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Abstract

We studied the performances of the underwater neutrinsdefee NEMO-KM3 equipped
with direction-sensitive optical modules. The main feataf these optical modules is to
detect the direction of the incoming Cherenkov light. Irsthbte we show that the ef-
fective area of the underwater neutrino telescope NEMO-K®I3d be improved at low
neutrino energies (E< 10 TeV) by adding in the reconstruction procedure the informa-
tion on the direction of the detected Cherenkov light. As aseguence we show that it
is possibile to reduce the number of towers from 81 to 64 raaiing the same effective
area of NEMO-KM3.
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1 Introduction

We investigated how the response of the underwater neugiascope NEMO-KM3 [1]
could be improved by introducing the additional informatiaf the direction of the de-
tected Cherenkov light. We designed a prototype of a doaesensitive optical module
(DOM) and we accordingly modified the simulation and reconsibactodes [2] cur-
rently used by the NEMO Collaboration to study the resporiskeodetector. Th©OOM

is based on a position-sensitive photomultiplier coupted light guide system such that
all the Cherenkov light arriving from the same directionasudssed on a reduced area of
the photocathode. The basic working principles have besrudsed in [3]. In Figure 1 it
is summarized how the device would work: all photons argviom the same direction
are collected on a single sector of the multi-anodic photaplier.
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Figure 1: Left: behaviour of the classical optical module Cherenkov light illuminates
the whole photocathode surface. Right: the mirrors comated the light on a single
sector of the photocathode surface.
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The realization of a prototype of the direction-sensitipéical is in progress. The
proposed solution can be integrated in the present desigmedEMO-KM3 detector
[4] with minor changes of the telescope geometry. A crossiceof the DOM pro-
totype is shown in Figure 2. The prototype is based on a 42406d photomultiplier
position-sensitive. In order to match the refraction indéxhe photomultiplier and the
glass sphere, the volume between the photomultiplier amglédss sphere must be filled
with a transparent material like plexiglas or optical gel.sét of mirrors realized with
highly reflective 3M plastic material with a reflectivity ihe blue region better than sil-
ver or aluminum concentrate the light on a single sector@ptiotocathode surface. Two
prototypes of such a photomultiplier have been manufadtbge Hamamatsu and the
measurement of their optical properties is in progress. \llenat discuss in this paper
the structure of th®OM, but we simply assume that the solid angle (closetp@v-



Figure 2: The prototype of a direction-sensitive opticaldule based on a 4-anodic pho-
tomultiplier coupled to a light-guide system. The main comgnts are the photocathode
surface (blue), the mirror system (gray) and the optical\gellow).

ered by each standard optical module can be subdividedontdridependent quadrants.
Therefore the new optical module has been implemented isitglation code using four
smaller photomultiplier with reduced angular acceptaridee size of the photocathode
area and the cut in the angular acceptance have been defmelbirto maintain the same
amount of collected light.

The way how theDOM has been implemented in the simulation software is dis-
cussed in section 2; in section 3 we discuss how we modifiecettanstruction program
and we show that the response of the telescope based onlthissdrastically improves
for low energy muonsi(, < 10 TeV). In section 4 we discuss how the improved perfor-
mance can be used to design a smaller neutrino telescopghwifame detection area of
NEMO-KM3.

2 TheResponse of the Direction-Sensitive Optical Module

In this section we briefly verify that the description of B®M is correctly implemented
in the simulation program. The standard optical module d@dXOM configuration
have the same sensitive area, therefore the collecteddightld also be the same. We
report in Figure 3 the comparison between the simulatiotissodmount of light collected
with the assumption of zero background (top panel), and thighassumption of 40 kHz
background (bottom panel; in Figure 4 the comparison batwike number of active
optical modules with the assumpion of zero background (expep), and the same with
the assumption of 40 kHz background (bottom panel). The fnts show that there are
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Figure 3: The comparison between the distributions of gji& icollected in a single event
by a detector equipped with standard optical module (ddtisidgram) and witibOM
(continuous histogram) both with the sensitive area of agd@tomultiplier with zero
background (top panel) and with 40 kHz background (bottonepa



1200

—— Directional Detector

1000

----- Standard Detector

800

600

400

200

-------

5 10 15 20 25
Number of fired OM

OO

—— Directional Detector

600

----- Standard Detector

500

400

300

200

100

[ --l-xll-x' i |

I 1 - T (o a3
400 600 800 1000 1200 1400 1600
Number of fired OM

Figure 4. The comparison between the number of active dptiodules in the standard
configuration and in th©®OM one with zero background (top panel) and with 40 kHz
background (bottom panel).



no differences between the two configurations.

