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ABSTRACT

Context. Ground based Cherenkov telescope systems measure asiogbhyray emission against a background of cosmic-ray induced ai
showers. The subtraction of this background is a major ehgé for the extraction of spectra and morphology-ofy sources.

Aims. The unprecedented sensitivity of the new generation of rgidaased very-high-energyray experiments such as H.E.S.S. has lead
to the discovery of many previously unknown extended saur@®e analysis of such sources requires a range fiéreint background
modelling techniques. Here we describe some of the techsitiat have been applied to data from the H.E.S.S. instriusmelcompare their
performance.

Methods. Each background model is introduced and discussed in tefmsitability for image generation or spectral analysis godsible
caveats are mentioned.

Results. We show that there is not a single multi-purpose modefedint models are appropriate foffdrent tasks. To keep systematic
uncertainties under control it is important to apply sevaradels to the same data set and compare the results.

Key words. Gamma rays: observations — Methods: data analysis

1. Introduction source are interspersed with equal-length observatioas of

. empty field at equal zenith angle (typically a regidifiset in
Ground based very-high-energy-ray telescope sys- gjght ascension by 30 minutes). The background is assumed
tems such as H.E.S.SL_(Hintdn_2004), MAGIC_{Lofeng, e equal in the two runs, thefitirence between them pro-

2004), VERITAS (Weekes ethal._2002) and CANGAROOyijes 4 measurement of theray signal. A major drawback

3 (Kuhoeta). ZOC_4) have greatly mcreased the Sensitivity s approach is that only half of the available dark tirse i
of the Atmospheric Cherenkov technique. However, the§5ent0N-sourceThewobble-modqaioneered by the HEGRA
instruments can only reach their full potential if systei®at.q|aboration(Daum et 41 1997) avoids this problem by keep
effects are brought fully under control. A major challenge fqpy the targeted source region in the field of viekoY) at all
experiments 9f this type is the subtragtlon of the backgdouames, with an alternatingftset relative to the system’s point-
of non-y-ray induced ar shpwers. This background. can l?ﬁg direction (for point sources typicall0.5° in Declination).
dramatically reduced using image-shape selection aijterit 5 background estimatedFF data) for the source regio®N

cannot be removed completely. The background above a f§44) can then be derived from a region on the opposite side of
hundred GeV is dominated by hadronic cosmic-ray showefSe Fov from the same run as tEN data.

with cosmic-ray electrons increasingly important at low

energies and after tight image selection cuts. The sulract For wide FoV instruments the probability of serendip-

of this background is the main source of systematic errails aitous detection of non-targeted sources rises dramaticall

if not done correctly, can even produce an artificial source. (particularly for observations close to the Galactic p)ane
For single telescope instruments (for example the pione@&he discovery of such sources (for example HESS J1303-

ing Whipple telescope_(Weekes etlal. 1989)) the classical 31 (Aharonian et al. 2005a)) demonstrates the need for-back

proach to background subtraction was @/OFF observing ground models that provide background estimates for the

mode. In this mode observationsifs) centred on the targetwhole FoV of the instrument. Any systematic survey of a
whole sky region also requires such models. The importance

Send gfprint requests toD. Berge, e-mailberge@cern. ch of surveys has been demonstrated by the recent discovery
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Fig. 1. The variation of the radial system acceptance function wthith angle for two dierent sets of cuts. The distributions
show the squared angular distangebetween reconstructed event directions and pointing tiireof the telescope system
generated fronDFF-source data. The curves are generated by smoothing thedimessional acceptance histograms. They are
arbitrarily normalised to 1 at the system pointing diresticorresponding t¢? = 0. L eft: The standard loose set of cuts (labelled
std) is shown. It is mainly used for the determinatiomefay-ray spectraRight: The hard cuts employing a larger cut on the
minimum image amplitude are shown. This configuration isdgity used for morphology studies.

of more than ten new-ray sources in a survey of the in-2. Background Modelling

ner Galaxy with H.E.S.S. (Aharonian el al. 200%b, 2006%’th ¢ . sh ters th . back-
Moreover, extendedy-ray sources such as RX J1713. YVith culs on image-shape parameters theé cosmic-ray bac
3946 [Aharonian et al. 2004, 2006b) and RX J0852.0-469%und can be reduced by a factor 0100, resulting in a
(Vela Junior) (Aharonian et HI 2005¢) present additiorifii-d signal-to-background ratio for a strong point source like t

culties for background subtraction. They require corrextkb rCrrz;\]b i?]ienbuf Orll t?e (r)1rdder_<r)f 1_:”1k(Ah\?rgtnlamn ettatl). 20%?:)'tT dhe
ground modelling over a region of the sky that is substal;:ztiale aining background of-ray-like events must be estimate

larger than the source itself. to derive the significanpe of any pqssib,leray signal. Giyen

a number of countdly, in a test region, antl,¢ counts in a

Many different approaches to background modelling ak@ckground control region, theray excess is defined as

possible and have been applied in the analysis of data frem th
H.E.S.S. instrument. These models havedént strengths and Nexcess= Non — @ Notr - (1)
weaknesses and it is usually desirable to apply severabaf thyhe parameten is a normalisation factor which accounts for
in the analysis of any-ray source to get a handle on the SySss|ig.angle, exposure-time, zenith-angle, and acceptaiife
tematic uncertainties connected to the background det@fMite ences between the test region and the background control
tion. In this paper we aim to describe some of these appreachggion. |n general, it is the ratio of thefective (acceptance-
While we will be using H.E.S.S. data as the basis for our eXafffaighted) exposure integrated in time and angular space ove

ples it should be noted_that the techniques described hphg Rhe signal and background region, usually referred to a©te
generally to VHEy-ray instruments. Where necessary we will , yopf regions. It can generally be defined as:
point out features that are specific to the analysis applied o

