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Abstract. The IceCube DeepCore [1] has been - e . lceCube
designed to lower the energy threshold and broaden - .’ L. s T, depioyed
the physics capabilities of the IceCube Neutrino i I U undeployed
Observatory. A crucial part of the new opportunities » e 8 .
provided by the DeepCore is offered by the possibility e e N T

to reject the background of atmospheric muons. This
can be done by using the large instrumented volume . |
of the standard IceCube configuration around Deep- IR " . DeepCore
Core as an active veto region. By thus restricting il ’
the expected signal to those neutrino events with an ?
interaction vertex inside the central DeepCore region,
it is possible to look for neutrinos from all directions,
including the Southern Hemisphere that was previ-
ously not accessible to IceCube. A reduction of the
atmospheric muon background below the expected
rate of neutrinos is provided by first vetoing events )
in DeepCore with causally related hits in the veto
region. In a second step the potential starting vertex
of a muon track is reconstructed and its credibility
is estimated using a likelihood method. Events with i 7m spacing
vertex positions outside of DeepCore or with low o
starting probabilities are rejected. We present here b
these newly developed veto and vertex reconstruction
techniques and present in detail their capabilities in
background rejection and signal efficiency that have
been obtained so far from full Monte Carlo studies.
Keywords. high energy neutrino-astronomy, Ices energy threshold from~100 GeV down to neutrino
Cube, DeepCore % energies as low as 10 GeV. This improvement in the
« detector energy response is achieved by including 6 extra
l. INTRODUCTION s strings, deployed in a denser spacing, around a standard
The IceCube Neutrino Observatory [2] is currentlgentral IceCube string. Each of these strings will be
being built at the geographic South Pole in Antareticaquipped with 60 DOMSs, containing Hamamatsu high
After completion it will consist 0f~4800 digital optical quantum efficiency photo multiplier tubes (HQE PMTS).
modules (DOMs) on 80 strings instrumenting one eublB0 of these DOMs will be placed in a dense spacing
kilometer of ice at a depth between 1450 m and 24k0 rof ~7 m in the lowest part of the detector where the
Each DOM consists primarily of a photomultiplier tubdce is clearest and scattering and absorption lengths are
and read-out electronics in a glass pressure vessminsiderably longer [3]. The remaining 10 modules are
IceCube is designed to detect highly energetic neutrinm be placed in a 10 m spacing at a depth from 1760 m
induced muons and cascades that produce Chesenkovl850 m. This position has been chosen in order to
radiation in the medium. Significant backgrounds te thienprove IceCube’s capabilities to actively identify and
signal, caused by muons from atmospheric air sheweeduce the atmospheric muon background to the central
above the detector, limit the field of view to the NortherieepCore volume, as described below. The HQE PMTs
hemisphere for many studies that use neutrino eventshiave a quantum efficiency that is up to 40% higher,
IceCube. In addition to its nominal layout, the Deep&orgepending on wavelength, compared to the standard
extension to the observatory will lower the IceGub&eCube PMTs, while their noise rate is on average
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Fig. 1. Schematic view of the IceCube DeepCore
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u

increased by about 35%. Together with the 7 neighboring
IceCube strings DeepCore will consist of 13 strings and
be equipped with 440 optical modules instrumenting a
volume of ~13 megatons of water-equivalent.

DeepCore will improve the IceCube sensitivity for
many different astrophysics signals like the search for
solar WIMP dark matter and for neutrinos from Gamma-
Ray Bursts [4]. It also opens the possibility to investigate
atmospheric neutrino oscillations in the energy regime of
a few tens of GeV [5]. An additional intriguing oppor-
tunity offered by DeepCore is the possibility to identify
neutrino signals from the southern hemisphere. Such a
measurement requires a reduction of the atmospheric
muon background by more than a facl®® in order to
obtain a signal (atmospheric neutrinos) to background

