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Chapterr 5
Backgroundd rejection and detector
performance e
Ann important potential background for neutrino astronomy is formed by atmospheric
muonss that are reconstructed as upward-going. In this chapter, selection criteria are
presentedd that serve to reject this background to an acceptable level. The remaining
backgroundd consists of atmospheric neutrinos and is largely irreducible since both signal
andd background consist of upward-going neutrinos, which are only distinguishable by their
energyy spectrum.
Afterr the event selection criteria have been established, the resulting detector acceptancee and angular resolution will be presented in section 5.2.

5.11

Event selection

Inn chapter 6, the sensitivity of ANTARES to detect point sources of cosmic neutrinos will
bee studied. The method that will be used for this does not require a-priori optimisation of
thee signal to background ratio, but is expected to be near optimal when the efficiency for
signall events is high. Thus, the event selection criteria presented in the present chapter do
nott serve to optimise the signal to background ratio. Instead, they are primarily used t o
rejectt the background from atmospheric muons to a level where it is negligible compared
too the background from atmospheric neutrinos.

5.1.11

Signal and background

Forr a point source search, the signal consists of neutrino events with an accurately reconstructedd direction. In order to estimate the selection efficiency for useful signal events,
wee define a 'well reconstructed event', somewhat, arbitrarily 1 , as an event that is reconstructedd with a direction within 1° of the true neutrino direction. The energy spectrum
off signal neutrinos is assumed to be proportional to E~2.
Thee atmospheric neutrino background is simulated using the models of the atmo'Thee value of 1° can, for example, he compared to the optimal bin size of ~ 1° that will be found in
sectionn 6.2.
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sample e

AA

BB

numberr of generated primaries
equivalentt data-taking time
minimall primary energy per nucleoli
minima]] muon multiplicity !& detector
eventss reaching detector
reconstructedd events
reconstructedd as upward-going

3.66 x 109
88 hours
11 TeV
11
7.99 x 106
3300 x 103
544 x 10 3

1500 x 106
7.44 days
2000 TeV
22
6.88 x 106
8655 x 10 3
822 x 103

Tablee 5.1: Characteristics

of the two samples of simulated atmospheric

muons.

sphericc neutrino flux discussed in section 3.5.3. The method to simulate the atmospheric
muonn background was discussed in section 3.5.2. As was mentioned there, only a limited
numberr of atmospheric muons could be simulated. For this study, two different samples
off simulated atmospheric muons were used. The characteristics of the event, samples are
summarisedd in table 5.1. The first sample, sample A, is a full (minimum bias) simulation
correspondingg to eight hours of data taking. This sample will be used to estimate the
contributionn of the atmospheric muon flux to the background. Sample B consists of multimuonn events, where only high-energy (> 200 TeV) primary nuclei have been simulated.
Suchh events may be expected to give the largest contribution to the background. Due to
thee relatively low flux of high energy CR, sample B represents a longer period of data
taking:: about 7.4 days. In section 5.1.3, sample B will be used to cross-check the results
obtainedd with sample A.

5.1.22

Selection criteria

Ass a first step, the following three selection criteria are applied:
cutt 1: The muon must be reconstructed as upward-going: 6 > 90°.
c u tt 2: The energy of the event must be reconstructed.
c u tt 3 : The estimate of the error on the muon direction must be smaller than 1°: a,, < 1°.
Thee first of these cuts is needed to reject t h e background from (well reconstructed) downgoingg muons. The latter two criteria cause an inefficiency of 6.5%. while the background
iss reduced by a factor 6.6.
Whilee these selection criteria already reject a large fraction of the background, about
250000 atmospheric muon events per day remain. They are rejected using two variables that
weree introduced in section 4.7.1: the log-likelihood per degree of freedom log(L)/A T DO F
andd the number of compatible solutions, Ncomp, found by the reconstruction program.
Figuree 5.1(left) shows the distribution of log(L)/A r D0 F for signal and background events
forr different values of A' comp . For high values of Ncompi the cut on log(L)/A D O F can be
placedd at a somewhat lower value. This is accomplished by cutting on a dedicated variable
A,, which combines Ncomp and \og(L)/NDOV:
AA = ^ ) + 0 . 1 ( J V c o m p - l ) .
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Figuree 5.1: Left: Distribution of\og(L)/NDOF
for different values of Ncomp for signal and
backgroundbackground events. Right: Distributions of the variable A for different values of Ncomp for
signalsignal and background events. Sample B was used for this figure because of the higher
statisticsstatistics available for large values of A.

