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Abstract

Reconstruction of neutrino-induced showers, initiatedhbytral-current interactions, can extend the sensitifitthe ANTARES
detector to all neutrino flavors. A major challenge in re¢ariding showers is their selection from an overwhelmingkggound
of down-going atmospheric muons. We have developed a shsgleetion strategy in order to select up-going showers kigh
efficiency and purity. We have tuned the selection strategy omté4@arlo simulations containing the proper amount of gamknd
and atmospheric neutrino-induced showers. The obtairsedtseéndicate anféiciency of 21% with a purity better than 90% for the
shower selection. We applied the selection strategy to ARES experimental data and observed a satisfactory penfmeraf the
discriminating variables.
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1. Introduction neutrino-energy measurement compared to that of muongrack
) ) ~_since showers release their entire energy in a compactrregio
ANTARES [1] is the largest neutrino telescope operating injnside the active detection volume. This property is partic
the northern hemisphere and is located roughly 40 KMhe |51y important for difuse-flux studies. On the other hand, due
south coast of France in the Mediterranean Sea. ANTARER, the short length of showers, the resolution of the dicecti
aims to search for high-energy neutrinos originating fromreconstruction of showers is deteriorated. Consequettdy,
galactic and extra-galactic sources. The detection mi@ce-  jgentification of showers within the down-going atmospberi
lies on the measurement of Cherenkov light emitted from upynyon packground critically challenges théigiency of any
going relativistic charged particles caused by the intewa®f  shower-selection strategy [5]. Altogether, it is cruciaiden-

neutrinos with matter inside or surrounding the active dete (i, neutrino-induced showers with higlfieiency and purity.
tion volume. The Earth is exploited as a filter and thus the

overwhelming amount of down-going atmospheric muons can _
be reduced. In order to achieve a high angular resolutian, th2' Shower sdlection strategy
ANTARES data analysis was primarily focused on the recon- For hadronic showers resulting from neutrino interactions
struction of muon tracks produced in charged-currentawer in the energy range detected with a deep-sea telescope like
tions of muon neutrinos. Nevertheless, charged-currdat-in - ANTARES the typical shower length is about 10 m which is
actions of electron and neutrinos as well as neutral-current gbout 100 times shorter than the length of muon tracks. This
interactions of all neutrino flavors can cause hadronic &1w deteriorates the sensitivity for shower events by a factd, o
Thus, the reconstruction of showers can extend the sehsitiv since only those neutrino-induced showers interactinférat-
of ANTARES to all neutrino flavors, which can furnish mea- tive volume can give rise to the detection, whereas muons can
surements of the neutrino-flavor ratio. The expected standa travel through several kilometers of water toward the detec
neutrino-flavor ratio on Earthye : v, 1 v, = 111 : 1, a8s- [6]. Despite the disadvantage of the inherently poor angula
suming neutrino production through the decay of charged piresolution of showers, their shorter length, however, b
ons caused by interactions of high energy protons with pf®to ploited as a signature to separate them mdheiently from
or nucleons [2] and taking into account neutrino oscillasio  the muon background. We have developed a shower selection
Any observed deviation from the standard neutrino-flaver rastrategy based on a sequence of discriminating criteriest, Fi
tio can either provide constraints on astrophysical mof8ls  we suppress the atmospheric muon background by estimating
or probe for new physics [2, 4]. Moreover, the reconstruc-the shower direction from the directions of light emissiomnl a
tion of neutrino-induced showers would allow a more precisgejecting down-going events as well as selecting events wit
suficient charge deposition as measured by the total number of
c , photo electrons (pe’s) collected by the photo sensors fer th
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light emitted from shower particles, approximating showas “H
point-like objects. By combining various quality cuts on-ob A
servables describing the shower structure, we are able-+to im

prove the signal to background ratio considerably at theese

of a shower selectionfiiciency of about 21%.

Antares detection

2.1. Monte Carlo and experimental samples

In order to apply the strategy on ANTARES experimental
data, we tuned the selection criteria on Monte-Carlo (MC)
simulated events. The simulation chain [7, 8] produces
neutrino-induced secondary particles and down-going atmo_ . _ - _

heric muons. It includes the aeneration of Cherenkout liah Figure 1: Sketch of the principle of the Light Direction math®isplayed: the
SP e : B g . . . A g passage of the hypothetical down-going muon (dashed arhivphoto sensors
digitization of photo sensor signals (hits), simulationtad trig-  (filled circles) and light vectors (solid arrows).
gers and optical background caused by the dec&3ko&nd bi-

oluminescence. Neutrino-induced shower events, correspo

ing to the live time of a year, were generated in the neutrino ‘§7°° Mean 04853 +0.2009
energy range P0< E < 10’ GeV with a power-law energy 8 600 (a) RuS 1691+ 0142
spectrum decreasing &s? and zenith angle of'0< 6 < 180, 500
where vertically “down-going” corresponds o= 180C°. Fur- 400
ther, an energy-dependent weighting factor was applieddo p 300