rate better than 1. A first step toward achieving this vereime

reduction is implicit in the design of DeepCore. Back- caced 1 D1 ufl sl Ll 1
ground events which trigger DeepCore with a minimum egon_, t
number of hits in the detector volume must pass through 4ﬂ_l|llllﬂl_|lll) i .
a larger overburden resulting in a order of magnitude partcle speed
decrease to the atmospheric muon rate. Two additiornd. 2. Scheme of the veto principle: lllustration of the p€ere
steps are then performed to attain the remainin@ 10it center of gravity (COG), vertex time and particle speed fpit.
rejection factor. The first is a veto of DeepCore events

with causally related hits in the surrounding IceCube ) )
volume, reducing the background rate b§? to 10% &€ expected to have an influence on the atmospheric

Then we apply a vertex reconstruction algorithm Basdtgutrino rate for energies50 GeV have not been taken

on a maximum-likelihood method that determine thift0 account yet. Since the goal is to identify starting
approximate neutrino interaction vertex. By rejegting?uon tracks specifically, the signal is restricted to those
events with a reconstructed vertex outside the é&nt@fents with a simulated interaction vertex within the

DeepCore volume a full Tobackground reduction tanPeepCore volume. The efficiencies given in Table |
be achieved. 127 relate to events that fulfill this requirement and have

12s @ DeepCore SMT6 trigger. The background rejection
Il. TRIGGERING DEEPCORE 129 factors refer to the expected main IceCube trigger rate,

The first reduction of the atmospheric muon Kackuild up from an IceCube only SMT8 trigger, a String
ground rate, with respect to IceCube, is achieved phfigger which requires 5 out of 7 aligned modules on
applying a simple majority trigger (SMT) to the D&ep@ string to be fired in a trlgger_ Wlnd_ow of 1500 ns, as
Core region, based on number of channels regi%riﬂ@" as the DeepCore SMT6 trigger |tself._Fr0m Table I
a hit in coincidence with a neighbor DOM. The trigyeft IS apparent that applying the SMT6 trigger gives a
hit coincidence requirement, also known as hardstocBRckground rate which exceeds the signal by a factor
coincidence (HLC), is such that each channel is agtorfr- 10°. This sets the challenge for the performance of
panied by at least one more hit on one of the four ciosd§€ Veto algorithms to be applied.
neighboring modules within a time window &f1000 ns.
The rate of atmospheric muons triggering DeepCdte is
largely dependent on the multiplicity that is required. In DeepCore is surrounded by more than 4500 DOMs
this study we applied a trigger requirement of 6 HLGdhitthat can be used as an active veto volume to reject
(SMT6), which translates to an average neutrino energymospheric muons. If hits in the surrounding standard
of approximately 10 GeV. 12 lceCube array are consistent with a particle moving

Table | shows the approximate detector rates falownwards with v=c the event is rejected. In contrast to
the trigger level and after application of the veta. althe triggering, this veto algorithm, as well as, following
gorithm. The background events, muons from casmieconstructions, makes use of all hits in the detector,
ray air showers, are simulated using CORSIKA [6} lincluding hits on DOMs without HLC (a mode called
this study only the most energetic muon is propagatsedft local coincidence, or SLC). To reduce the amount
through the full detector simulation. This is a conservaf dark noise hits, we rejectany hits that are isolated
tive approach since the other muons could only improfeom others by more than 150 m in distance and by
the veto efficiency. The signal rate given here is th& rateore than 1000 ns in hit time. To determine whether or
of neutrinos produced in atmospheric air showers: amibt to reject an event we initially compute the average
has been determined following the flux calculations dfit PMT position and an approximate start time (vertex
the Bartol group [7]. Neutrino oscillation effects,:thatime) of the DeepCore fiducial volume hits (see Fig.

