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Abstract

A search for a dtuse flux of astrophysical muon neutrinos, using data catey the ANTARES
neutrino telescope is presented. A8®x 2r) sr sky was monitored for a total of 334 days of
equivalent live time. The searched signal corresponds txeess of events, produced by astro-
physical sources, over the expected atmospheric neutaidkgoound. The observed number of
events is found compatible with the background expectatissuming arE-2 flux spectrum,

a 90% c.l. upper limit on the @usev, flux of E?®gqy, = 5.3 x 108 GeV cm? st srtin the
energy range 20 TeV - 2.5 PeV is obtained. Other signal mosighsdifferent energy spectra
are also tested and some rejected.
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1. Introduction

This letter presents a search for &dse flux of high energy muon neutrinos from astrophys-
ical sources with the ANTARES neutrino telescope. The aaotibn of the deep sea ANTARES
detector was completed in May 2008 with the connection dfwtdfth detector line. The tele-
scope is located 42 kmflothe southern coast of France, near Toulon, at a maximum aépth
2475 m.

The prediction of the diuse neutrino flux from unresolved astrophysical sourceassd on
cosmic ray (CR) ang-ray observations. Both electrorsftonic models[1, 2] and protons or
nuclei (hadronic models[3] can be accelerated in astrophysical processes. Irrangefvork of
hadronic models the energy escaping from the sources isbdigtd between CRsg;-rays and
neutrinos. Upper bounds for the neutrinéfdse flux are derived from the observation of the
diffuse fluxes of-rays and ultra high energy CRs taking into account the prihoikinematics,
the opacity of the source to neutrons and tfiea of propagation in the Universe. There are two
relevant predictions:

— The Waxman-Bahcall (#%B) upper bound4] uses the CR observations Bgg ~ 10'° eV
(E2qdcr ~ 1078 GeV cn?s7!srt) to constrain the diuse flux per neutrino flavour (here and in
the following the symbol represents the sum ef plusv,,):

E20, < 45/2x 1078 GeV cn?sris™ (1)

(the factor 12 is added to take into account neutrino oscillations). Vhalse represents a bench-
mark flux for neutrino telescopes.

— The Mannheim-Protheroe-Rachen (MPR) upper bd®hds derived using as constraints the
observed CR fluxes over the range fron? 1@ 10° GeV andy-ray difuse fluxes. In the case
of sourcesopaqueto neutrons, the limit i€2®, < 2 x 10° (GeV cnr?sris?); in the case
of sourcedransparentto neutrons, the limit decreases from the value dpaquesources at
E, ~ 10° GeV to the value of Eq.]1 &, ~ 10° GeV.

The detection of high energy cosmic neutrinos is not baakgudree. Showers induced by
interactions of CRs with the Earth’s atmosphere give risgnwospheric muorendatmospheric
neutrinos Atmospheric neutrinos that have traversed the Earth amd been detected in the
neutrino telescope, are an irreducible background for théysof cosmic neutrinos. As the
spectrum of cosmic neutrinos is expected to be hard&r¢) than that of atmospheric neutrinos,
a way to distinguish the, cosmic difuse flux is to search for an excess of high energy events in
the measured energy spectrum.

The relevant characteristics of the ANTARES detector aesgmted in Sec. 2. The rejection
of the atmospheric muon background and an estimator of tteranergy are discussed in Sec.
3. This estimator is used to discriminate high energy neattandidates from the bulk of lower
energy atmospheric neutrinos. The results are presentkdiscussed in Sec. 4 and Sec. 5.

