�¤ , SIZE and
somehigher orders are includedin the LDA input parameterlist, asdescribedin
sectionA.3.5. Thegivesusthefirst nineinputsfrom input[0]...Input[8]:

÷�ë�¥§¦-�R¨ òA© ì ªÝ÷�öçù�« (A.73)÷�ë�¥§¦-�R¨ îI© ì ¬ û�\®­�ù�«÷�ë�¥§¦-�R¨ ÿ#© ì ¯�°±\�¯
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÷�ë�¥§¦-�R¨ ²A© ì ø�÷ÌúÖû÷�ë�¥§¦-�R¨ ó�© ì GRH�J�¤÷�ë�¥§¦-�R¨ ð#© ì ªÝ÷�öçù�« 9
(A.74)÷�ë�¥§¦-�R¨ ³A© ì ¬ û�\®­�ù�« 9
(A.75)÷�ë�¥§¦-�R¨ ´*© ì ¯�°±\�¯ 9
(A.76)÷�ë�¥§¦-�R¨ µA© ì ªÝ÷�öçù�«·¶4¬ û�\®­�ù�«ø�÷ÌúÖû (A.77)

2. Thentheasymmetryangle L of Equ.A.71 andtheits cosinewereincluded.

÷�ë�¥§¦-�R¨ dA© ì L (A.78)÷¿ë�¥3¦3�R¨«î�òA© ì GIHKJML
3. After this the mountainclassificationparametersNumber-Mountain , Mountain-

SIZE andMountain-Size/SIZE wereincluded.¸K¹ ¥§¦-ºR¨¼»K»R©¾½ ¿À¦3ÁÀÂhÃ ÄAÅ�Æ*¦ ¹ ºÈÇ�É ¹ (A.79)¸K¹ ¥§¦-ºR¨¼»*Ê*©¾½ Å�Æ*¦ ¹ ºÈÇ�É ¹zË ÉcÌKÃ¸K¹ ¥§¦-ºR¨¼» ²#©¾½ Å�Æ*¦ ¹ ºÈÇ�É ¹zË ÉcÌKÃAÍ Ë�¸�Î�Ï
4. In theendtheremaining rest wasincluded,which givestill small correctionsand

improveseparation¸�¹�Ð3Ñ ºRÒ�»IÓ�ÔÕ½ Ö/Ã Ç�×�ÇKØ�Ã (A.80)¸�¹�Ð3Ñ ºRÒ�» Ù#ÔÕ½ Ö/Ã Ç�×�ÇKØ�Ã*Ú¸�¹�Ð3Ñ ºRÒ�»�ÛAÔÕ½ ÜYÉÈÝ�ºÈÇ ¹:Þ Ã¸�¹�Ð3Ñ ºRÒ�»*ß*ÔÕ½ à�á�Ã Ä#ÇKØ�Ã*â�Ã*ãKÃ#Ý�ºÈÇ�ä Ë ÉåØ�Á�Ç
At eachsteptheLDA wastrainedwith theMC-gamma-datasetandtheOFF-datasetwhich
gives us as a result the discriminating power. Then the trainedLDA was appliedto
the datasetof Mkn 421 (flaresin 2001, 167 hoursobservation time). This yielded the
numberof excessevents, the background andthe resultingsignificance(Li/Ma) . The
following staticfix qualityselectioncuthasbeenappliedbeforetheLDA procedure:æ§ç ÙjèÜ ¸�Ë�é èê»�ç æKÙ ,

Ë�¸�Î�Ïìë Û�æ�â�í Ï ,
Î Ã ¹ Éåº�í�Ç ¹ Ø�ä�Ã�îïÙAæðã�Ã�Ø , ñ ¸ Ü é�òóë æMçôÊ�Ù andÖ Ï ¿®õ é�òöë æMç Ó .

The resultsare presentedin the Tab. A.6. In the first row the result of the simple
static cut is shown. The next two rows show the resultsusingclassicimageparameters
with 1. linear input and2. higher order input. The last four lines show the stepwise
improvementby usingparameterswith weightsandnew parametersaslistedbefore.

Thefinal ALPHA plot for theMkn 421 testsample(167hoursof observation)canbe
seenin Fig. A.29. An OFF-datasamplewith lowerstatisticsis alsoplottedin thesamefig-
ureto demonstratethatthebackgroundestimationby fitting apolynomialis in agreement
with theOFF-datadistribution. TheALPHA distribution is wider thantheprevioususing
classicalimageparametersbecausemuchmoreadditional low energy events (whichhave
an unsharperALPHA distribution) werefound. The final resultareabout16000+- 250
excesseventswith a significance(Li/Ma) of about83 sigma.