Inn figure 5.1(right), the distribution of A is shown for different values of Ncomp. Comparisonn with figure 5.1 (left) shows that the distributions differ only slightly. Nevertheless,
thee overall separation of signal and background is somewhat better when using A as
discriminatingg variable.
Figuree 5.2 shows the number of background events that remain after a cut on A as a
functionn of the value of the cut. For A > —5.6, the dominant background is formed by
atmosphericc neutrinos. However, the contribution of the atmospheric muon background
inn this region can not be accurately determined because of the low statistics in the event
sample:: the simulated sample of atmospheric muons is equivalent to only 8 hours of
dataa taking. In order to estimate the number of atmospheric muon events passing the
cut,, the distribution in figure 5.2 is extrapolated using an exponential function that was
fittedfitted to the tail. In this way, we estimate that roughly one event per day with A >
—5.33 is produced by atmospheric muons that are reconstructed as upward-going. This
numberr can be compared to the 10.0 events produced by atmospheric neutrinos. Thus,
forr a cut at A = —5.3, it is a reasonable approximation to neglect the contribution of
atmosphericc muons to the total background; especially because this contribution is of the
samee order of magnitude as the systematic uncertainty on the atmospheric neutrino flux
(seee section 3.5.3). The last selection cut was thus chosen to be:
c u tt 4: The variable A > —5.3.
Thee effect of the various selection criteria on the signal and background is summarised
inn table 5.2. The final signal selection efficiency is 73.6%, while the atmospheric muon
backgroundd is reduced by more than a factor 10 5 .
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Figuree 5.2: Number of background events left as a function of the cut value for A. The
backgroundbackground consists of atmospheric neutrinos and atmospheric (multi-)muons
passing
selectionselection criteria 1, 2 and 3 (see text). The efficiency for signal events is also shown. The
verticalvertical line indicates the value where the cut was placed.

no. .
LL
22
33
44

cut t
upwardd rec.
E, E,
d„d„ < 1
AA > - 5 . 3

/xatra/day y
163152 2
44748 8
24591 1
~1 1

^ atm /day y
109.4 4
51.05 5
40.66 6
10.0 0

£

sig g

=100% %
95.8% %
93.55 %
73.66 %

Tablee 5.2: Number of remaining background events and signal efficiency after
applicationapplication of the various selection criteria.
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Cross-check with high energy multi-muons

Ass was already mentioned, sample B consist of a sub-set of all muon events; namely
multi-muonn events with a high primary energy above 200 TeV/nucleus. Such events make
upp roughly 10% of all atmospheric muon events that pass selection criteria 1, 2 and 3
discussedd in the previous section.
Ass can be seen in figure 5.3, higher values of A occur more frequently in this type of
event:: they make up roughly 20% of the events with A > - 6 (for higher values of A, this
fractionn cannot be determined accurately due to the lack of statistics in sample A.)
Likee sample A, sample B contains no events that pass the selection criterion A > —5.3.
Extrapolationn of the distribution of A yields an estimate of about 0.1 event/day resulting
fromm events of the type simulated in this sample 2 . Since this type of event is responsible
forr only ~ 20% of the total rate, this estimate is in rough agreement with the result
obtainedd using sample A (1 event per day).

Figuree 5.3: Distributions of A for
minimumminimum bias atmospheric
muon
eventsevents (sample A) and for multimuonmuon events with primary energyaboveabove 200 TeV/nucleon (sample B).
TheThe line is a St, which is used to extrapolatetrapolate the distribution.
Perhapss more important than the number of selected atmospheric muons, is the observationn (from figure 5.2) that an additional reduction of this background by a factor of
100 could be achieved at the cost of an additional decrease of the efficiency of (only) 20%.
Thiss is also confirmed by the analysis of sample B.