2. v, reconstruction in the ANTARES detector

The ANTARES detector is a three-dimensional array of phaitiplier tubes (PMTs) dis-
tributed along twelve lines [6]. Each line comprises 25 eysr spaced vertically by 14.5 m,
with each storey containing three optical modules (OMsyfd a local control module for the
corresponding electronics [8]. The OMs (885 in total) amramged with the axes of the PMTs
oriented 458 below the horizontal. The lines are anchored on the sealdidtahces of about 70
m from each other and tensioned by a buoy at the top of each line
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Muon neutrinos are detected via charged current intemagtig + N — u+ X. The challenge
of measuring muon neutrinos consists of reconstructingrégectory using the arrival times
and the amplitudes of the Cherenkov light signal detectethbyOMs, and of estimating the
energy. The track reconstruction algorithm [9] is based dikedihood fit that uses a detailed
parametrization of the probability density function foethhoton arrival times taking into ac-
count the delayed photons. The outputis: the track positimhdirection; the information on the
number of hits Nhit) used for the reconstruction; a quality parameterA is determined from
the likelihood and the number of compatible solutions fobgdhe algorithm and can be used
to reject badly reconstructed events. Without any cu\oithe fraction of atmospheric muon
events that are reconstructed as upward-going286 (see Tablgl1). The appropriate value of
the A variable cut for this analysis is discussed in Sec. 3. Mor#agdMC) simulations show
that the ANTARES detector achieves a median angular reésolfdr muon neutrinos better than
0.3 for E, > 10 TeV.

Muon energy losses are due to several processes [10] ane gardmetrized as:

dE,/dx=a(E,) +B(E,) - E, . (2)

wherea(E,) is an almost constant term that accounts for ionisatiod ¢, ) takes into account

the radiative losses that dominate 6y >0.5 TeV. Particles above the Cherenkov threshold
produce a coherent radiation emitted in a Cherenkov corfreandharacteristic angle ~ 43° in
water. Photons emitted at the Cherenkov angle, arrivingeaQiMs without being scattered, are
referred to aglirect photons The diferences between the calculated and the measured arrival
time (time residuals) of direct photons follow a nearly Gaas distribution of few ns width, due

to the chromatic dispersion in the sea water and to the tramms spread of the PMTs.

For high muon energies(, > 1 TeV), the contribution of the energy losses due to radkativ
processes increases linearly with the muon energy and sudting) electromagnetic showers
produce additional light.

Scattered Cherenkov radiation or photons originating feecondary electromagnetic show-
ers arriving on the OMs (denoted from now ondedayed photorjsare delayed with respect to
thedirect photonswith arrival time diferences up to hundreds of hsl[11]. As a consequence, the
percentage of delayed photons with respect to direct psatmneases with the muon energy.

The PMT signal is processed by two ASIC chips (the AnaloguggRBampler, ARS [12])
which digitize the time and the amplitude of the signal (tfi¢. They are operated in a token
ring scheme. If the signal crosses a preset threshold aipi@.3 photo-electrons, the first ARS
integrates the pulse within a window of 25 ns and then hanés wvthe second chip with a
dead time of 15 ns. If triggered, the second chip providesarskhit with a further integration
window of 25 ns. After digitization, each chip has a dead twhéypically 250 ns. After this
dead time, a third and fourth hit can also be present.

2.1. The Monte Carlo simulations

The simulation chair [13, 14] comprises the generation ar€hkov light, the inclusion of
the optical background caused by bioluminescence andaetilie isotopes present in sea water,
and the digitization of the PMT signals. Upgoing muon newtsiand downgoing atmospheric
muons have been simulated and stored in the same formatarsaata.

Signal and atmospheric neutrinos. MC muon neutrino events have been generated in the en-
ergy range 10< E, < 10® GeV and zenith angle between & 6 < 90° (upgoing events).
The same MC sample can befdrently weighted to reproduce the “conventional” atmosighe
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neutrinos from charged meson decay (Bartol) [1B] ¢ E;>7 at high energies), the “prompt”
neutrinos and the theoretical astrophysical sigialef E;?). A test spectrum:

E2®,=1.0x10"GeVem?stsrl, (3)

is used to simulate the filise flux signal. The normalization of this test flux is irr@latywhen
defining cuts, optimizing procedures, and calculating #resigivity.

Above 10 TeV, the semi-leptonic decay of short-lived chatmparticlesD — K + u + v,
becomes a significant source of atmospheric “prompt leptditse lack of precise information
on high-energy charm production in hadron-nucleus coltisileads to a great uncertainty (up
to four orders of magnitude) in the estimate of the leptoniz ftbove 100 TeV. The models
considered in/[16] were used, in particular the Recombima@uark Parton Model (RQPM)
which gives the largest prompt contribution.