duce a spectrum of conventional atmospheric neutrinos from
the charged meson decay [9]. In order to test the performance
of our shower selection strategy, we used a fraction of eéxper
mental data, taken in 2010, with a total live time of 86.4 Isour
Atmospheric muons with the equivalent live time were simu-
lated with the MUPAGE package [10] and the neutrino-induced
showers were scaled down to the equivalent live time. Inrorde
to suppress the optical background, we selected hits whieh f

fill the condition of a loose ANTARES trigger (“3N”) which
requires at least 5 hits distributed on 2 detection linesamnd 2
pearing in a certain coincidence-time window. 300}
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2.2. Up-going selection

The number of detected atmospheric muons at the T e Tl
ANTARES site is in the order of a few hundred million
eventgyear [11], which can be about 5-6 orders of magni'Figure 2: Performance of the Light Direction method for the Miinples of
tude higher than the expected number of detected atmosphekown-going atmospheric muons (a) and of showers (b). Showtharditer-
neutrino-induced showers per year. In order to reject thiendo ~ ences between the true MGand reconstructe@langles.
going muon background, one can apply a direction reconstruc
tion method to select only up-going events. However, the in-
trinsically poor angular resolution of showers requiresea r  1he performance of the Light Direction method on the MC
construction algorithm which isfécient for both showers and Sample of down-going atmospheric muons and that of show-
muon tracks. Therefore, as schematically shown in Fig. 1€rs is shown in Fig. 2 (a) and (b), respectively, where the dif
we developed an algorithm, called Light Direction, whicties ference between the true MC zenith angleand the recon-
mates the direction of events by calculating the directiihe ~ Structed ones is plotted. The spread of thangle distribu-
light emission vectorD. In Fig. 1, the passage of a hypothet- tion is about 17 for atmospheric muons and 24or show-
ical down-going muon through four detection lines is shown€rs. The positive fset in Fig. 2 (b) indicates the preference of
(dashed arrow). The emitted Cherenkov light hits a certairthe algorithm to reconstruct up-going showers, which isseau
number of photo sensors (filled circles). Then the Light Di-bY the downward orientation of the ANTARES photo sensors.
rection is defined as the mean of the light vectBys which ~ Consequently, any up-going event selection<( 90°) mostly

connect the earliest of tHe hits to all otherN-1 hits: preserves all up-going showers. Applying only the Light Di-
rection method on the MC atmospheric muon background by

. 1 N slecting up-going event® (< 90°) provides a background re-
D=—— > D (1)  jection by merely a factor of 21. In order to suppress the re-
=1

N-14 o . . .
i maining mis-reconstructed atmospheric muons, we combined
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Figure 3: Sketch of a hypothetical point-like shower. Lette space-time 5 "' e 0

position Xg, of the shower producing 5 hits (filled circles) at distances;is [Freco - Fuc [mll

from the shower vertex. Right: a shower light cone, undeGherenkov angle

of ¢, hitting a photo sensor with the measured hit amplitadat distance; 2 900F [

from the shower position. § 800}~ (b) AMS 11,09+ 008089
700 } Underflow 924
600 ; Overflow 110

the Light Direction with BBFit, an algorithm for muon track 500f-

reconstruction [12], such that we select only the eventckwhi

are reconstructed as up-going by both methods. This combina
tion of BBFit and Light Direction allows an atmospheric muon 100F
suppression by a factor of 116 (Cut 1 in Table 1). o “
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2.3. Shower vertex reconstruction
. Figure 4: Performance of the reconstruction algorithm foe ghower-
To reconstruct the shower vertex, we exploit the causaliteraction vertex position (a) and the shower time (b). Rasines show the

ity relation for the propagation of Cherenkov light emitted performance of the algorithm after the purity cuts (Sectic®).3
from a point-like source. The detection of a hypothetical
point-like shower is schematically shown in Fig. 3, where
the shower interacts at the space-time positionX?af =
(Xgh» Ysh» Zsh, (€/N)ts,). The light emitted from the shower fires a
certain number of photo sensors (filled circles) with meadur
space-time coordinates & = (X, Vi, z, (c/n)t;), wherec/n is
the velocity of light in water with the refraction index of For Step 2: we apply an M-estimator of the following form which
a perfectly point-like shower, the timeftirenceAT between  MinimizesAT in order to estimate the best value %!

the measured hit time and the expected photon travel tinme fro

the shower vertex must be equal to zero.

with j = 1,..., N — 1. We can define the residual parameter
R=|Xym-Al. Bl, which judges how well the event looks like
a point source of light.

