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Abstract

The surface detector array of the Pierre Auger Observasagrisitive to Earth-
skimming tau-neutrinos. that interact in the Earth’s crust. Tau leptons from
charged-current interactions can emerge and decay inr@sphere to produce a
nearly horizontal shower with a significant electromagnetimponent. The data
collected between 1 January 2004 and 31 August 2007 are aigdgice an upper
limit on the diffuse flux ofv, at EeV energies. Assuming df, ? differential
energy spectrum the limit set at 99C.L. is EZ dN,. /dE, < 1.3 x 1077 GeV

cm 2 s ! srtinthe energy range x 10'7eV < E, < 2 x 10'% eV.

The detection of Ultra High Energy (UHE) cosmic neutrino€al (1 EeV=
10'® eV) energies and above is a long standing experimentalesigdl Many ex-
periments are searching for such neutrinos, and there segad@®ngoing efforts to
construct dedicated experiments to detect them [Halzei(2082), Halzen(2007),
Falcke et al.(2004)]. Their discovery would open a new wimtimthe universe [Becker(2007)],
and provide an unique opportunity to test fundamental glarpphysics at energies
well beyond current or planned accelerators. The observati UHE Cosmic Rays
(UHECRS) requires that there exist UHE cosmic neutrinognehough the nature
of the UHECR particles and their production mechanisms &leuscertain. All
models of UHECR origin predict neutrino fluxes from the decdycharged pions
which are produced either in interactions of the cosmic iaytheir sources, or in
their subsequent interactions with background radiatield$i For example, UHECR
protons interacting with the Cosmic Microwave Backgrou@diB) give rise to the
so-called ‘cosmogenic’ or GZK neutrinds [Berezinsky etl#8169)]. The recently re-
ported suppression of the cosmic ray flux abeve x 10'° eV [Abbasi et al.(2007),
Yamamoto(2007), Pierre Auger Collaboration(2007a)] al# asthe observed corre-
lation of the highest energy cosmic rays with relatively nbgaextragalactic objects
[Pierre Auger Collaboration(2007b)] both point to UHECReiractions on the infrared
or microwave backgrounds during extragalactic propagafidese interactions must
resultin UHE neutrinos although their flux is somewhat utaiarsince this depends on
the primary UHECR composition and on the nature and cosnidbgvolution of the
sources as well as on their spatial distribution [Engel €2601)/ Allard et al.(2006)].

Tau neutrinos are suppressed in such production procesksgive tov, or v,
because they are not an end product of the charged pion dbeay &nd far fewer
are made through the production and decay of heavy flavouts @&si charm. Nev-
ertheless, because of neutrino flavour mixing, the usuaréti@ of v. to v, at pro-
duction is altered to approximately equal fluxes for all fiangoafter travelling cos-
mological distances [Learned et al.(1995)]. Soon afterdiseovery of neutrino os-
cillations [Fukuda et al.(199B)] it was shown thatentering the Earth just below the
horizon (Earth-skimming) [Fargion(2002), Letessierv®el(2001))] Feng et al.(2002)]
can undergo charged-current interactions and produeptons. Since a lepton can
travel tens of kilometers in the Earth at EeV energies, itaraprge into the atmosphere
and decay in flight producing an nearly horizontal extenaiveshower (EAS) above
the detector. In this way the effective target volume fortriaas can be rather large.

The Pierre Auger Observatolly [Abraham et al.(2004)] has liEsigned to mea-
sure UHECRs with unprecedented precision. Detection of OR&is being achieved



exploiting the two available techniques to detect EAS, ngraerays of surface particle
detectors and telescopes that detect fluorescence radiblitE particles such as pro-
tons or heavier nuclei interact high in the atmosphere, yecird) showers that contain
muons and an electromagnetic component of electronsrposiand photons. This
latter component reaches a maximum at an atmospheric déptider 800g cm 2,
after which it is gradually attenuated. Inclined showerst tieach the ground after
travelling through 200@ cm =2 or more of the atmosphere are dominated by muons
arriving at the detector in a thin and flat shower front.