Atmospheric muons. Atmospheric muons reconstructed as upgoing are the makgbamd
for a neutrino signal and their rejection is a crucial poimthis analysis. Atmospheric muon
samples have been simulated with the MUPAGE package [17]adtition to one month of
equivalent live time with a total enerdyr > 1 GeV [18], a dedicated one year of equivalent live
time with Er > 1 TeV and multiplicitym = 1 = 1000 was generated. The total enekjyyis the
sum of the energy of the individual muons in the bundle. Teiggl ANTARES events mainly
consist of multiple muons originating in the same primary i@feraction. For the ANTARES
detector the background contribution from muon eventdsmaiing from independent showers is
negligible.

Simulation of the detector. In the simulation of the digitized signal, the main featuoéshe
PMTs and of the ARSs are taken into account. The simulatetbpbarriving on each PMT
are used to determine the charge of the analogue pulse; #rgecbf consecutive pulses are
added during the 25 ns integration time. The hit time is daeieed by the arrival time of the
first photon. To simulate the noise in the apparatus, backgttits generated according to the
distribution of a typical data run are added. The status o @ the 885 OMs in this particular
run is also reproduced. The OM simulation also includes thbability of a detected hit giving
rise to an afterpulse in the PMT. This probability was meegun the laboratory [19] and was
confirmed with deep-sea data.

3. Event selection and background rejection

The data were collected during the period from December 20@ecember 2009 with 9,

10 and 12 active line configurations. The runs were seleatedrding to a set of data-quality
criteria described in [14]; in particular a baseline ratd20 kHz and a burst fraction 40%.

A total of 3076 runs satisfy the conditions. The total livendi is 334 days: 70 days with 12
lines, 128 days with 10 lines and 136 days with 9 lines. In tsector simulation three fiierent
configurations are taken into account, based on the numbacetive lines. For each detector
geometry, a typical run is selected to reproduce on avetegedanditions and the background in
the data.

3.1. Rejection of atmospheric muons

The ANTARES trigger rate, which is dominated by atmospherimns, is a few Hz. The
reconstruction algorithm_[9] results in approximately 5%drigggered downgoing muons to be
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| | HAtm | VAtm | Vsig | | Data |
Reco 22x10° | 711x1C° | 106 || 25x 1C°
Upgoing | 48x 1P | 550x1C° | 80 || 5.2x 10°
1Stlevel | 9.1x 1C° 142 24 1.0x 10
2" level 0 116 20 134

Table 1:Expected event number in 334 days of equivalent live timeHerthree MC samples (atmospheric
muons, atmospheric neutrinos (BastBIQPM), astrophysical signal from E] 3 and data. Reco: at the
reconstruction level; Upgoing: reconstructed as upgadlfigievel: after the first-level cuts;"%-level: after

the second-level cut. The number of events in the data seioiwtk only at the end, after the un-blinding
procedure, see Sec. 4.

mis-reconstructed as upgoing. This contamination can &dilyereduced by applying require-
ments on the geometry of the event and on the track recotisinuguality parameteA. For
simulated upgoing atmospheric neutrino eventsAhdistribution has a maximum around -4.5
and 95% of the events have > —-5.5. Two steps are used to remove the contamination of
mis-reconstructed atmospheric muons from the final sample.