Fig. A.30 shows the outputof the LDA. Fig. A.31 displaysthe cut efficiency of the
final versionplottedagainstzenithangleandenergy. The low energy cut-efficiency im-
proved quite significantlyand it’s almostflat in zenithangleresponse.The averagecut
efficiency (after trigger and’precut’) is now ashigh as80 %. To avoid confusion it has
to be mentionedthat theprecut on DIST is dependenton theexponent

¹
=1.5. For this
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Step Disk. power Excessevents Backg. Sig.

staticcuts / 5942.9+-134 3869 47.9

classicparameterslinear 0.678 11389+-189 9681 60.8
classicparametersquad. 0.736 12592+-204 9158 67.3

1. Parametersquad. 0.755 14486+-256 11760 70.4
2. Plusasymmetry 0.766 16079+265 10886 77.8
3. Plusmountains 0.769 15636+-242 9275 80.0

4. Plusrest 0.777 16182+-245 9060 82.8

Table A.6: The table presentsthe stepwiseincreaseof discriminatingpower, excesseventsand
significancewhile reducingthe backgroundby including the new imageparameters.The first line
containsthe resultsof the static cuts. The next two lines show the numbersfor classicHILLAS
parametersusinglinearandhigherorderinputsin theLDA. Thenext four stepsshow theincreasein
discriminationof hadronsandgammasby usingimageparameterswith weightsandincludingnew
parameters.In thefirst steptheparametersWIDTH , LENGTH , CONC , zenith angle ÷gø ù�ú , SIZE
andsomehigher orders areusedasinputsfor theLDA. In thenext threestepthelist is expandedby
theasymmetry, mountainclassificationsandin theendby parametersthatcorrectfor correlations.
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FigureA.29: TheALPHA plot of thefinal LDA cut. Theplot shows thefinal resultwith themaxi-
mumsignificanceof 82.8sigmathatachievedfor thedatasetof Mkn 421of 167hoursof observation
time.
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Figure A.30: The histogramshows the outputdistributions (normalizedto one) of the LDA for
(recorded)hadronsand(MC) gammasafterintroducingall possibleimprovements.

reasonthe averagecut efficiency after precutherecannot be compareddirectly with the
valueobtainedat thebeginningwhenusingclassicalHILLAS parameters(theaveragecut
efficiency afterprecutwasaround70 %, but thesamplewassmallerdueto a differentdef-
inition of DIST with

¹ ½�»�ç æ ). Apparentlythecutefficiency increasedonly by 13% while
theexcesseventsincreasedby 30 %, which is no contradiction . Theprecuton DIST has
alwaysbeenchosento resultin a maximally large significance.

Fig. A.32 shows theeffective areaaccordingto theLDA selectioncut (which wasop-
timized for maximalsignificance).In the calculationof the effective areasthe telescope
triggerefficiency is alsoincluded.This is why thecollectionareafor energiesbelow 1 TeV
is rathersmallwhile thecut efficiency is still veryhigh,approximately60%.Theeffective
areasfor the lowestzenith angle areabove55 000 Á Ú (below 1 TeV). They reachalmost
95 000 Á Ú for thelargestzenithangleof 45ý .
A.4.6 Conclusion about the intr oduction of new image parameters

and new imagecleaningalgorithms

It hasbeenshown thattheintroductionof exponentsonthechargein eachpixel gaveclear
improvementsof theseparationpower of the imageparametersetin caseof theparam-
etersALPHA , WIDTH andLENGTH while the introductionof weightsdependingon
the noise in eachpixel did not improvethediscrimination.

New imageparameterslike the asymmetry angle of the a shower, mountains and
leakagewhereclearlyableto furtherreducethebackground.

A significant impr ovement camefrom theusageof a differ ent cleaningalgorithm ,
the ’island’ cleaningwhich allowed to decreasethe cleaninglevel and thuskeepmore
informationfor theseparation.This improvestheseparationfor smallenergy events.

Altogether(alsoby using the LDA asseparationtool) it waspossibleto double the
significanceof thedetectedsignalandto almosttriple theamountof signal(excess)events
(alwaysat maximumsignificance).
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FigureA.31: Theupperplot shows thecut-efficiency vs log(Energy/GeV)andthelowerplot shows
the þ cutefficiency vszenithangle(in degrees).TheLDA hasaquitegoodcutefficiency for energies
smallerthan1 TeV. Above500GeVthecutefficiency is still betterthan60% to 65%. Above10TeV
theefficiency decreasesslightly becausevery big showers(high energy) arealwaystruncatedat the
cameraborder. Thecutefficiency is measuredafterthetriggerandafterapplyingafilter cutof ÿ�� ��������
	 ��� � ÿ � ,
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anda two-next-neighboursoftware
trigger. The lower plot shows an averagecut efficiency of 80 % for a cut that resultsin maximal
significance.The DIST pre-cutis dependenton the exponent

�
. For this reasonthe improvement

shown hereseemssmallerthanit actuallyis, comparedto Fig. A.12.
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FigureA.32: The lower plot shows theeffective areascalculatedfor theLDA selectioncut using
a power law spectrumwith a spectralindex of ,.-0/1� 2 for threezenithangles.The blue curve is
for a 123 , thegreencurve for a 323 andtheredcurve for a 453 zenithangle.Theupperplot shows
thesimulatedMC eventsbeforecut (thebluecurve) andthetriggeredeventsafterLDA cut (thered
curve).




