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Figure A.16: This figure shavs the separation andthe overlap for the parameteWIDTH for
NONE-weights(Equ.A.65) for different’core’ cleaninglevels. The exponentn is codedin colors.
Blueisn = 0.5, greenisn = 1.0, pinkisn = 1.5 andredis n = 2.0. Differentcleaning
algorithmsare expressedn differentmarker stylesandline styles. Circlesand continuous line
representclassic’ cleaning,triangles and dashedline is 'island’ cleaningand stars with dotted
line are’ mountain’ cleaning.Thebestseparations obtainedwith 'island’ cleaning,anexponentof
1.5andacleaninglevel of 1.5.
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Figure A.17: This figure shavs the separation andthe overlap for the parameteWIDTH for
REL -weights(Equ.A.66) for different’core’ cleaninglevels. The exponentn is codedin colors.
Blueisn = 0.5, greenisn = 1.0, pinkisn = 1.5 andredis n = 2.0. Differentcleaningalgorithms
are expressedn different marker stylesand line styles. Circlesand continuous line represent
‘classic’ cleaning,triangles and dashedline is ’island’ cleaningand stars with dotted line refer
to "mountain’ cleaning. The bestseparatioris obtainedwith ’island’ cleaning,an exponentof 1.5
andacleaninglevel of 1.5. REL weightsgive resultsidenticalto NONE weights.
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FigureA.18: This figure shawvs the separation andthe overlap for the parametel. ENGTH for
NONE-weights(Equ.A.65) for different’core’ cleaninglevels. The exponentn is codedin colors.
Blueisn = 0.5, greenisn = 1.0, pinkisn = 1.5 andredis n = 2.0. Differentcleaningalgorithms
are expressedn different marker stylesand line styles. Circlesand continuous line represent
‘classic’ cleaning,triangles and dashedline referto ’island’ cleaningand stars with dotted line
are’mountain’ cleaning.The bestseparations obtainedwith 'island’ cleaning,anexponentof 1.0
andacleaninglevel of 1.5.
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FigureA.19: This figure shawvs the separation andthe overlap for the parametel. ENGTH for
REL -weights(Equ.A.66) for different’core’ cleaninglevels. The exponentn is codedin colors.
Blueis n = 0.5, greenisn = 1.0, pinkisn = 1.5 andredis n = 2.0. Differentcleaning
algorithmsare expressedn differentmarker stylesandline styles. Circlesand continuous line
representclassic’ cleaning,triangles and dashedline is ’island’ cleaningand stars with dotted
line are’ mountain’ cleaning.Thebestseparatiotis obtainedwith 'island’ cleaning,anexponentof
1.0andacleaninglevel of 1.5. REL-Weightsgive resultsidenticalto NONE-weights.
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Figure A.20: This figure shawvs the separation andthe overlap for the parametel. ENGTH for
NONE-weights(Equ. A.66) for different’core’ cleaninglevels. The exponentn is codedin col-
ors. Differentcleaningalgorithmsare expressedn differentmarler stylesandline styles. Circles
and continuous line representclassic’ cleaning,triangles and dashedline is ’island’ cleaning
and stars with dotted line are’ mountain’ cleaning. The bestseparatioris obtainedwith "island’
cleaninganda cleaninglevel of 1.0.
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| Parameter| Cleaningtype | Level [| Exp.| Sep. | Overlap]

WIDTH ‘classic’ 3.0/25( 1.0 | 1.278 | 0.0238
LENGTH ‘classic’ 3.0/25| 1.0 | 1.057| 0.0279
WIDTH ‘classic’ 2.7/2.0| 2.0 | 1.464| 0.0200
WIDTH ‘island’ 1.3/0.3| 1.5 | 1.630| 0.0139
LENGTH ‘classic’ 3.5/27| 1.5 | 1.235| 0.0345
LENGTH ‘island’ 1.3/0.3|| 1.0 | 1.676| 0.0151
| CONC || ‘island’ | 1.0/0.3|| / | 1.584| 0.0180 |

TableA.2: Thetableshaws the cleaning levels for the best separationandoverlapsfor WIDTH,

LENGTH and CONC for the two cleaningalgorithms, ‘classical’ and ’island’ cleaning. The
weightsREL and NONE shav almostidentical results(seeFig. A.17, Fig. A.16, Fig. A.18 and
Fig. A.19). Thefirst two rows shav the old 'classic’ versionof HILLAS parametersThe cleaning
level consistof two numbersthe’imagecorelimit’ andthe’imageborderlimit’. 'Exp’ denoteghe
exponentn and’Sep’ is the separation.