I1l. THE VETO ALGORITHM
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TABLE |
BACKGROUND AND SIGNAL RATES AFTERDEEPCORE TRIGGER AND CAUSAL HIT VETO

atm. w© | rejection | atm.v, (Bartol) eff. atm. v, upwards | atm. v, down-
(CORSIKA) wards
main IceCube triggers 2279 s1 -
SMT6 (HLC, signal vertex in DC)| 102 s! 4510~2 | 1.799103 s ! | 100% | 0.901103 s~! | 0.89510~3 s!
Veto (SLC) 125! 5.4107% | 1.7191073 s | 95.5% | 0.86310~3 s~! | 0.8561073 s~!
" i |- corsika A —Gounsteam
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Fig. 4. Principle of the vertex reconstruction

Fig. 3. Particle speed probabilities per event for atmosphauons
(dotted line) and muons induced by atmospheric neutrinadén
DeepCore (solid line). 185 curve the neutrino signal with an interaction vertex
17 inside DeepCore and a flux according to Bartol the
188 Bartol group [7]. The peak for the CORSIKA muons
2). The interaction position is determined by using, thg sjightly above +0.3 m/ns while muons induced by
subset of those hit DOMs that have times within, Ongeutrinos in DeepCore mainly give hits with negative
standard deviation of the first guess vertex time. Thjs hﬁﬁrticle speeds. The peak at positive speeds close to
the benefit of reducing the contribution from PMT darkerg is mainly due to early scattered light. By cutting
noise and, by weighting the DOMs by their individuabyt all events with more than one hit within a particle
charge deposition, a reasonable center of gravity (OGjeed window between 0.25 and 0.4 m/ns we achieve

for the event is computed. By making the assumptiogh overall background rejection on the ordersofl0—*
that roughly all light in the DeepCore volume originategsee Taple ).

from the COG a more thorough estimation of the vertex
time is possible. For each individual hit the time tHight IV. THE VERTEX RECONSTRUCTION
would have needed to travel from the COG to the hit To achieve the remaining three orders of magnitude
module is calculated and subtracted from the originaf background rejection, a second algorithm is used.
PMT hit time. The average of these corrected PM& hithe algorithm analyzes the pattern of hit in an event
times is then considered as the vertex time. 200 IN conjunction with an input direction and position of a
Each hit in the veto region gets assigned a pasticteconstructed track. From this it estimates the neutrino
speed, defined as the spatial hit distance to the DegpCiteraction vertex and calculates a likelihood ratio which
COG divided by the time difference to the Deep&ores used as a measurement for the degree of belief that
vertex time. This speed is defined to be positive if thihe track is starting at the estimated position.
hit occurred before the vertex time and negativedwif it As shown in Fig. 4, we trace back from each hit
appeared after. Causally related hits in the veto fegi®@OM to the reconstructed track using the Cherenkov
are generally expected to have a speed close .0 #egle of 42 in ice. This projection is calculated for
speed of the muon, which is very close to the speedl DOMs within a cylindrical volume of radius 150 m
of light in vacuum (0.3 m/ns). Smaller speeds occus faround the track and the DOMs are ordered according
hits that have been scattered and thus arrive late..Largerthis position. (Note that 150 m is large enough to
speeds are in principle acausal, but since the vertex timentain virtually all photons produced by the track.) The
represents the start of a DeepCore event, whereas pejection of the first hit DOM in the up-stream direction
COG defines its center, the particle speeds for easly hidgfines the neutrino interaction (reconstructed) vertex. A
are slightly overestimated. Late hits on the other.hamdconstructed vertex inside IceCube indicates a potential
have typically lower speeds. Fig. 3 shows the probabilistarting (neutrino-induced) track.
of the occurrence of a particular particle speed per Due to the large distance between neighboring strings,
event. The dotted curve describes the simulated muatmospheric muons may leak through the veto, pro-
background from air-showers (CORSIKA) and the soliducing their first hit deep inside the detector and thus
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Fig. 5. Distributions of the cut parameters of the verteorstruction: Likelihood ratio (left), position of the retstructed vertex (right).