First-level cuts. Selection of () upgoing particles with reconstructed zenith anglg < 80°
(corresponding to 0.8 sr); (i) A > —6; (iii) Ny > 60; (v) reconstruction with at least two
lines. The first-level cuts remove all MC atmospheric muoith \Er < 1 TeV and reduce the
rate of mis-reconstructed events by almost 3 orders of niadmias indicated in Tadlé 1.
Second-level cut. The remaining mis-reconstructed atmospheric muons havelayparameter
A which on average decreases with increadipg Values of a cut parameteAf{) are obtained
in 10 different intervals of\li;, in order to reduce the expected rate of mis-reconstructexdts
to less than 0.4 0.3 eventg/ear in each interval. A parametrization of the values\b6fas a
function of Ny is:

A = -459-5.88- 103Ny,  for Nyt <172 4
| -5.60 for Npit > 172 (4)

Removing all events witih < A*, the atmospheric muons are completely suppressed (last row
of Table[1). Independent MC atmospheric muon simulatiomsgu€ ORSIKA (see details in
[14]) confirm that the maximum contamination in the final séarip less than 1 evefyear. The
effects of the first- and second-level cuts on signal and atnew&pheutrinos are also given in
Tabled.

3.2. The energy estimator

To separate atmospheric and astrophysical neutrinosjginarenergy estimator is defined,
which is based on hit repetitions in the OMs due to tHEedént arrival time oflirectanddelayed
photons. The number of repetitioRsfor thei-th OM is defined as the number of hits in the same
OM within 500 ns from the earliest hit selected by the recatdion algorithm. In most cases,
R =1 or 2. The mean number of repetitions in the event is defm@la% whereNgy is the
number of OMs in which hits used by the tracking algorithm gesent. After the second-level
cut,Ris linearly correlated with the log of the true muon eneEgye in the range from 10 TeV
to 1 PeV, see Figl]1R slightly saturates after 1 PeV. The distribution of IBg¢/Eue) has a
HWHM=0.4 whenR is used as an estimator of the muon enefgy. This energy estimator
is robust because it does not depend on the number of activeddlll on non-linearféects on
charge integration.

6



HW\‘HH‘HH‘\H\‘HH‘HH‘HH‘HH

Ceac b e b b b b b

s T3 35 4 45 5 55 6 65 7
log 10(Eu/GeV)

Figure 1: Mean number of repetitions as a function of the true neutimadoiced muon energy for events
passing the second-level cut.

Atmospheric muons are used to check the agreement betweeardbMC for theR variable.
The first-level cuts (Se€._3.1) are applied both to data andé#€ept that tracks reconstructed as
downgoing ¢rec > 90°) are selected. In the data seB7x 10’ events are present, an@®2x 10’
in the simulation for the corresponding live time. The disition of theR variable is shown in
Fig.[2 a) for a subset of 20 days live time of the 12 line dataeéosid comparison in Fi@l 2 b)
uses those atmospheric muons that survived the first-lenglic the same data set and are mis-
reconstructed as upgoing (the true upgoing atmosphericinesiare about 1.5% of the total, see
Table[1). The MC curve a) was normalized to the data by a fdcfidt, and b) by a factor 1.15.
These factors are well within the overall systematic uraieties on the atmospheric muon flux,
and the relative dierence is accounted for by the uncertainty on the OMs angulzeptance
[14].

3.3. Signahtmospherio, background discrimination

The separation of the fiiuse flux signal from the atmosphetig background is performed
by a cut on theR variable. In order to avoid any bias, a blinding procedureMi events is
applied, without using information from the data. The nurslid expected events for signakj
and backgroundng) are computed as a function Bfto find the optimal cut value dR. Later
the number of observed data evemg,{ are revealedun-blinding procedurgand compared
with the expected background for the selected regidR df this number is compatible with the
background, the upper limit for the flux at a 90% confidencelléw.l.) is calculated using the
Feldman-Cousins method [20].

Simulated atmospheric neutrino events are used also talasdhe “average upper limit”
that would be observed by an ensemble of hypothetical exgertis with no true signah( = 0)
and expected backgroung. Taking into account all the possible fluctuations for thinested
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Figure 2: Distributions of the number of events as a function of Bhenergy estimator for data and MC
before the second-level cut. a) downgoing muons; b) misfrgitucted as upgoing muons. The points are
12 line data, the histograms show the atmospheric muon M@alared to the data.

background, weighted according to their Poisson prolgitufi occurrence, the average upper
limit is:

_ = Np, ) Nobs _
Haoo(Nb) = Z 190%(Nobs Np) ((n:)b 3 e, (5)

Nops=0

The best average upper limit is obtained with the cut on tleeggnestimator that minimizes the

so-called Model Rejection Factor |[21], MRF ”90(1—5(””) and hence minimizes the average flux

upper limit:

 Fgou(Nb)
S

The value ofR which minimizes the MRF function in Ed.] 6 is used as the disgrator
betweenlow energyevents, dominated by the atmospheric neutrinos,lagh energyevents,
where the signal could exceed the background.