The surface detector (SD) array of the Pierre Auger Obseryaian be used to
identify neutrino-induced showers [Capelle et al.(198&)tou et al.(2002), Zas(2005)].
The fluorescence detectors can also be used for neutrinchesgramo et al.(2005),
Miele et al.(2008)] but the nominal% duty cycle of the fluorescence technique re-
duces the sensitivity. The electromagnetic component afrim-induced showers
might reach the ground if the shower develops close enoudfietdetector, produc-
ing a signal which has a longer time duration than for an ivexi shower initiated
by a nucleonic primary. Thus close examination of inclinedvgers enables showers
developing near to the ground and those produced early iatthesphere to be distin-
guished. This allows the clean identification of showersigetl by neutrinos, and in
particular those induced hy;, with the SD [[Billoir et al.(2007), Blanch Bigas(2007),
Alvarez-Mufiiz(2007)].

Here we present the result of a search for deep, inclinedyesfsan the data col-
lected with the SD of the Pierre Auger Observatory. Idergtfan criteria have been
developed to find EAS that are generatedrblgptons emerging from the Earth. No
candidates have been found in the data collected betweemhrda2004 and 31 Au-
gust 2007 — equivalent to roughly one year of operation opaaned full array.

The construction of the Southern Pierre Auger Observatoigndoza, Argentina,
is currently close to being completed. It consists of anyaofavater Cherenkov tanks
arranged in a hexagonal grid of 1.5 km covering an area of Ra6Ghat is overlooked
by 24 fluorescence telescopes located at four sites aroamqetimeter. The array com-
prises 1600 cylindrical tanks of 10’nsurface containing purified water, 1.2 m deep,
each instrumented withx 9” photomultiplier tubes sampled by 40 MHz Flash Analog
Digital Converters (FADCs)[Abraham et al.(2004)]. Eachktds regularly monitored
and calibrated in units of Vertical Equivalent Muon (VEM)oesponding to the signal
produced by a: traversing the tank vertically [Bertou et al.(2006)].

The procedure devised to identify neutrino candidate everithin the data set is
based on an end-to-end simulation of the whole process, fheninteraction of the
v, inside the Earth to the detection of the signals in the tarikse first step is the
calculation of ther flux emerging from the Earth. This is done using a simulatibn o
the coupled interplay between theand thev, fluxes through charged-current weak-
interactions and- decay, taking into account also the energy losses due toaheut
current interactions for both particles, and bremsstradplpair production and nuclear
interactions for ther lepton. The emerging flux can be folded with the- decay
probability to give the differential probability of decaying in the atmosphere as a
function of its energy and decay altitud®&p,. /dE,dh..

Modelling of the showers fromr decays in the atmosphere is performed using
the AIRES cod€[[Sciutto(2002)]. The TAUOLA package [Jadetal.(1993)] is used
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Figure 1. FADC traces of stations at 1 km from the shower coréviio real showers
of 5 EeV. Top panel: electromagnetic componeht( 22 °); bottom: muonic signal
(6 ~80°).

to simulater decay and obtain the secondary particles and their ener§leswers
induced by the products of decaying with energies betwee®'” to 3 x 10%° eV are
simulated at zenith angles ranging betwéén ° and95.9° and at an altitude of the
decay point above the Pierre Auger Observatory in the rAng&500 m. Finally, to
evaluate the response of the SD to such events, the pargeleling the ground in the
simulation are stored and injected into a detailed simutedif the SD[[Ghia(2007)].

A set of conditions has been designed and optimized to s&heeters induced by
Earth-skimming,, rejecting those induced by UHECR. The 25 ns time resoluifon
the FADC traces allows unambiguous distinction betweemtreow signals induced
by muons and the broad signals induced by the electromagwetiponent (Figuife 1).
For this purpose we tag the tanks for which the main segmethtsoFADC trace has
13 or more neighbouring bins over a threshold of 0.2 VEM, amdwhich the ratio of
the integrated signal over the peak height exceeds 1.4. kinegandidate is required
to have ove60% of the triggered tanks satisfying these “young shower” ¢ooms as
well as fulfilling the central trigger conditioh [Abrahamadt(2004)] with these tanks.
In addition the triggered tanks are required to have eletypatterns on the ground



10 Gy W""v'wr’»‘m
i

1 L L L h L L L
0 5 10 15 20 25 30 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3
length / width <speed> [m ns?] rms speed [m ns?]