3 The Telescope Response

In order to better understand the results, we first remintttieareconstruction program
is mainly based on the time response of the photomultipliEcs a given timing value,
each active photomultiplier defines in the space an hemessgdi surface with a thickness
proportional to the photomultiplier time resolution aswhan the left panel of Figure 5,
representing all the possibile emission points of the detelaght.

Figure 5: The graphical description of the location of thegible emission point of the
Cherenkov light detected by an optical module at fixed timiRige thickness of the gray

region corresponds to the photomultiplier time resolutioeft: standard optical module;
right: DOM.

At least one point of the muon trajectory belongs to the seréand the reconstruc-
tion uncertainties clearly increase with the radius of tamhspherical surface. For high
energy neutrinos (E> 10 TeV) the number of active module is large enough to mini-
mize the uncertainties; but for lower energy neutrino thehber of active optical modules
decreases and this compensation cannot always occur.

The use of thdOM configuration reduces this uncertainty and we anticipadé th
the effect is particularly evident at neutrino energies llenghan 10 TeV as shown in
Figure 9. In fact the surface representing all the possériession points of the detected
light has now a triangular shape as shown in the right parfépire 5. As a consequence,
the error on the emission point location is drastically it



The presently available reconstruction software is baseth® AART Strategy [5]
developed by Aart Heijboer for the ANTARES detector and aeldfor the NEMO-KM3.
We included the description of tH2OM modifying few steps of the recostruction code.
To better explain the modification we first summarize the AARTategy.

3.1 TheAART Strategy

The strategy identifies a reasonable trdgko be used as the seed for the fit of the data.
Ty is estimated by a procedure that includes the followingsstep the linear fit, b) the
M-estimator and c) the fit of the time residuals without notsatribution. AsTj is
determined, it is used as input to the final PDF (Probabiligngity Function) fit that
includes the effect of the background.

The AART strategy utilizes for each i-th optical module tloedl coordinates in
the detector, the orientation, the time sighablnd the collected charge. To better
describe the invidual steps of the strategy we now défintine largest hit that provides
the reference timg, andc; the flag that identifies the i-th hit that is in coincidencehait
20 ns with any other hit in nearby photomultiplier. With thisfinition we allow, in the
case oDOM, coincidences in the same optical module.

3.2 Thelinear Fit

The first step aims to identify a reduced 8$&tof informations that includes, and all
hits h; that have a time differenclt; = t, — t; such that the following three constraints
are simultaneously satisfied

distance(hiho) _ 500 3> ns < A,

C

distance(hisho) 90 s < At; @)

v

distance(h;, hg) < 10 km

wherec is the muon velocity and the speed of light in water. This is a reasonally
small set of hits that includes most of the signal hits. Hosveélie number of noise hits
included inRk, is too large and therefore a sub%gt is derived fromi, choosing all hits
with

h; > 2.5 photoelectrons .OR. ¢; = TRUE. (2)

The obtained reduced s#&%, is the input for the linear fit based on the closest ap-
proach distance of the muon track compatible with the hissuning the following muon
track equation
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where the closest approach poffitis evaluated fronk; using a table, defined
priori, that connect&’; to the hit amplitude, and is the measured time. The output of
the linear fit is the track’, that is then utilized as the starting track of the second step
the reconstruction algorithm.

3.3 TheM-estimator

In order to find the best track, the arrival times of the Chkoerlight t!*(T"), evaluated
from a generic track T, are compared to the measured tjraad the differences (time
residualsy;(T) = ti"(T) — t; minimized. In order to find a solutiof,; almost indepen-
dent from the starting track;, the M-estimator fit is applied. It minimizes the following
function of the residuals; and of the photomultiplier angular acceptance

G= > [FL <—2\/1 + hﬂ"?/2> — (1 — K) fang(cosb;) (5)

i€R N

wherex = 0.05, 6; is the angle of arrival of the light with respect to the axigtod#
photumultiplier, and the angular acceptarfgg, (cosb;) is reported in Figure 6.