n .
AT =(Zd+ta) -t =0 i=12..N, ) M=2x 1+ 20 2 (6)

whered: = /(Xen — X)2 + (Ysh — Yi)? + (zen — 2)? is the dis-
ftance of the hit ph_oto senst_nfrom the shower vertex anil whereo is the ANTARES time measurement error which is
IS the number_ of h_|ts. Toffcienty re(_:onstruct the vertex, we 1 ns [1]. The above M-estimator function is chosen to be less
spIS|t the 3Igorlthm !nto thehtwo following steps_ . ¢ hsensitive to outliers which cause some fluctuations in therer
tep L: we e§t|mate t € mean space-time po§|t|on oF Estimation [13]. The results of Step 1 provide starting galu
shower by analytically sqlvmg th%above s_ell\_béquaﬂons ]_cor for the M-estimator. The performance of the algorithm of the
the four unkp own coordinates M. A pairwise subtraction reconstruction of the shower vertex position and the ictéra
of the equations cancels out the squares of the components ﬁ’rfne on the MC shower sample is shown in Fig. 4 (a) and (b)
i(s‘“ and then thé("‘g can simply be calculated by solvirg - 1 respectively. The distributions exhibit a spread of 4.4 ntlie
inear equations [6]: shower vertex and 11.1 ns for the interaction time recoostru
tion. The dfset seen in the shower time reconstruction is due
to the fact that the shower light is continuously produceth@
shower depth and not exactly at the shower interaction xerte
The finite travel time of shower particles with velocity akdtie
aj = 2()(1.11 _ )Q)k, k=1,2234 (4)  Cherenkov threshold qlways causes a positive time shl_fx and
therefore, a related shift in the vertex reconstructionictviis
and k corresponds to the four space-time positions of theconsistently observed in all three spatial coordinateSeiction

X = A b, (3)

whereAis a (N — 1) x 4 matrix with the components:

shower and is a vector with the components: 3.2 we shall apply the R and M-estimator fit-quality parame-
ters as the shower observables to identify showers wittén th
b; = XJ?+1 - ij, (5) remaining mis-reconstructed atmospheric muon background



after each cut are summarized in Table 1. The obtained sesult
indicate one shower-like event during the live time, wheraea
cording to the simulation, 0.5 shower events are expecthd. T
distributions of the M-estimator fit quality parameter stgmod
agreement between the experimental data and the MC simula-
tion.

20 30 0 50 Table 1: Number of measured events in 86.4 hours of data takiththe equiv-
M alent number of simulated MC events for atmospheric neutridogéed show-

) o ) ) ers and atmospheric muon tracks.
Figure 5: Distribution of shower selection variables R anébkthe MC show-

ers (redgray contours) and mis-reconstructed up-going atmospherimngu MC ua MC v, Experimental data
(stars). The insert shows the expanded shower region. m ower
Reco 905265 2.4 961948
Cutl 7805 1.8 8978
3. Preliminary results Cut2 434 0.63 400
Cut3 0 0.5 1

3.1. Energy reconstruction

The algorithm to reconstruct the energy of the neutrino-
induced showers follows the idea that the reconstructeahhit
plitude A[pe] in units of photo electrons, i.e. the sum of all hit 4. Summary
amplitudes corrected according to the light absorptiomytlen L L
. ispcorrelated to the shower gnergy 'Ighus the Fr)elantyion be- ANTARES primarily aims to reconstruct neutrino-induced
tweenA[pe] and the hit amplitudeai[pé/m] méasured at the mmuons. Nevertheless, the reconstruction of neutrinogadu

) . . . showers can protrude the sensitivity to all neutrino flavats
respective distanog[m] from the shower vertex (Fig. 3, right) lowing for a mF()aasurement of the neilltrino-flavor ratio. Weehav

Is given by: developed a method to largely suppress the huge background
N _ and reconstruct showers by combining quality cuts on the ob-
Alpe] = )" a 6 sinfec) exp@i/7), (7)  servables describing the shower structure. We adjustesethe

i=1 lection strategy using MC events. The applied strategyctele

where N is the number of hitg is the Cherenkov angle in Showers with an éciency of 21% and a purity higher than
water and the factor exg(') is included to correct for the light 90%. Moreover, we applied the selection strategy on a facti
attenuation in water. A polynomial fit to the profile disttmn ~ 0f ANTARES experimental data with live time of 86.4 hours.

of the true MC shower energy Vﬂ[ pe] y|e|ds the fo”owing The distribution of the M-estimator flt-quallty parametélthe

relation: MC simulations fairly well coincides with that of the experi
mental data. The shower selection strategy will be appbea t
1090 Ereco[GEV] = 0.08 (log;, Al pe])? large experimental data sample and be used to study thecghysi
+ 0.1 log;o Al pe] + 1.3, (8) related to the neutrino-induced showers.

whereE,, is the reconstructed energy of showers in GeV.
The algorithm results in an energy resolution of a factor.@f 2 5. References
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