mimicking the signature of a starting track. Thergforthere is still some room for improvement of the rejection
it is necessary to quantify for each event the psobaower, although at the cost of maximal effective volume.
bility of actually starting at the reconstructed vertex.
To determine this starting likelihood, one first séfécts
all DOMs without a hit and with a projection onz¢the We have presented the methods developed thus far
assumed track up-stream of the first hit DOM.2«4Th&0 reduce the rate of background muon events within
probability that each of these DOMSs did not receive e IceCube DeepCore detector. Utilizing the instru-
hit is calculated assuming two track hypotheses: a«tragkented standard IceCube volume around DeepCore as
starting at the reconstructed vertex and a track startid§ active veto to identify and reject atmospheric muon
outside the detector volume. Under the assumption 8fents improves the possibility of detecting neutrino
an external tracl(noHit/Track) is calculated. Here,#or induced muons and cascades independent of direction.
each DOM the probability of not being hit (in spite ofthelhe rate of atmospheric muons is mainly reduced in
passing track) depends on track parameters (energydofwo step process. First, a veto algorithm is applied
the light emitting particle, position and direction ofsthedgainst DeepCore events with causally related hits in
track) and ice properties. The probability is calcutatetie surrounding IceCube region. Second, applied to the
from the expected number of photoelectrons, takersfrovigto surviving events, a cut has been defined, using a
Photorectables of thePhotonicsproject [8], assumirg likelihood ratio, to determine the probability that the

V. SUMMARY AND OUTLOOK

Poisson statistics: s event had a starting vertex within the fiducial region
30 0 Of the detector. Monte Carlo studies indicate that both
pa(noHit) = py(0) = ae” =e . (x»p methods together are suitable to reduce the background

21 Muon rate by more than the factor ®6° needed to
A is the expected number of photoelectrons. Wndebtain a signal (atmospheric neutrinos) to background
the assumption of a starting tragknoHitinoTracK is; ratio of > 1. IceCube and DeepCore are currently under
calculated, which is equal to the probability of a peiseonstruction and will be finished in 2011. The fully
hit and can therefore be calculated from measuredoigeployed DeepCore detector will provide an effective
rates. »s Vvolume of several megatons of water equivalent for
The likelihood for the full, observed pattern ofshitneutrino events with an energy above 10 GeV and a
DOMs may now be constructed as the product @f thstarting vertex in DeepCore. The exact volume will
individual hit probabilities. A track is classified as startdepend on the required signal-to-noise ratio and the
ing in the detector according to the probability given bindividual analysis strategies.
the ratio of the likelihoods. For a clearly starting track
this ratio is a negative number, and the larger the’value
the higher the starting probability for the track. 2z  [1] E. Resconi, et al., IceCube Collaboration, Proceedirgs
To select tracks starting inside the detector, cuts arg VLVNTO, (2008). , :
. e i ] A. Achterberg, et al., IceCube Collaboration, Astrdjue
applied on the position of the reconstructed vertex and” physics 26, 155 (2006).
on the likelihood ratio. Preliminary studies indizate[3] M. Ackermann, et al., IceCube Collaboration, JournalGeo-
that the remaining background refection needed Cén b DS Feseach, Wl 1L D100 0006)
achieved if the event is required to have a likelihood:satio ~ p. 1362, (2000).
smaller than -6 with the position of the reconstractedS] E.K. Akhmedov, M. Maltoni and A. Y. Smirnov, Journal of ¢
vertex below a depth of 2050 m and within a radis of, Sharggkpeﬁyg;fngg; ézzo}gz)émg (1998).
260 m around the center of DeepCore. The distribgiiong] G. D. Bar, et al., Physical Review D 70, 023006 (2004).
of the cut parameters are shown in Fig. 5. Withsthd8] J. Lundberg et al.,, Nuclear Instruments and Methods, M6B1,
given cuts, the combined veto has a background rejéction PP 619-631, (2007).
power of at least six to seven orders of magnitude. The
volume defined by this radius and depth cut is larger than
the densely instrumented DeepCore volume and thus
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