Thebestcleaningalgorithmsfor WIDTH andLENGTH areprintedin bold.

| Cleaningtype | Level | Exponent]| Mean | Variance]

| classic | 3.025] 1.0 [ 128 11.8 |
‘classic’ 3.0/2.5 1.5 10.0 8.4
‘classic’ 4.0/3.0 1.5 8.4 6.4
‘island’ 4.0/3.0 1.5 3.9 3.9

TableA.3: Thetableshavs the bestconditionsto obtainthe sharpesALPHA distribution
for pointsourcesThe meanandthevariancearethe quantitiesghatquantifythe sharpness.
The first row shaws the sharpnes®f the 'classic’ ALPHA asdefinedby HILLAS. The
sharpesALPHA distribution is obtainedby increasingn to n = 1.5 andby removing the
'islands’ with the’island’ cleaningalgorithm.

Conditions to obtain the sharpestALPHA distrib ution

Thesameprocedurevasappliedto analyzethe conditions to obtainthe sharpest ALPHA
distribution (for y-eventsandfor point sources).Thetwo quantities thatcharacterizehe
shampnessarethe variance andthe mean of the ALPHA distribution andthey shouldbe
keptassmall aspossible. The smaller thesewo the quantitiesthe better thebackground
suppression.Fig. A.21 illustratesboth valuesfor different cleaning levels, cleaningal-
gorithms anddifferentexponentsn, asbefore. The colorsandmarkersare codedin the
sameway asdescribedbove.

A cutof 0.4 < DIST < 1.05,SIZE > 100 and12deg < Zenithangle < 22deg
wasappliedbeforehand’precut’). It hasto be mentionedhatthe cut on the zenithangle
resultsin a sharperdistribution thanthe total averagehas. The conditionsfor the sharpest
ALPHA distribution arelistedin Tah A.3. Theverybestoneis printedin bold.

As aconclusionof thesestudieswe cansummarize:

1. Increasinghe exponentn ton = 1.5 resultsin asharperALPHA distribution.

2. Increasinghe cleaninglevel to 4.0/3.0alsoreducesneanandvarianceof the AL-
PHA distribution.

3. Thelargesteffectis obtainedby removing the islands from the imagebeforecal-
culatingALPHA.

Unfortunatelythemiss-pointingof the CT 1telescopés quitelargeandevenafterapointing
correctionof the recordeddatathe ALPHA distribution doesnot have the sharpnesshat
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Figure A.21: This plot shavs the varianceand the meanof the ALPHA distribution of gamma
shaver imagesfor different’core’ cleaninglevels. The smallerthesequantities,the betterfor the

backgroundeduction. The exponentn is codedin colors. Blueis n = 0.5, greenisn = 1.0, pink

ism = 1.5 andredis n = 2.0. Differentcleaningalgorithmsare expressedn different marker

stylesandline styles. Circlesand continuousline representlassiccleaning,trianglesand dashed
line is 'island’ cleaningand starswith dottedline are’mountain’ cleaning. The sharpesALPHA

distribution is obtainedfor high cleaninglevelsabove 3 andexponentsof 1.5.
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Figure A.22: The asymmetrydistribution for gammasandhadrons.0° pointstowardsthe camera
centerand 18C0° points away from the cameracenter The histogramhasbeenfilled after a cut

on ALPHA < 15° andDIST < 1.0. The cut on ALPHA hasbeenperformedto demonstrateéhat

only in the caseof y-evensthe asymmetryis correlatedo ALPHA andnot for hadronicevents. For

that reasonit is possibleto suppressin the ideal casehalf of the background (for a cut on the

asymmetryangleat 90°). Thehadrondistribution hasbeenscaledup for bettervisibility.

would be expectedfrom MC studies.We will only be ableto take little advantageof the
sharpeALPHA distribution.