The setR,, of hits used with the M-estimator fit is the reduced setgpthat satisfies
the following constraints

—150 ns < (1) < 150 ns
.OR. h; > 2.3 photoelectrons (6)

distance(h;, T1) < 100 m

3.4 TheTimeResidualsFit

The trackl’,; obtained from the M-estimator fit is the seed of the likeliloainimization
of the Probability Density Function (PDE)(t;|ti*) of the residuals;, shown in Figure 7
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Figure 6: The standard photomultiplier angular acceptaiseel in the reconstruction.

with the assumption of no background. The®&gih g of hits used with the PDF-fit is the
reduced set oft,, that satisfies the following constraints

—0.50, < ’I“Z(TM) < O,

distance(h;, Thy) < 300 m

.OR.
(7)
h; > 2.5 photoelectrons
.OR.
¢ = TRUFE.

whereo, is the RMS value of the distribution of the residuajseferred toT),.
In order to further reduce the dependence from the startaak 7, the M-estimator
and PDF procedures are repeated several times using difftesting track§’; obtained
from rotation or translation of the origindl,, producing every time a neWyp track.
TheTppr track that shows the best minimization becorfiganput track for the final fit.
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Figure 7: the Probability Density Function (PDF) used inrth@nstruction.

3.5 Thelmproved Time Residuals Fit

The final step is based on the likelihood minimization of the@ioved Probability Density
Function (PDF) of the residuats defined as

P(tiwh) = wsigpsig(timh) + (1 - wsig)Pbkg(timh) (8)

where Py, (t;|ti") represents the PDF for signaPby,(t;|t!") represents the PDF
for the background noise, and;,, that depends on the amplitude of the read-out, the
orientation and location of the optical module, represtmgprobability that; is a signal
hit. The used sekR; is the subset oR, that satisfies the following constraints:

{ —250 ns < r;(Ty) < 250 ns

distance(h;, Tr) < 300 m

.OR.
)
h; > 2.5 photoelectrons
.OR.
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3.6 Implementing the Direction-sensitive Optical Module

The introduction of the direction-sensitive optical magltgquired several changes in the
fitting procedure, particularly in the definition of the tabland functions used. First of all
the data in the table used in the linear fit have been changwmdén to represent the most
probable light emission point rather than the closed agpragstance. Consequently the
linear fit of Eq.(4) has been corrected in order to minimize light emission point as
follows:

> [6 - )]’ (10)

wheret, is obtained from the measured timecorrecting for the light propagation
from the most probable emission point to the optical module.

In the simulation and reconstruction programs, the anqadaeptance,,,, (cos0;)
was set equal to that shown in Figure 6 fos(#) > 0.71 and equal to zero fatos(6) <
0.71; and the value of has been optimized to 0.01; in the Improved Time ResidudhEit
weightws;, has been modified taking into account also the new expectidzund rate.
The value ofw,;, has been determined from a MonteCarlo simulation as destitbthe
Aart strategy. In addition to the previous modifications wgplemented new constraints
in order to efficiently use the information of the directiohtbe detected light and to
optimize the response to low energy neutrino. The modifiostito the reconstruction
program can be summarized as follows:

a) for low energy neutrinosH, < 100 TeV), the average number of hits is small
and as a consequence the probability that the highelsf lstgenerated by the background
is not negligible. Therefore, to improve the reconstructificiency, i, is selected as
follows: hg = h), if the largest hith,, is larger that 3.0 photoelectrons, otherwiges
the largest hit with a coincidence signal(=.TRUE.);

b) after every fitting procedure described in subsectiod$d33.5, the compatibility
between the resulting track and the angular acceptanceeofith used in the recon-
struction is verified, the hits not compatible are removendnfithe setkt and the fitting
procedure is repeated.

c) because in the new geometry the linear fit provides a soldioser to the real
track, the range of the rotations used to produce new sgdrticks are reduced.