H.E.S.S. and its large FoV. 1., Aon(Bx. by, 62.1) Ao, dey dep, ot

An outline of this paper is as follows: We begin in secfibn % foﬁ AL+ (6. by, ¢, 1) dbx dby dp, dit '
with a general introduction of background modelling and in-
vestigate in detail the properties of tegstem acceptancas Agnoﬁ is the system acceptanceyefay like events and depends
it is a key starting point for almost all background modelg Won the position €, 6,) in the FoV and the zenith anglg of
then move on to a description of individual background modbservations. Additionally, éierent exposure timesfor ON
els. In sectiol3 we compare the results dfatient approachesand OFF region have to be taken into account. Note that if ON
applied to particular data examples. In secibn 4, the imnpfac and OFF region are fierent in size and shape, the integration
bright stars on observations using atmospheric Cherem#ev t of the system acceptance in Edj. 2 must take this into account.
scopes is demonstrated. Secfibn 5 summarises the stramgth<Given a number 0ON and OFF counts andy, the statistical
weaknesses of theftirent background models and describesgnificance ) of the excess is typically calculated following
to which purpose they are best suited. the prescription of Li & Mal(1983, equation 17).

(2)



Berge, Funk, Hinton: Background modellingjrray astronomy 3

The task of a background model is to provide the quantitidse dependence of the acceptance on the zenith angle of obser
Nog andea. A choice of background regions such that« 1 vations and analysis cuts. The shallow central peak and rapi
(achievable, e.g., by choosing much larger OFF than ON iecline towards larger distances, stems from the analgsisd
gions) results generally in higher statistical significanlbe- on image Hillas) parameters, where a cut on ttiistancebe-
cause background fluctuations are reduced, but may alsk resueen image centre-of-gravity and the camera centre isexppl
in increased systematic errors. The principl&dilty in deriv- to avoid truncation fects at the camera edge. Due to the finite
ing a background estimate is the determination of the correamera size, edgdfects are inherent and will always appear
value ofa. Since proper control over the system acceptanceiiglependent of the exact analysis applied.

crucial for this purpose, we investigate below the acceqgar As can be seen from Fifl 1° away from the system cen-

H.E.S.S.. tre, they-ray acceptance at moderate zenith angles decreases
to 20% - 50% of the peak value, depending on analysis cuts.
2.1. Cosmic-Ray System Acceptance after y-ray Cuts In addition a smooth variation with zenith angle is apparent
With increasing zenith angle, the system acceptance bnsade
The system acceptance is defined as the probability of accept increasing fraction of events with directions furtheagw
ing, after triggering, analysis cuts aperay selection, a back- from the system pointing direction is detected. This is adatir
ground event reconstructed at a certain position in theesystconsequence of the fact that with increasing zenith angle th
FoV and with a certain energy. For most background modejsower maximum is increasingly further away from the tele-
some knowledge of the system acceptance is required to g&sbpe system causing a broadening of the Cherenkov lighit-po
erate an image of-ray excess events or calculate significances ground and hence an enlarged phase space for events with
of arbitrary positions in the FoV. In general, the accepéath®-  |arge inclination angles. When comparing the average dorve
pends on: any given zenith-angle band to the radial acceptanceffaredi
ent fields of view, observed at the same altitude, the sciatter
O the position in the FoV, particularly the distance to the opg|atively small, less than 3% withir? bf the observation po-
tical axis sition and less than 10% out t6.3t is therefore justifiable to

o the zenith §,) and azimuthJ,; angle of observations, due,se OFF data taken in dferent fields of view to determine a
to the influence of the Earth’s magnetic field on the showg{sgel of the system acceptance.

developmentin the atmosphere and the rotational asymme-
try of the telescope system.

O the reconstructed primary energy

O the time of observation, due to possible changesin the s
tem configuration and aging of mirrors

o the sky coordinates viewed, due to the night-sky bac
ground light level.