5.22

Detector performance

Inn this section, the detector acceptance and angular resolution obtained after applying
thee selection criteria presented in the previous section are discussed.
2
Alternatively,, the observation that no events pass the selection cuts, can be used to set a 90% CL
upperr limit of 2.3 events in 7.4 days and hence 0.31 events per day.
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Effective area for muons

Thee sensitivity of the detector to a flux of muons can be represented as an effective area,
whichh is defined as the ratio between the rate of detected events /ï d e t (£' I / ,ö, <p) and the
muonn flux ^fl(E^, 6, <f>):

AAee;(E„,e,4>) ;(E„,e,4>)

<M£„ „ ,0) )

(5.2) )

AA few remarks about this definition are in order:
Rdet in (5.2) is the rate of detected events, but the definition of a 'detected event'
dependss on the situation. One may. for example determine the effective area for
alll events that are reconstructed or for all events that are selected to be used in a
particularr analysis. The value of the effective area thus depends on the stringency of
thee selection criteria. The same is true for the neutrino effective area (section 5.2.2)
andd the angular resolution (section 5.2.3).
At energies below about 1 TeV, a significant number of the interactions occur insidee the detector volume. For these energies, the number of detected events is not
uniquelyy determined by the muon flux. There is an additional dependence on the
fluxflux of neutrinos that produces the muon flux. For this reason, the muon effective
areaa is preferably presented as a function of the neutrino energy.
T h ee effective area for muons, averaged over all upward directions, is shown in figure 5.4.
Forr high energies, the muon effective area exceeds the geometrical detector area (defined as
thee average projection of a cylinder which fits tightly around all OMs). At these energies,
muonss that pass the detector at some distance can be reconstructed and contribute to the
effectivee area.
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Figuree 5.4: T i e effective area for
muons,muons, averaged over all upward
directions.directions. The average geometricalcal surface of the detector is also
shown. shown.
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Effective area for neutrinos

Thee effective area for neutrinos can be used to calculate directly the event rate due to a
fluxx of neutrinos ^„{Ev, 8, <p). It is defined as
RdRdetet(Ev,0,<f>) (Ev,0,<f>)

AAee«(E„,e, «(E„,e,
$„(E„,e,<p)' $„(E„,e,<p)'

(5.3) )

wheree <bv(Ev, 9, 4>) is defined as the flux of neutrinos before they enter the Earth. In
additionn to the detection efficiency, the neutrino effective area takes into account the
interactionn probability, the probability that the neutrino survives its journey through the
Earthh and the energy loss of the muons. Like the muon effective area, the value of the
neutrinoo effective area depends on the event selection criteria.
Thee angle averaged effective area for neutrinos is shown in figure 5.5 as a function
off the neutrino energy. The effective area for three distinct values of the zenith angle is
alsoo shown. The strong energy dependence is mostly due to the rise of the cross-section
off the neutrino interaction (see section 3.2.1). For vertically upward-going neutrinos, the
effectivee area is suppressed at high energies due to the absorption in the Earth.

10
10'
Evv (GeV)

5.2.33

Figuree 5.5: The effective area for
neutrinosneutrinos as a function of the
neutrinoneutrino energy for three differentent zenith angles 6 and the angleaveragedaveraged effective area.

Angular resolution

Thee angular resolution of the detector depends on the neutrino for two reasons. The
scatteringg angle between the neutrino and the produced muon depends on the neutrino
energyy (see figure 3.6). Furthermore, high energy muons are usually better reconstructed
thann low energy ones due to the increased production of Cherenkov light. The distribution
off the reconstruction error a ; i is shown in figure 5.6 for a neutrino spectrum proportional
too E~2. Also shown is the distribution of the error on the neutrino direction a„, which is
thee angle between the neutrino and the reconstructed muon.
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Figuree 5.6: Reconstruction error for
anan E~'2 spectrum of neutrinos for
allall reconstructed events and for selectedlected events. The resolution on the
muonmuon direction and the neutrino directionrection are shown.

Too characterise the overall pointing accuracy of the detector, the median of the reconstructionn error is used. The resolution thus obtained is shown in figure 5.7 for both
thee muon and the neutrino. Below about 10 TeV the resolution on the neutrino direction
iss dominated by the angle between the neutrino and the muon in the interaction, while
abovee that energy it is limited by the accuracy of the muon reconstruction. At the highestt energies, the angular resolution is smaller than 0.2°. For the events produced by a
neutrinoo flux with an energy spectrum proportional to E~2, the median resolution on the
neutrinoo direction is 0.24°.