A.4.2 The head-tail asymmetry defined in a such way that it over-
comesthe finite resolutionof the CT1 camera

In the chapterl, concerningheoryanddetectorsit wasmentionedhatall shoverimages
(including hadronicones)have a head-tail asymmetry with respecto the directionfrom

wherethey originated(Fig. A.22) dueto theimagingprocesswhich involvesa tangent of

the viewing angle. For point sourceghis knowledgecanbe usedto further reducethe

backgroundsincethe hadronicshowver arrive randomlyfrom all directionsandthe gamma
shaversonly arrive from the centerof the camerg(if the centerpointsto the source).This

ideais not new andhasalreadybeenusedby otherexperiments.They definedthe asym-
metryin thefollowing way [Pet97:

A =777 —(7) (A.69)

This is the differencebetweerthe coordinateof the highestpixel andthe shower center
of gravity (Equ.A.16). However, this definition hasa problem. Sincethe differencebe-
tweenzp and(2’) andtheresolutionof the CT1 camerg0.25°) areof the sameorderof
magnitudedoesnt yield goodresults.

The definition of the asymmetry angle

Herel introduceanotherformalismwhich usesthe weighted average of all pixels com-
bined and avoids the pixel size problem. The ideabehindthis methodis the fact that as
the exponentn in Equ. A.65 increases the weightedmean(Equ. A.16) movesin the
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dir ection to the shaver maximum andvice versa. Consequentlythe derivative of the
weightedmeanwith respectto the exponentleadsconsequentiyto a vector of steepest
descent(as seenfrom the shaver maximum)which characterizesn asymmetryin the
image.

A = %f)u:z (A.70)
_ | BT - @) g
2
<Z’<?)> (A.71)
cosa = -— .
|| )

whereq is the angle betweenthe asymmetryvector andthe vector from the shover
meanto the centerof the camera(similar as ALPHA). The parameteir will be called
asymmetry angle. The value of the anglea rangesfrom 0 to 18C°, where0° points
towardsthe centerand18(° pointsoutsideof the camera.

In caseof y-events(notin caseof hadrons!)ALPHA is strongly correlated with the
asymmetryanglea. This formulais still not perfectsincemary eventsare truncatedat
the cameraborder With thesetruncationsthe asymmetryvectoris no longer calculated
correctlyandit pointsoutsideof thecameransteadof atthecenter To avoid this problem,
only the pixels within a radius of r = Min (1.5 — |Ta8|,0.25) aroundthe pixel with
lar gestsignal areincludedin the calculation.

Finding the bestcleaningconditions and exponentsn for the asymmetry

Justaswith the otherparametersiestshave beenperformedby systematicallychanging
thevaluesandalgorithmsfor imagecleaningandthe exponents:. To determinavhich are
the bestconditions,anothemparametecalled cut efficiency wasintroduced.lIt is theratio
of the numberof eventsbelov 90° (of the asymmetryangle)to the total numberof events
e = N(Asymmetry < 90°)/Nro;.

In Fig. A.23 the cut efficiencyis plottedfor (recorded)hadronic events andfor MC
gamma events. As before, circle markersrepresentclassic’ image cleaning,triangles
'island’ imagecleaningandstarsmountain’imagecleaning.The colorsblue,green pink
andredrepresenthe exponentgn=0.5,1.0,1.5and2.0).

As aconclusionit canbe statedhefollowing:

1. In caseof theasymmetrya high cleaninglevel, justasfor the ALPHA distribution,
is favored.

2. Thebestasymmetrydistribution resultsfrom a cleaninglevel of about4.0/3.0using
theisland’ cleaning algorithmandan exponentof n = 2.0.

Theresultingdistribution canbe seenin Fig. A.22. Theasymmetryof the hadrondistribu-
tion originatesfrom eventswhich have beenpartially truncatedat the cameraborder A cut
of 0.4<DIST<1.05 SIZE>100and12°<zenithangle<22 wasappliedbeforehand.