The influence of analysis cuts is also apparent in Hig. 1.
The two sets of cuts used throughout this paper are labelled
%@andhard. The first set includes a cut on the minimum am-

g itude of each camera image at 80 photo-electrons (p.€.) an
"§_ optimised for the determination of source spectra. The se
ond set uses a cut on the image amplitude at 200 p.e., and pro-
vides better background suppression and superior angagar r

In most cases it is a reasonable assumption that the accption. It is therefore normally used for source searchres a
tance is radially symmetric (the validity of this assumptiolmage generation (more detailed descriptions of the HE.S.
is discussed later). It is generated in a one-dimensiorshl-fa@nalysis techniques may be found.in Aharonian 2t al. (2005d)
ion as the number of background events as a function of figd.Aharonian et all (2006b)). The larger cut on the minimum
(squared) angular distance between reconstructed event diimage size results in curves which exhibit a generally lees p
tion and system pointing direction. It can either be detaedi Nounced peak and a less rapid decline towards large distance
on a run-by-run basis from the data set under analysis or baere is an increased fraction of events Wlth Iar'ge inciamat
extracted from observations without significantay emission angles with respect to the system pointing direction.
in the FoV OFF runs). In the latter case it is assumed that the The azimuth dependence of the radial system acceptance
system acceptance is identical for thsl andOFF runs. In the is small and therefore neglected here: when sub-dividitig da
former case one may face two problemsay contamination taken in a narrow zenith-angle band into azimuth bins (say
by a source, and lack of statistics. For a typical data ruinigs North, East, South, and West), only margindfeliences occur
28 minutes, recorded at moderate zenith angles, the nuribesitathe few-percent level. The energy dependence of the accep
events aftey-ray selection cuts (available for the determinatiotance is much stronger, greatly complicating the use of back
of the acceptance) §(10%) with cuts for spectral analysis, andground models that require an acceptance correction far spe
as low as0(10%) with cuts for morphology studies (see belowral analysis. This is illustrated in Fil 2 (left) where tmergy
for a description of the analysis cuts). dependence for a zenith angle range fromd20 is plotted.
Here we use 220 hours of H.E.S.S. observations withdLhe curves shown correspond to threffatient energy bands,
significanty-ray sources in the FoV to obtain a model of the rde < 0.6 TeV, 06 TeV < E < 1.4 TeV, and 14 TeV < E. For
dial system acceptance. These reference observationalare gelatively small energies the acceptance declines rapiitly
divided into zenith-angle bands. Events passifrgy cuts (i.e. increasing ffset. For large energies the shape is completely
v-ray-like background events) are then binned accordinlygo wifferent. High-energy showers result in large Cherenkov{ight
squared angular distance between the reconstructed eivenpdol radii on ground. Therefore, as already mentioned, more
rection and the system'’s pointing direction. Figidre 1 ilates events with large angulafisets start to trigger the array. In ef-
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Fig. 2. Left: The energy dependence of the system acceptance is dentedisiar the three flierent energy bands shown, the
shape of the acceptance broadens dramatically with inogeasergy.Right: Plot to test for a zenith-angle dependent FoV
gradient (note the change of scales compared to the left-b@e). ForOFF data taken at zenith angles of°4® 45, the
symmetry of the system acceptance along an axis runningleldoethe zenith direction is investigated. For this puspave fill

all events into a histogram in bins of zenith-anglffatienceA¢, between the event direction and the system pointing doecti
To test the symmetry with respect to the pointing directitwe, ratio is calculated from the number of events in bins dmeei
side of the centrahg, = 0 bin, equally far away from this bin. In the plot we show thasio versugA¢,|. The data are split
according to the azimuth of the observations: to the noticicrosses) and to the south (green crosses). Note tlcaredctions
accounting for mis-pointing of the telescopes and for zeaitgle dependent trigger rates (see main text) are indlneee.

fect, for energies beyond 1.4 TeV, the acceptance is alnaist the corresponding bin on the negative side to test for symymet
out to a distance of®2from the system pointing direction. around the zenith angle of observation. The resultingidistr
tion is shown in Fig[R (right) for two azimuthal bands (north

As previously mentioned, in most cases the system accapd south) to search foffects related to the Earth’s magnetic
tance is assumed to be radially symmetric. The most intuitifield. If there was no zenith-angle dependence, the ratiddvou
cause of deviations from radial symmetry is a zenith-angle e 1 for the whole FoV. There seems to be a residual distortion
pendent linear gradient across the FoV. The larger thelzergf the system acceptance along the zenith axis, in the direc-
angle of observation, the larger thiéeztive energy threshold of tion one would expect from the trigger-rate variation. Learg
the system, due to the increasing absorption of showerseSiaenith angles have smaller event numbers, indicating &tslig
the energy spectrum of the cosmic-ray background is ratherder-correction of thisféect. However, remaining deviations
steep, the trigger rate, and thus the event rate, of thersystre estimated to be less than 5%. Within statistics, thene is
decreases smoothly with increasing zenith angle (Funk etldbrth-South &ect apparent, the event-ratio distributions are in
2004). Hence, in the H.E.S.S. FoVa’° significant variations reasonable agreement with each other.
of the system acceptance along the zenith axis may occur, and
indeed such variations are observed. Depending on zenith an The validity of the simplifying assumption that the sys-
gle the peak system acceptance extracted 0¥k runs does tem acceptance is radially symmetric can be verified with
not coincide with the nominal centre of the system pointing ddata. For that purpose such a symmetric model acceptance
rection. Itis found to be slightly shifted towards smallenith derived fromOFF data can be compared to the acceptance
angles, away from the pointing direction. To account fos thdf a single data set withoug-ray source, for example the
effect, the zenith-angle dependence of the shift is determinétE.S.S. data from the 2003-2004 observation campaign of
for small zenith anglesy( 10°) the shift is negligible € 0.01°), SN 1006l(Aharonian et kl. 2005e) (which shows no evidence of
at moderate 30it is on the order of M3’ and exceeds.03 vy-ray emission). Reconstructed directionsyafay-like events
for very large zenith angles beyond°6@ parametrisation is are plotted in a coordinate system centred on the systent-poin
used to correct the nominal centre of the system pointing dlig direction in the “altitude-azimuth” system (the systésn
rection in eachOFF run. Figurd R (right) explores remainingalso referred to asominal systein Accumulating events from
deviations from radial symmetry along the zenith axis. ltg t different data runs one obtains in this way a sample two-
purpose OFF runs are processed in zenith-angle bands, stdimensionaly-ray acceptance map. This can be compared to
ing event distributions as a function of the zenith-angtéedi a model acceptance map derived by choosing, for each run,
ence between the pointing direction of the system and thetevihe one-dimensional radial acceptance for the correspgndi
direction A¢,. From the resulting distributions (ranging froneenith angle (cf. Figd1). The acceptance is then rotatelen t
A¢, = £3.5°) aratio is created dividing the number of events inominal system and accumulated for all runs yielding an@cce
a certain bin on the positivip,-side by the number of events intance model which can be compared to the system acceptance