The method relies on knowledge of the number of backgrouedte\expected for a given
period of data. The cumulative distributions of fReariable are computed for atmospheric neu-
trino background and ffuse flux signal for the three discussed configurations of (REARES
detector and the corresponding live times. For the atmagpheutrino background, the con-
ventional flux and the prompt models are considered separdta. [3 shows the cumulative
distributions of theR variable for signal and background neutrinos (Ba¥RQPM). Using these
cumulative distributions, the MRF is calculated as a fuorctf R; the minimum (MRE0.65)
is found forR = 1.31. Assuming the Bartol (BarteRQPM) atmospherie, fluxes, 8.7 (10.7)
background events and 10.8 signal events (assuming théuesif Eq. [3) are expected for
R > 1.31. Fig.[4 shows the energy spectra for signal and backgroenttino events before
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Figure 3:Cumulative distributions of thB variable for simulated diuse flux signal (Ed.]3) and atmospheric
neutrino events (including the prompt from the RQPM model).

and after the cuR > 1.31. The central 90% of the signal is found in the neutrino gneange
20TeV< E, < 25 PeV.

| Fluxmodel | Noisi | D/Nepss || Nozar | NIjg |

Bartol 104.0 1.20 8.7 10.4
Bartok RQPM | 105.2 1.19 10.7 12.7

Table 2:Number of expected atmospheric neutrino events in the tvepvals ofR. Atmosphericv, accord-
ing to the Bartol flux and the Bartol flux plus the prompt cdmition from the RQPM model are considered

separately. N 3 is for R < 1.31, where B:125 data events are observed.; M (N, 5,) is the number of

expected background events foe 1.31, without (with) the normalization by the factoyM.; 3;.

4. Dataun-blinding and results

Events surviving the second-level cut are upgoing neutcididates. Fig[]5 shows the
distribution of the neutrino candidates as a functioRofompared with that given by the atmo-
spheric neutrino MC. At this stage, only the 125 events With 1.31 are un-blinded. The events
with R > 1.31 in Fig.[B are revealed only after the un-blinding of theadstmples. The number
of expected events is lower by20% with respect to the detected events (D). This discrgpianc
well within the systematic uncertainties of the absolutetrieo flux at these energies (25-30%)
[15].

Table[2 shows the number of expected MC evenigsiNand N ;3 = Nsuzi- D/Noiag
both for the conventional Bartol and Bart&?QPM fluxes. Most prompt models give negligible
contribution (the average over all considered models ghv@svents), the RQPM model predicts
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Figure 4:Signal and background neutrino energy spectra as a funatitite true neutrino energy after the
second-level cut with and without the requiremé&t 1.31. The energy region containing 90% of the
astrophysical neutrino signal is indicated.

the largest contribution of 2.0 additional events with exgpo the conventional Bartol flux. After
datgMC normalization in theR < 1.31 region, the number of expected background events for
R > 1.31 from a combined model of Bartol flux plus the average cbatidn from prompt
models is 107 events.

A reasonable agreement between data and MC foRtHestribution both for atmospheric
muons (c.f. Fig.[R) and for atmospheric neutrinos in the tegionR <1.31 (c.f. Fig.[) is
found. Consequently the data was un-blinded for the sigggibnR > 1.31 and 9 high-energy
neutrino candidates are found.