A.4.3 The problem of truncated imagesdue to the limited sizeof the
CT1 cameraand the leakageparameter

As mentionedhbove, shoverimageshathave largeimpactparametersr high enegiesare
largerthanthe cameras field of view sothattheimageis truncated atthe cameraborder
Unfortunately this occursfor the majority of the shaverssincethe numberof v events
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FigureA.23: In thisfigurethe cut efficiency of gammashavers(upperplot) andhadronicshavers
(lower plot) for a cut of Asymmetry < 90 deg is plottedfor different’core’ cleaninglevels and
algorithms.The exponentn is codedin colors.Blueis n = 0.5, greenisn = 1.0, pinkisn = 1.5

andredis n = 2.0. Differentcleaning algorithms areexpressedn different marker styles and
line styles. Circlesand a continuous line representlassiccleaning, triangles anda dashedline

referto 'island’ cleaningand stars with a dotted line representmountain’ cleaning.The highest
hadronic suppression (60 %) while retainingmostgammaevents (78%) is obtainedfor cleaning
levels above 3 andan exponentof n=2.0. The cut efficiengy for gammasdoesnever reach100%
sinceacutof 0.4<DIST<1.05 SIZE>100and12°<zenithangle<22 wasappliedbeforehand.
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Figure A.24: Thefigureillustrateswhatis meantwith the expressionsmountain’ and ’island’ .
Islandscanform after performinga’ classic’ imagecleaningof a shaverimage,dependingon the
cleaninglevel. They areisolatedclustersthat have no connectionto other clusters. For simplicity
'islands’ arealsocalled’ mountains’. In an’island’ imagecleaningonly islandsareremoved. In a
'mountain’ imagecleaningall the mountainsandislandsare removed apartof thelargestmountain.

increasedinearly with the impactparameter If partof the showver is outsidethe camera
thennotall of the light will be collectedandmeasuredThis leadsto anincorrectenegy
estimationfor shaverswith large impact parameters andhigh enery.

Therefore,a parametethat quantifies the truncationis needed. For this purpose,|l
introducea simpleparametercalledLEAKA GE, definedas:

2_Border pizets %i
LEAKA E= oraer pirets
¢ SIZE
It is theratio of the chage contentof the borderpixelsandthetotal chage (i.e. SIZE).In
Fig. 1.17we seethe profile of a typical shawver. It is clearthatby knowing the amplitude
atsayDIST=1.5 andalsoits integral from 0° to 1.5° we canestimatethe contentof the
tail quitewell. Later, | will show laterthatthis parameteincreaseghe resolutionof the

energy estimation.

(A.72)

A.4.4 Mountains andislandsin the shover image: Differ encebetween
electromagneticshowers and hadronic shovers

The main differencebetweerhadronicshoversandelectromagnetishaversis the larger

WIDTH and larger fluctuations of hadronicshovers. An hadronicshowver hasa core

of high enegy hadronghat develop electromagneticsubshavers. Seenby a Cherenlov

telescope hadronicshaverlookslik ethe supeiposition of several,dispersediow energy

electromagnetishavers. As a consequencehe Cherenlov imageof a hadronicshower

hasmore ‘'mountains’ in the senseof Fig. A.24. The electromagneticshaver consists
ideally of one large peak. 1 tried to quantify this differenceby carryingout a structure
analysisj.e. by counting the’'mountains’in theimage.

The mountain finding algorithm

| performeda recursive cluster analysis, by separatingheimageinto individual clusters.
Eachclustercontainecbnemountain.The mountainsearchmethodwasasfollows:

e Performa ‘classic’ imagecleaning(withoutremoving islands).
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¢ In afirst step,find the peak pixels usinga recursve algorithm. The peakpixelsare
the onesthat have a larger contentthanall the neighbourpixels. Afterwardssort
thislist, in ascendingrdet

¢ Introducea cluster object for eachpeakpixel.

e Startwith thelargestsignalpixel (top) andsearchrecursvely downhill fromthetop
to the valley aroundthe mountain.Putall thesepixels, including thevalley pixels,
into the cluster Treateachpixel only once and mark thosealreadyused. Valley
pixelsaredefinedsuch: Thereis no unmarledneighbourpixel with lower content.

e Repeatheprocedurauntil all the pixelshave beenassignedto clusters.

e Countthe number of mountains (-> thisis the parameteNumber-Mountain) and
count the chargein all the mountainsgxceptfrom the largestmountain.(-> this is
the parameteMountain-SIZE ). This parametequantifiesthe chaige which is not
insidethelargestmountain(for v-shaversideally zero).