Berge, Funk, Hinton: Background modellingjrray astronomy 5

g
i
g
i
i
i
1
"
]
'
]
[
]
[
-
'
]
'
[

2 2 F
= : | —Data S 10 i —Data
E 10~ —Model g I —Model
s s |
z | z |
i o€
5_ -
- Altitude - Azimuth
i e 5 i
3 > ) 0 ] 2 3 3 > ) 0 ] ' 3
X (deg) Y (deg)

Fig. 3. Plots of the system acceptance are shown for observatiahe glupernova remnant SN 1006, compared to the radially
symmetric model acceptance determined flOFF runs.Upper panel: Plots labelled “Data” and “Model” are the (arbitrarily
normalised) acceptances determined inribeninal systenon a run-by-run basis. Positivedirection corresponds to positive
altitude, positivey-direction to positive azimuth. The parallel horizontabavertical lines define bands . wide) used to
produce slices for a one-dimensional comparison, showherower panel: The two plots show projections alongandy
through data (red crosses) and model map (black lines)miditid thick bands indicated in the upper panel.

deduced from the data set. The result, derived from 6.3 hoisation « for each position on the ring. Thing-background
(after dead-time correction) of (4-telescope) H.E.S.Seotn- method is illustrated schematically in Hg. 4 (left).
tions of SN 1006, is shown in Fifl] 3. There is general agree-

ment between data and model acceptance. Remainifey-di )
ences are at the few percent level. 2.3. Reflected-Region Background

HaV|ng discussed the system acceptance function, Wh_'beﬁe reflected-regiorbackground model was originally devel-
crucial for all background models, we now return_ to the meCOped forwobbleobservations (Aharonian et HI. 2001, 2006c),
pal task of a background model: to provide estimatedl@f 1+ can be applied to any part of the FoV displaced from the
apda (Eq. ) &_ (2)). Vvarious background estimation teChbbservation position. For each trial source position a nhg
niques are described below. nor OFF regions is used (see FIg. 4 (right)). E€ORF region
is the same size and shape as@i¢region and has equatte
set to the observation position (note that here the ring s ce
tred on the observation position, while for the ring backgrad
A method that is robust in the face of linear gradients in aechnique the ring is centred on the trial source positidhg
bitrary directions is theing-background model. In this modelmethod is calledeflected-regiormethod because thHeN re-

a ring around a trial source position (in celestial coortiisa gion is reflected with respect to the FoV centre to obtain one
is used to provide a background estimate. This is applidableOFF region. In the general case as many reflecddeF re-
any point in the FoV. The parameieiis approximately the ra- gions as possible are then fit into the ring whilst avoiding th
tio of the solid angle of the ring (of typical radius @)30 the area close to the trial position to prevent contaminatiothef
trial source regiom,,/Qof, and is typically chosento bel/7. background estimate by mis-reconstrucierhys. Due to the
However, within the ring the acceptance can not be assunezpial dfset of ON and OFF regions from the pointing direc-

to be constant, since the ring covers areas wiffedint dfsets tion of the system, no radial acceptance correction is requi
from the observation position. Therefore an acceptanaecor with this method and is just 1/nqg. This is particularly helpful
tion function must be used in the determination of the normdbr spectral analysis where an energy-dependent radiapacc

2.2. Ring Background
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Fig. 4. Count map ofy-ray-like events from 5 hours of H.E.S.S. observations efttive galaxy PKS 2155-304 (Aharonian et al.
2005d). Note that the data were taken in wobble mode arounththet position with alternatingfsets of+0.5° in declination.
Thering- (left) andreflected-region(right) background models are illustrated schematically.
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Fig.5. lllustration of thetemplatebackground model. eft: Distribution of the mean reduced scaled widthRSW from y-ray
as compared to proton simulations. This parameter is defiaéte deviation in units of standard deviation of the messimage
width from the simulated expectation value, averaged oVezlascopes participating in an event. The separatioani@l of the
MRSW is clearly seen, it is frequently used for backgroungpsassion in H.E.S.S. analyses (Aharonian &t al. 2005@n&v
falling into the Signalregion are consideregray-like events, events falling into the background regi@50 < MRSW < 8¢)
are considered cosmic-ray-like events and are used forgbagkd estimationRight: System acceptances for tBégnaland
Backgroundregimes as indicated in the legend. The distributions anegged fromOFF runs. TheBackgroundacceptance is
normalised to the area of ttf&gnalacceptance in the central 1.5

tance function would otherwise be required. We note that tance at the fiset of the run to the acceptance at a reference

case they-ray source was observed under a large rangefof coffset).