5.2.44

Response curves

T h ee distribution of the energy of the neutrinos that produce detectable events depends on
thee energy spectrum. In figure 5.8, the distribution of the neutrino energy is shown for the
selectedd events assuming different neutrino spectra. For an energy spectrum proportional
too E~2, the most important energy range is around a few tens of TeV, whereas most
off the selected atmospheric neutrino events are due to neutrinos with energies of a few
hundredd GeV. Also shown in figure 5.8 is the fraction of atmospheric muon-neutrino
eventss remaining after including the effect of neutrino oscillations. In this figure, twoflavourr vacuum oscillations with maximal mixing and Am2 = 2.5 x 10~ 3 eV 2 have been
assumed.. The effect of neutrino oscillations on the total number of selected atmospheric
neutrinoo events is roughly 3% and has therefore been neglected in the analysis. The effect
off neutrino oscillations on the signal flux was discussed in section 1.2.4.
T h ee distribution of the energy of the muon when entering the detector and of the
reconstructedd muon energy is shown in figure 5.9 for various neutrino spectra. The muon
energyy is typically a factor 5 lower than t h e energy of the parent neutrino, which is mainly
duee to the muon energy loss during propagation to the detector. The reconstructed energy
off the muons is seen to be reasonably accurate for high energy events, as can be expected
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Figuree 5.7: The angular resolution of the detector as a function of the neutrino energy.
TheThe plot shows the resolution on the neutrino direction and the resolution on the muon
direction. direction.

atmospheric c
atm.. with oscillation
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Figuree 5.8: Distribution of the energyergy of the neutrinos that give rise
toto selected events in the detector
forfor three different power law spectratra and for the atmospheric neutrinotrino spectrum. Also shown is the
distributiondistribution of the remaining atmosphericspheric neutrino events after inclusionsion of the effect of neutrino oscillationscillations (this distribution is normalisedmalised to the distribution
without
oscillations). oscillations).
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fromm figure 4.18. For low energy events, however, the estimated energy is strongly biased
towardss higher values. One of the reasons for this bias is that some low energy events are
nott considered to be 'reconstructed' (see section 4.8); this is also the reason why there are
noo events with a reconstructed energy below 100 GeV. Furthermore, the energy estimator
doess not take into account the light from the hadronic shower that may play a role when
thee interaction occurs inside the instrumented volume. In [38] a set of criteria is suggested
thatt can be used to reject events with badly reconstructed energies. While these cuts were
indeedd found to reduce some of the bias for low energy events, they also reject about 20%
off the well reconstructed events. Since this inefficiency was thought to be more important
thann the gain from the improved accuracy of the energy reconstruction, this selection was
nott applied in the analysis.

Figuree 5.9: Left: Distribution of the muon energy for the atmospheric neutrino flux and
forfor three different power law spectra. Bight: Distribution of the reconstructed
muon
energy. energy.

5.2.55

Well reconstructed atmospheric muons

Ass discussed, atmospheric muon events that are reconstructed as up-going must be rejected.. However, atmospheric muons that are well reconstructed could be useful; e.g. for
calibrationn and alignment. In any case, the first physics events seen by ANTARES will
bee atmospheric muon events.
Thee distribution of the reconstruction error a,, for atmospheric muons is shown in
figurefigure 5.10. The normalisation of the figure corresponds to one day of data-taking. The
distributionn is also shown for the events remaining after application of the selection criteria
discussedd in section 5.1.2 (with the exception of cut 1).
Comparedd to the performance for up-going muons (figure 5.6), the selection efficiency

18 8
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iss much lower, but the selected events are reconstructed with roughly the same accuracy.
Despitee the low selection efficiency, 6800 events per day will pass the selection criteria.
Off these events. 4000 (490) are reconstructed with an error smaller than 0.5° (0.1°).

10 0

100
1
10
10
reconstructionn error a (degrees)

Figuree 5.10: Distribution of the reconstructionconstruction error a ; l for a one-day
samplesample of atmospheric muons for all
eventsevents and for selected events.
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