The two new parameterdlumberMountainand Mountain-SIZEgive a good estimateof
whichpartof thechageis foundin sub-shavers. Thisquantityis very differ ent for gamma
shaversandhadronicshavers.

The island finding algorithm

Before continuingwith finding the best conditions for thesetwo parameterd want to
introduceanotheralgorithmwhich is usedfor the ’island’ image cleaning. It is similar to
the cluster/mountairanalysisand| calledit the’island’ analysis.An 'island’ is a cluster
that is isolatedin a cleanedcamera. A shaver image (after 'classic’ cleaning)usually
consistof onemainisland(themainshoverimage)andsomeadditionalislandswhich are
muchsmaller.

Thealgorithmdoesthefollowing:

e Performa ‘classic’ imagecleaning

e Loopoverthepixel list andcall a recursive algorithmfinding the neighbourpixels
for eachpixel. Continuethe recursionwith the neighbourpixels. Mark eachseen
neighbourpixel and stopat the border of theisland. Treatonly unmarled pixels.
Introducea cluster object for eachnew unmarledpixel andassignall the pixels of
oneisland to this cluster

e Countthe number of islands andcalculatethe charge of eachisland.

Theclusterist obtainedy theislandor mountainanalysisccanbeusedfor imagecleaning,
leaving only the largestislandor mountain.| call thesecleaningalgorithms’island’ and
‘mountain’ cleaning.

Gamma/hadron separation

In thiswork only themountainanalysiss usedfor gamma/hadroseparatiopurposesAs
before,a systematigrocedurevasusedto checkthe bestconditions in termsof cleaning
level, to provide fore for bestseparatiorof gammasandhadrons.The parameterssepara-
tion’ and’overlap’areshovn in Fig. A.25 andFig. A.26.

Theresultsaredisplayedin Tah A.4. In thesetwo caseghe smallestoverlapdoesnot
coincidewith bestseparatiomecaus®f completelynon-Gaussiadistributions. Thevalue
thatwaschoserasoptimal cleaninglevel was3.5/2.7. (Thecleaninglevel consistf two
numbersA 'core’ limit anda’border’ limit.).
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Figure A.25: The separatior(abore) andthe overlap (below) for the parameteMountain-SIZE .
Optimalvaluesfor thesetwo parameterarefoundfor ‘core’ cleaninglevelsbetween3 and 4. The
optimalvaluesfor the cleaninglevel for both parametersion't coincide, thereforethe averageof a
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level of 3.5 hasbeenchosen.

TableA.4: Thetablepresentshe cleaninglevelswhich provide the bestseparatiorandthe smallest

| Parameter || Cleaninglevel | Separation| Overlap |

MultMountain 3.5/2.7 0.983 0.1083
MountainPhe 3.5/2.7 0.890 0.0512

overlap. Thecleaninglevel consistsof two numbersA 'core’ limit anda’border’ limit.
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FigureA.26: Theseparatiorfabose) andtheoverlap(belaw) for theparameteNumber-Mountain .
The parameterseparationfeerlaphave optimalvaluesfor ‘core’ cleaninglevels between? and 4.
They cleaninglevelsin thelowerandupperplot . An intermediatesalueof alevel of 3.5 waschosen.
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Figure A.27: Distribution of the Mountain-SIZEparameterplotted as the logarithm of its ratio
of Mountain-SIZEwith SIZE for betterillustration, for gammagred) andfor hadrons(blue). This
distributionis not usefulfor hardcuts,but it improvesthe separationf usedasainputin the LDA.
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Figure A.28: Distribution of the NumberMountain parametefor gammag(red) and for hadrons
(blue). A hard cut on NumberMountain < 2 removes a sizableportion of the backgroundwhile
leaving most~y’s.