set angles with respect to the system pointing directiareXe

ample as part of a sky survey, the normalisatiomight differ

substantially from run to run. In this case, a suitable ayie

procedure has to be applied to both nominator and denominat@e templatebackground model was first developed for the

of Eq.[2: the exposure measure is weighted by a factor takilEGRA instrument and is described[in_RoWweéll (2003). This

account of the fiset of the source from the pointing directiormethod uses background events displaced in image-shape pa-

(this factor might be calculated as the ratio of heay accep- rameter space rather than in angular space. A subset ofsevent
failing y-ray selection cuts are taken as indicative of the lo-

2.4. Template Background
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Fig.6. Left: Maps of statistical significance for the field around the sopea remnant SN 1006 derived using fouffelient
background models. 6.3 hours of 4-telescope H.E.S.S. digth@wt significanty-ray signal are used. The black stars in each
field mark the position of brighinig = 2.5 andmg = 2.9) stars. The upper left-hand plot is produced applyinditid-of-view
method, for the purpose of comparison, the other plots sihavdifferencebetween alternative models and theld-of-view
model. Note that the bins as plotted here are correlate@ shecsignificance is calculated integrating events in decwt0.1°
radius of each trial source positidRight: Distributions of significance in the FoV around SN 1006 far tlfferent models. The
solid black curve illustrates the expected normal Gauddiiginibution. As can be seen, deviations from the expecééthbiour
are at the less than 1% level.