Systematic uncertainties on the expected number of bagkdrevents in the high energy
region R > 1.31) include: {) the contribution of prompt neutrinos, estimatedj%events. In
the following, the largest value is conservatively usdd). The uncertainties from the neutrino
flux from charged meson decay as a function of the energy. Bygihg the atmospheric neutrino
spectral index by0.1, both below and abovel0 TeV (when the conventional neutrino flux
has spectral index one power steeper than that of the pri@Rnpelow and after the knee,
respectively), the relative number of events Pe= 1.31 changes at most byl.1, keeping in
the regionR < 1.31 the number of MC events equal to the number of data. Theatiigrfrom
the Bartol to the Honda MC _[22] produces a smallffieet. The uncertainties on the detector
efficiency (including the angular acceptance of the optical me{{L4], water absorption and
scattering length, trigger simulation and théeet of PMT afterpulses) amount to 5% after the
normalization to the observed atmosphefibackground in the test region.

The number of observed events is compatible with the humbexpected background
events. The 90% c.l. upper limit on the number of signal eyegb(n,) for n, = 10.7 + 2 back-
ground events andyys = 9 observed events including the systematic uncertairgiesmputed
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Figure 5: Distribution of theR parameter for the 134 neutrino candidates in the 334 dayguivaent live
time. Points represent data, the filled histogram is the spimeric neutrino MC (Bartol model only). The
dashed line represents the maximum contribution (RQPMpadrhpt” neutrinos. The MC predictions are
not normalized to the data. The signal at the level of the ufpmét (Eq. [7) is shown as a full line. The cut
atR = 131 is indicated as a vertical line.

with the method ofl[23]. The valuggoy(ny) = 5.7 is obtained. The profile likelihood method
[24] gives similar results. The corresponding flux uppeitlisigiven by®gge, = @, - 11909/ Ns:

E2®ggy = 5.3x 108 GeV em?stsrt (7)

(our expected sensitivity isTx 1078 GeV cnt? s7* srt). This limit holds for the energy range
between 20 TeV to 2.5 PeV, as shown in [Eig. 4. The result is evetpwith other measured flux
upper limits in Fig[ﬁ.

A number of models predict cosmic neutrino fluxes with a spéshape dterent fromg—2.
For each model a cut vall is optimized following the procedure in Sec. 3.3. Tdlile 3githe
results for the models tested; the valuétfthe numbeNmyqq Of v, Signal events foR > R*; the
energy interval where 90% of the signal is expected; the tatweengy, (computed according
to [20]) andNmeg. A value ofugpw/Nmod < 1 indicates that the theoretical model is inconsistent
with the experimental result at the 90% c.l. In all cases épxdor [33]), our results improve
upon those obtained in [27,/28, 29].

3Charged current; interaction can contribute vier — 1~ v:v, (and similarly thev;) by less than~ 10% both for
signal and background. For the backgroundtheontribution is almost completely absorbed by the unaettasn the
overall normalization, while it is neglected in the signal.
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Figure 6: The ANTARES 90% c.|. upper limit for 2 diffuse high energy, + ¥, flux obtained in this work, compared
with the limits from other experiments. The Frejus|[25], MRO [26], Amanda-Il 2000-03_[27] limits refer tg, + v,,.

The Baikal [28] and Amanda-Il UHE 2000-02 [29] refer to néubs and antineutrinos of all-flavours, and are divided by
3. For reference, the W&B [[4] and the MRR[5] upper bounds fansparent sources are also shown. They are divided
by two, to take into account neutrino oscillations. The drapd represents the expected variation of the atmosphgeric
flux: the minimum is the Bartol flux from the vertical direaticthe maximum the BarteRQPM flux from the horizontal
direction. The central line is averaged over all directions

5. Conclusions

A search for a dfuse flux of high energy muon neutrinos from astrophysicatcsiwith
the data from 334 days of live time of the ANTARES neutrin@selope is presented. A robust
energy estimator, based on the mean nunfibef repetitions of hits on the same OM produced
by direct and delayed photons in the detected muon-nedvients, is used. The 90% c.l. upper
limit for a E=2 energy spectrum iE?®gge, = 5.3 x 1078 GeV cnt? s st in the energy range
20 TeV — 2.5 PeV. Other models predicting cosmic neutrinasftuxith a spectral shapefiirent
from E~2 are tested and some of them excluded at a 90% c.|..
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