3.7 The NEMO-KM3with the Direction-sensitive Optical M odule

We now report the results of the study of the performance @NEMO-KM3 equipped
with DOM. We first consider the simulation and reconstruction of nieas with energy
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below10* GeV because in this energy interval the average number nébits is small
and the information on the direction of the detected Chereright can improve the
reduction of the background contamination.
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Figure 8: The effective area of the standard NEMO-KM3 dete¢trosses) and the
NEMO-KM3 detector equipped witBOM (black squares) for muonic neutrinos assum-
ing Ag < 2°.

To study the detector performances we selected the muatkstithat have been
reconstructed with good angular resolution, that is witlaagular differencé\d between
the generated and recostructed muon directions betteRthdrhis criteria is clearly not
appliable in the real measurement because the valyé &f intrinsecally unknown. How-
ever, this is the first attempt to introduce the directidgaiti the reconstruction procedure
and we decided to begin with a qualitative estimate of théop@ances, thus postponing
the task of finding the best procedure for low energy muons.

In Figure 8 the comparison between the effective areas @ralatd NEMO-KM3
detector and a NEMO-KM3 detector equipped WitOM is reported. For sake of com-
pleteness we applied to both geometries the check on theatdoilipy between the re-
sulting track and the angular acceptance of the hitted phoitgplier. The gain is reported
in Figure 9 as the ratio between the effective areas of thestudied configurations: the
effective area in th®OM configuration improves up to a factor 28 = 100 GeV and
the effect is particularly evident at energies < 1 TeV. The knowledge of the direction
of the detected Cherenkov light improves the detector dhpaio reconstruct the muon

12
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Figure 9: The ratio of the effective areas of the NEMO-KM3ei¢dr equipped with
DOM and the standard NEMO-KM3 detector.

trajectories. This is shown in Figure 10 where we show, foreslonstructed trajectories,
the comparison between the medians of the angular &daistribution for the standard
NEMO-KM3 detector and the NEMO-KM3 detector equipped wildM. The DOM
improves the reconstruction accuracy at neutrino enelglsv 10 TeV.

We could conclude this section stating that a KM3 detectoiipgzpd withDOM
shows improved performances with respect to a KM3 detedoipped with standard
optical modules at neutrino energies below 10 TeV. Howewehis energy range there
is a non negligible contribution from neutrinos originatiftom the decay of atmosferic
muon and by increasing the effective area also the backgruoreases. In addition
the extra costs related to the construction of the multianplotomultiplier and of their
light guide system would increase the already high deteahre. Therefore we inves-
tigate the following alternative solution that could reduhe overall cost of the detector
maintaining the already optimized performances.

4 A New NEMO-KM3

The NEMO-KM3 geometry is based on a grid 9x9 of 81 towers witkrdistance of 140
m and hosts 5184 optical modules. In order to reduce the €ds¢ @etector maintaining

13
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Figure 10: The median of the angular ertdf of the muon track reconstruction for the
standard NEMO-KM3 detector (crosses) and the NEMO-KM3 aeteequipped with
DOM (black squares) for all reconstructed muonic neutrinos.

the same performances we investigated the behaviour of eemetries instrumented
with the DOM. In particular we studied the effective area of a detectdh \&ireduced
number of towers deployed at larger interdistances. A sngegometry is a reduced grid
8x8 of 64 towers with larger interdistance. We studied twofigurations: a) the interdis-
tance equal to 180 m corresponding to an instrumented voagual to the NEMO-KM3
but with a reduced number of towers (80% of the original gingnto) the interdistance
equal to 200 m corresponding to a larger instrumented voluitie as the previous case,
a reduced number of towers (80% of the original quantity). aXpect that, due to the
increased distance between towers, the reconstructiareeify for low energy neutrinos
should decrease, while for higher energy, where the rengigin efficiency is related to
the instrumented volume, it should remain almost unchanged
In Figure 11 we report the results of the simulation of a redi@x8 NEMO-KM3