cal background level. The approach is demonstrated inFig. 5 The templatemethod has the advantage that the back-
(left). Events falling into theBackgroundregime are taken asground is determined in the same region as the signal anéhenc
OFF counts,y-ray-like events from th&ignalregime aréON any localised problem, for example due to a bright star, adill
counts. The normalisation is calculated as the number offect both signal and background. Whether tiieet is equal
events in theSignalregime, excluding the source region, difor both and therefore cancels out depends on the choiceof th
vided by the number of events in tiBackgroundregime. A Backgroundegime and has to be checked from case to case. A
correction factor depending on the position in the FoV has tlpawback of this method is that exact knowledge, not only of
be applied toa since the system responddfdrently to the theSignal but also théBackgroundacceptance is required, po-
cosmic-ray-like than to the-ray-like events. Therefore, an ad4entially increasing systematic uncertainties relatetiéomod-
ditional radial acceptance curve for tBackgroundegime has elling of the system acceptance.
to be determined. This cosmic-ray acceptance curve dependsAnother method that has been applied to H.E.S.S. data is
on the choice oBackgroundregime. In practice it turns out the weightingmethod which is related to themplateback-
that the system acceptance becomes vefgmint from they- ground. Signal and background are estimated simultangousl
ray acceptance iSignaland Backgroundregime are too far from the same portion of the sky. Events with directions eisso
apart. This is undesirable because the necessary corréatio ated with a certain sky bin are assigned two weights, onédor t
tor would vary strongly within a FoV, potentially increagin assumption that it is a signal event, one that it is a backgtou
systematic uncertainties. The choiceBsHckgroundregime is event. Subtraction of the accumulated bin content yielés th
thus a compromise between good separation fronSigeal y-ray excess. This approach is not pursued further, but is de-
regime and smalk (i.e. reasonable event statistics), and olscribed in detail elsewhere (Lemoine-Gourmard et al. 2006)
taining a background system acceptance function which does
not differ substantially from the-ray acceptance. For the par- . .
ticular choice ofBackéroundreZimZ appli%d here, theﬁrFf 2.5. Field-of-View Background
ence of the two system acceptance curves can be seen lid Figob the field-of-viewbackground model, the entire field (ex-
(right). In the central part, for event directions closefte sys- cluding regions of known-ray emission) is used for the nor-
tem pointing direction, the two curves are very similar. Fahalisation of an acceptance model to the data and the normal-
offset angles larger than 1.5° pronounced dferences occur. jsation o approaches zero. The acceptance model is derived
The ratio of they-ray and cosmic-ray acceptances, which igom the set ofOFF runs mentioned above. Given an observa-
required to determine, will not be constant over the FoV.  tion at a certain zenith angle, a model background map is cre-
ated by rotating the radial acceptance curve (cf. Big. 1pef t
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corresponding zenith angle band. The advantage of this imoebecluded. The distributions show satisfactory agreeméift w
is that it can be readily applied to extended sources and tiee expected normal Gaussian. We note that deviations on the
sults in the highest possible statistical significance. ey, mean significance slightly larger thar ¥Nys are expected
the method is sensitive to deviations of the true systempaccedue to the correlations between the signal and backgrouind es
tance from the model applied. mates in neighbouring positions. These distributions sthaty
at least for this FoV, the systematic error on the assignmoent
. a statistical significance to the signal at a given posit®ati
2.6. Classical ON/OFF Background the< 0.10 level. Furthermore, the agreement betwedfedént
As mentioned earlier, in traditionaDNOFF mode twice models suggests that under normal circumstances theyoall pr
the observing time is required for each source, providingvide valid background estimates with fluctuations at orehos
strong disincentive for this approach to background mautgll the expected Poisson behaviour.
Nevertheless, th©ONOFF mode has a powerful advantage in  Figurell comparesyray count map of the field around the
that no assumption is made for the system acceptance, exsgpernova remnant RX J1713.3946 to three dferent back-
that it is the same in both exposures. As bl and OFF ground model maps. The count map is generated from H.E.S.S.
runs have identical pointing direction in the horizon sygstthe data from 2004L(Aharonian etlal. 2006b) with four observa-
only assumption made is that the acceptance is not dependiem positions, all @fset by 0.7 from the centre of the rem-
on conditions fixed in celestial coordinates, such as stags anant. In each observation run, the usable range of the FoV
night-sky background light. This advantage motivates aimods restricted to the central Zaround the observation position
fied form of ONOFF analysis that has been applied to H.E.S.$ausing edges in acceptance when overlaying data fréfer-di
data. A sizable fraction of the fields observed with the H.§.S ent observations. The background models are normalised by
instrument contain no significaptray signal. These data cane and shown on the same scale. It is apparent that the dif-
be used as an archive OFF data. For a given set @N runs, ferent models have flerent levels of statistical fluctuations.
a set ofOFF runs matching in zenith angle is selected from thieor the templatebackground map the statistics are reason-
archive. The normalisation;, betweenON and OFF runs is ably good,a ~ 1/14 when choosing a background regime of
deduced from the total event numbers in the two rems|ud- 3.50 < MRSW < 8¢ (cf. Fig.[3) andhard cuts.« is practically
ing the nominaly-ray source region. zero in case of théeld-of-viewbackground model, statistical
fluctuations are negligible, consequently the backgrouag m
is very smooth. Th®©FF-data map (from th©NOFF anal-
ysis) has the largest (~ 1), and statistical fluctuations are
A satisfactory background model must meet one main cet a considerable level resulting in a comparatively low sta
terion: when applied to many trial positions it should prdistical significance of the signal. For illustration countdines
duce a normal distribution of significance for an empty fieldire overlaid on all four sky images in the figure. Apart from
To test this, four of the background models described hatifering event statistics, the three background models are in
have been applied to the H.E.S.S. data of SN 1006, whighod agreement both in terms of shape and absolute level. The
(as already mentioned) shows no evidence yfalay emis- clearly provide an appropriate description of the backgcbaf
sion (Aharonian et al. 2005e). Figure 6 (left) comparesifiign they-ray count map shown in Fifl] 7 a).
cance maps of this one field derived using foufatent back- A systematic comparison of the background level estimated
ground modelsHard cuts have been applied and the signifipy different models was performed for the whole H.E.S.S. 2004
cance at each trial sky position was calculated integraliNg Galactic plane survey. Figure 4 pf Aharonian et al. (2D06a)
events within a circle of @° radius. A map of absolute signif-shows the correlation between the background estimate for
icance is shown only for thigeld-of-viewmodel. To ease com- each grid point in the sky derived usiming- andtemplate
parison, for other models theftirence in significance to thebackground models. The correlation is close to linear over a
referencefield-of-viewmodel is plotted. The maps show satlarge dynamic range. The spread is consistent with statisti
isfactory agreement with each other on ther-level, within cal fluctuations inNyg. The slope of the correlation is 1.007
the expected statistical fluctuations. Thé&@lence maps areand both background estimates are consistent within 1% -
roughly constant throughout the field, with the only excegee Aharonian et Al. (2006a) for details.
tion being the regions close to two bright stars in the lower Another demonstration of the validity of fierent back-
right of the FoV. As is described in more detail below, brighground models is shown in Fifll 8. For two H.E.S.S. data sets
stars cause a reduction in the local rate of events, producinwith significanty-ray signal, slices along Right Ascension and
dip in all significance maps except that derived usingtéme- encompassing the sources are shown. Overlaid, in both,cases
plate-background model, in which case the bright stars inflare thefield-of-viewandtemplatebackground models for these
ence also the background estimate. For the particular eludic data sets. In both cases, affdient regions in the sky, for
background regime employed here, tamplatenodel slightly an extended and a point-likeray source, there is clearly a
over-corrects for the dip in the-ray acceptance, producing agood match between both models and data in regions outside
positive significance at the star positions. the y-ray sources. Moreover, it is evident that the features of
Figure[® (right) shows the distributions of significancéhe gamma-ray morphology of RX J1713.7-3946 after back-
values of each trial source position for the maps shown gmound subtraction are robust and remain unchanged when ap-
Fig.[@ (left). The regions close to the two bright stars haaerb plying different background models. Note that this can also be

3. Model Comparison
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Fig. 7. lllustration of diferent background models for the case of the supernova rerRxafil713.73946. Note thahard cuts
have been applied hera) Rawy-ray count map generated from H.E.S.S. 2004 data for the dieldnd the remnanh) - d)
Normalised background maps derived using thré&idint approaches (discussed in the main text). Overlaidl 6oua images
are white contours for illustration. They are equally spbael0, 20, and 30 counts and are deduced from a Gaussiartf@doo
version of the raw colour images to reduce the impact ofsttedl fluctuations.

seen in Fig. 6 of Aharonian etlal. (2006b) which shows a lif-his dfect can be explained as a consequence of the automatic
ear correlation of gamma-ray excess counts for the sky meg&witching df of pixels when DC illumination reaches poten-
around RX J1713.7-3946 for twoftlrent background sub-tially damaging levels. For events in which the shower cere i
traction methods, theeightingmethod (mentioned above andocated close to one of the telescopes, the event for that tel
discussed elsewhere (Lemoine-Gourmard et al. 12006)) &nd scope will have a hole in the middle of its Cherenkov image due
field-of-viewmethod. to pixels being switchedfbby the star. An image with a hole in
the middle might a) be thrown away by the image cleaning, or
4. Effect of Stars p) fail the shape cuts. Therefore Iesg events are repotmltuc

’ in the direction of the star. Theffect increases with increas-
All background estimates presented here rely on the honiiag brightness of the star. The histograms shown in[Hig. 9 are
geneity of the g-ray or hadron) acceptance across the Fouerived usingstd cuts. Forhard cuts the éect is less severe.
While detector acceptance inhomogeneities are typicéllyeo This is expected, as the influence of individual pixels tirat a
order of 3% or less, they may reach higher values in specsfitched df is smaller for the larger images required with the
cases such as large zenith-angle observations or in the piegreased image amplitude cut of 200 p.e.. Thus, forhiel
ence of strong sky-brightness variations (most frequehttyto cuts, no significant dip at the position of stars can be seen in
stars). FigurEl9 shows as an example the event rate in aybitte magnitude 5 to 6 band. For the magnitude 4 to 5 band, a
units, as a function of the distance to bright stars in the, fav significant dip occurs for both sets of cuts. The magnitude of
different bands of stellar B-band magnitude. The curves wéhés efect is similar to that found previously for the HEGRA
derived from the H.E.S.S. Galactic Plane survey dataset, &&lescope array (Puehlhofer eflal. 2003).
eraging over all stars in the respective magnitude intetval
can be seen that for stars with B-magnitude smaller than 5,
the event rate at the position of the star decreases nolyceab
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Fig. 8. lllustration of the agreement between data points and vackgl model (solid and dashed lines). H.E.S.S. data for the
extendedy-ray source RX J1713.7—-3948&)) are compared to PKS 215804, a point-like extra-galactieray source for which

a high-statistics data set exists (Aharonian &t al. 20050 Elices along Right Ascension (RA) through the centre ofi(ully
encompassing) the sources, are shown. Two background snagekhown, théield-of-view (dashed line) and theemplate
background model (solid line). Note that the steps in th&itigions are artifacts of the analysis: for each obsématun, the
usable range of the FoV is restricted, and the distributssegproduced from elierent observation positions.

ring | reflected-region| template | field-of-view | ONOFF
Contemporaneoug Y Y Y Y N
FoV position N Y Y N Y
Sky position N N Y N N
Event statistics Y Y Y Y N
Event type Y Y N Y Y

Table 1. Overview of the properties of theftirent background models described here. For each feaeser{ded on padell0)
we quote if a given model fulfillsY) or fails (N) this condition.

5. Choice of Model Event type: Signal and background events should be of the
same type, from the same region in image-parameter phase
space to assure a similar system response and reduce the
importance of the correct system-acceptance model.

In the following we summarise the advantages and disadvan-
tages of the available background models and list the aisalys
types they are most suited for. We start by listing propsitie
anidealbackground model: It is obviously impossible to fulfil all of these requiremsnt

Cont . Back q s f . dat with a single background model. Any choice can only be a
ontemporaneous. Background events for a given data Se.éo promise. It is therefore important to applffdrent models

tShOUIO.I ds.tem frorr:lgl_gontgmptoranec_)us okzserfvtarl]tlop Iperkg a data set thereby cross-checking the results. TablesSicla
0 avoid incompatibilities due to ageingfects of the tele- fies the models discussed in Seclibn 2 in terms of the pragserti

scope system. listed above. The advantages and shortcomings of therelint
FoV position: Background events should be accumulated #odels are'. g 9

the same or a similar position in the FoV, meaning that the
angular distance to the system pointing direction should biag background: The model has the advantage of provid-
equal to the signal events (because of the angular depen-ing a conceptually simple prescription for the background
dence of the system acceptance, cf. Hg. 1). determination. It is rather insensitive to deviations af th
Sky position: To assure a similar level of night-sky back- actual relative acceptance of the data set from the model
ground light background events should be recorded from acceptance function, as it only relies on the relative nor-
the same region of sky. malisation in a limited nearby area around the source bin
Event statistics: To reduce fluctuations, the event statistics of in the FoV. Any linear gradients in the system acceptance
the background should be considerably larger than the sig- are averaged out because of the summation on the ring.
nal one, implying a normalisation facter< 1. However, when testing larger source extensions, larggr rin
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limit, one might obtain ay-ray contaminated background
estimate.