with 180 m interdistance instrumented wifOM (blue full triangles) and with standard
optical modules (magenta empty triangles). For compangemlso included the effec-
tive area of the standard NEMO-KM3 geometry (black poings)high neutrino energy
the three geometry give the same effective area, while atl@mergy the reduced 8x8
NEMO-KM3 instrumented with standard optical module shovesst/values. The effect
is more evident in Figure 12 where the effective area arertepmormalized to the stan-
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Figure 11: The effective areas of the 8x8 NEMO-KM3 detectih#80 m interdistance
equipped withDOM (blue full triangles) and equipped with standard opticaldules
(magenta open triangles). For comparison the effective a@iréhe standard NEMO-KM3
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Figure 12: The ratio of the effective areas of the 8x8 NEMO-KMetector with 180
m interdistance equipped wilbOM and the standard 9x9 NEMO-KM3 detector (blue
full triangles). For comparison the ratio of the effectiveas of the 8x8 NEMO-KM3
detector equipped with standard optical moudules and tredatd 9x9 NEMO-KM3
detector (magenta open triangles) is also shown.
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Figure 13: The median of the angular erehd of the muon track reconstruction for
the 8x8 NEMO-KM3 detector with 180 m interdistance equippetth DOM (blue full
triangles) and the standard 9x9 NEMO-KM3 detector (blaacsses). For comparison
A0 for the 8x8 NEMO-KM3 detector equipped with standard optinadules (magenta
open triangles) is also shown.

dard NEMO-KM3 geometry. For the 8x8 NEMO-KM3 instrumenteth’bOM the ratio
is, within the statistical errors, larger that 0.9 in the ‘ehenergy range. For comparison
the effective area of the 8x8 NEMO-KM3 instrumented withnstard optical module
drops to 0.5 below, = 10 TeV.

The angular resolution is also affected by the geometry. rékalts are shown in
Figure 13 where the median of tle) distribution is reported for each simulation. It is
clear that the directionality improves the angular resotuét low neutrino energy (E=
10 TeV) while at high energies the sparser geometry degra@eartfular resolution but
in average it does not exceed twice the value of the standafiaration.

We also studied the effect of increasing the tower inteadise to 200 m in order to
increase the instrumented volume. The effective areasala®d to the standard NEMO-
KM3 geometry are reported in Figure 14: the new geometry staiigh neutrino energy
a larger effective area, but this is obtained at the experfsseseduction at energies below
E, =1 TeV. This effect is more evident in the case of the 8x8 NEMO-Kikistrumented
with standard photomultipliers while for tH#gOM case the ratio is, within the statistical
errors, larger that 0.8. The angular resolution, repomeigure 15 shows a behaviour
similar to that previously discussed.
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Figure 14: The ratio of the effective areas of the 8x8 NEMO-Kdetector with 200 m
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9x9 NEMO-KM3 detector equipped withOM for different TTS sigma values: 2 ns (red
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5 Conclusions

We implemented in the Antares reconstruction code, staftom the AART strategy, the
algorithm to reconstruct the muon trajectory for a neutdetector equipped with opti-
cal module sensitive to the direction of the detected Charetight. With the modified
reconstruction code we simulated the NEMO-KM3 geometryrimented withDOM
and we compared the performances with those of the standakiONKM3 detector. It
resulted that the advantage of using D®M consists in a better reconstruction effi-
ciency of the shortest tracks that originate mainly from Evergy neutrinos. Because of
the presence of the background that originates from muoceyd®y in the boreal atmo-
sphere, the improvement of the detector area at low energjdvedso increase the recon-
structed background rate and consequently does not impheveignal-to-background
ratio. Therefore we investigated a better use of@M in a sparser detector that could
provide the same detection area of NEMO-KM3 with a reducedbrer of tower. In par-
ticular we proved that a new NEMO-KM3 based on a 8x8 grid of@aers with 180 m
interdistance and instrumented with th®M would provide the same detection area in
the whole neutrino energy range of interest, allowing ammaériduction of the detector
cost to approximately 80% the original cost.
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6 Addendum

¢, From the preliminary tests in Catania on the two prototyheéke multi-anodic photo-
multiplier it resulted that the sigma of the Transit Time &uf is 2 ns, larger than that of
the standard 10” photomultiplier. Therefore to study hoevlew TTS value would affect
the detector performancies we simulated the 9x9 geomethytiwé new timing resolution
value and compared the result with the one previously obthiThe results are shown
in Figures 16 an®?. There are no appreciable differences, while for larger Sifgha
values the angular resolution sligthly deteriorates abéigheutrino energies.
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