templatebackground: This technique has the advantage that
it is better suited to largely extended sources (which fill
a sizable fraction of the experiment’s FoV) than tirey-
background method as long as an acceptance model (say
from OFF data) is available. It is, however, sensitive to un-
certainties in the relative acceptance determinationéetw
the Signaland Backgroundregime across the FoV. Large
differences of the system-acceptance functions in the two
regimes potentially increase systematic uncertainti¢isef
normalisation facto.
For the estimation of energy spectra the background esti-

mate must consist of events with a similar distribution ef es
timated energies to the background events of the source re-
gion. Thetemplatemodel does not meet this criterion since
the events in the background regime wilffdr in estimated
energy from those in the signal regime. Also the problem
of the acceptance curve changing with energy is present as
in the case of theing background but more severely since
it applies to the signal as well as to the background regime.
field-of-viewbackground: The model can readily be applied
radii are required, demanding better accuracy for the rel- to any data set to investigate the source morphology. Itis es
ative acceptance correction across a larger portion of the pecially well suited for very extended sources that cover a
FoV. For the determination of energy spectra, this method large fraction of the FoV and yields the maximum possible
is disfavoured, since the acceptance curve changes with en-signal significance since the normalisation facids prac-
ergy (as shown in Fidl2 (left)). Any attempt to correct for tically zero. The caveat is that it is sensitive to deviatioh
this, e.g. by determining acceptance curves in energy bands the model from the true system acceptance. For example,
would introduce another source of systematic uncertainty. pronounced night-sky brightness variations within a singl
Additionally, the OFF events have a fferent distribution field and data sets with unbalancgdbbleobservation -
of offsets from the centre of the FoV than t&&l events. sets might cause distortions of the true system acceptance.
Since the #ective areas used for the spectral analysis d&N/OFF background: This classical approach is a robust
pend on the camerdftset, the diferent dtset distribution method to perform cross-checks and explore systematic un-
introduces again an additional systematic uncertaingnev  certainties of spectra of very extended sources. Its advan-
if one corrects for it. We note furthermore that in the case of tage is that it can be applied to any data set, independent of
severaly-ray sources or indications for sources in the FoV, the source size and the observation strategy pursued for a
a case which is becoming more common in Galactic ob- given source (as opposed to tteflected-regiorapproach,
servations with the current generation of experiments, the which relies on observation positions outside the source re
ring background sfliers from additional systematic uncer-  gion). Its caveats are the loss of a factor of twoOMN-
tainties, that is, possibleray contamination: If the source  source observation time and possible changes in the night-
is surrounded by severab3spots, some of which might  sky background level betwe&N andOFF data.
be actual so far undetected sources, they would all be in-
cluded in the background estimate and lead to a systematic To summarise, the best suited background estimation tech-
over-subtraction. nique for the extraction of various aspects of #heay signal
reflected-regiorbackground: It has the advantage that it isgre:
independent of the exact shape of the acceptance function.
It simply relies on the assumption of radial symmetry of thea Source detectianhering-background model has in general
acceptance. Additionally the distribution dfgets from the fewest systematic biases for this purpose. Only in the case
centre in theON andOFF events is the same. This makes of busy sky fields which contain multiple potential gamma-
the model especially suited for the background estimation ray sources issues due to gamma-ray contamination arise.
for energy spectra. However, this approach relies on a suitr Spectral analysisa reflected-regiorbackground is most
able observation strategy, it cannot be applied if the ebser suitable due to the identicafiget distribution ofON and
vation positions of a data set are within an extended source OFF regions. For very extended sources, however, or for
region, or, as mentioned above, in case of too many other extended sources which have not been observed with suf-
y-ray sources in the FoV. In this case one either ends up in a ficiently largewobbleoffset, or in case there are other
situation where it is not possible to define a reflected back- ray sources in the FoV and one cannot define background
ground region without overlap with an actual known source regions, theONOFF-background model is the only appro-
region, or, in case of close-by sources just below detection priate one.

Distance to Star (deg)

Fig.9. Effect of bright stars on the event rate of the system
for standard and hard cuts. The relative event rate is shown
as a function of the distance to bright stars foftetient B-
magnitude bands. The 200 p.e. size-cut data set has beed scal
by 0.75 for clarity.
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8 2 Ring Background ination. Targeted H.E.S.S. observations are typicallya#t
S s Reflected, 8,,,=0.1° 0.5° or 0.7° offsets.
_!;3 Reflected, 8,,,=0.4°
2 Reflected, Bnm=L.0 6. Conclusions
©
o e i
@ Several diferent background models are available for ground

based Cherenkov astronomy.flderent models are appropri-
ate for diferent purposes. Searches for weak sources are
: best performed with the robusing-background model. For
. ; spectral analysis theeflected-regiorbackground is favoured.
Cl L Extracting the morphology of extended sources is often most
2 reliable with thefield-of-viewor templatemodels. In general,
w(deg) 3 comparison of several models (withffdrent systematics) is
Jrecessary to establish the existence of a new source. Itis im

Fig.10. The impact of an fiset between observation positio . - S
and target sourceapbbleoffset) on the source Significance_portant to remember that the estimated statistical sigmifie

For areflected-regiorbackground anféiset is required to pro- of a source is largely irrelevant if background systemaaies
vide OFF regions at equalftset. The relative significance ha§1°t under control.

a broad plateau between 0.5 and 0.7 degrees for point-like
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