Figure 2: Distribution of discriminating variables for shers initiated byrs decay-
ing in the atmosphere, generated hys with energies sampled from afi, 2 flux
(histogram), and for real events passing the “young shoaeléction (points). Left:
length/width ratio of the footprint of the shower on the gndumiddle: average speed
between pairs of stations; right: r.m.s. scatter of the dpeBee text for details.

defining the azimuthal arrival direction (as expected fafimed events) by assigning a
length and a width to the pattern and restricting its ragadth/width>5). Finally, we
calculate the apparent speed of the signal moving acroggadlbed along the azimuthal
direction, using the arrival times of the signals at ground the projected distances
between tanks. The average speed, as measured betweeof paggered stations, is
required to be compatible with that expected for an eventtiigg close to the hori-
zontal direction by requiring it to be very close to the speglight, in the range (0.29,
0.31) m nst with an r.m.s. scatter belo®.08 m ns~*. These conditions are found
to retain about 80% of the simulated- showers triggering the SD. The final sample
is expected to be free of background from UHECR-induced shswin Figuré R, we
show the distributions of these discriminating variabteséal events and simulated
showers.

Over the period analyzed, no candidate events were founhfidfibed the selection
criteria. Based on this, the Pierre Auger Observatory damsbe used to place a limit
on the diffuse flux of UHE~,.. For this purpose the exposure of the detector must be
evaluated. The total exposure is the time integral of thiamaneous aperture which
has changed as the detector has grown while it was beingrootest and set into
operation.

Calculation of the effective aperture for a fixed neutrinergly £, involves folding
the aperture with the conversion probability and the idiatiion efficiency. The iden-
tification efficiencyeg depends on the energyFE., the altitude above ground of the
central part of the shower,. (defined at 10 km after the decay po|nt[Bertou et al.(2002)])
the position(x, y) of the shower in the surfacg covered by the array, and the time
through the instantaneous configuration of the array. Tipeemsion for the exposure
can be written as:

E,, o0 d2p
Exp = / o / dE. / dh.—2L"_B,, (1)
Q 0 0 dE, dh.
where B, (E;,he) = / dt / dzdy cosf By, he,z,y,1] 2)
T S

wheref and( are the zenith and solid angles.



The exposure is calculated using standard Monte Carlo tggbes (MC) in two
steps. The first integral deals with the detector-depermBamtincluding the time evo-
lution of the array over the periodl considered (el2). The integral i, and A,
involves only the differential conversion probability aBg (egll). The estimated sta-
tistical uncertainty for the exposure is below 3%.

The MC simulations require some physical quantities thaehsot been experi-
mentally measured in the relevant energy range, namely ithteraction cross-section,
ther energy loss, and thepolarisation. The main uncertainty in these comes from the
QCD structure functions in the relevant kinematic range eé¢fanmate the uncertainty in
the exposure due to thecross-section to be ¥65based on the allowed range explored
in JAnchordoqui et al.(2006)]. The uncertainties in thenergy losses are dominated
by ther photonuclear cross section. The%4@ifference among existing calculations
for the 7 energy losses [Bugaev et al.(2004), Dutta et al.(2005)mérat al.(2005)],
which use different structure functions, is used as thesgyatic uncertainty. The two
extreme cases of polarization give Bifference in exposure and we take this as
the corresponding uncertainty. The relevant range of thetstre functions includes
regions of Bjorkent and squared 4-momentum transf@?, where no experimental
data exist. Only extrapolations that follow the behaviobserved in the regions with
experimental data have been considered.

We also take into account uncertainties coming from negdhe topography
around the site of the Pierre Auger Observatory [Gora 2@07)] (18%). We adopt
a 29% systematic uncertainty due to MC simulations of the EAS drad detector,
dominated by differences between hadronic models (QGSKEIfykov et al.(1997)]
and SIBYLL [Engel et al.(1999))]).

Assuming af (E,) «x E;? differential flux of », we have obtained a 90 C.L.
limit on the diffuse flux of UHEv,, whose level at 1§ eV is representative for any
smooth spectral shape:

E%2f(E,) <1.0703 x 107" GeVem 2 s sr? 3)

The central value is computed using theross-section from Ref. [Anchordoqui et al.(2006)],
the parametrisation of the energy losses from Ref. [Dutéd. &005)] and an uni-
form random distribution for the polarisation. The uncertainties correspond to the
combinations of systematic uncertainties in the expossrgivzen above that lead to
the highest/lowest neutrino event rate. The limit is aglle in the energy range
2 x 1017 — 2 x 10' eV, with a systematic uncertainty of aboutZZ5over which
90% of the events are expected f6(E,) « E, 2. In Figure[3, we show our limit
adopting the most pessimistic scenario for systematic riiogies. It improves by a
factor~ 3 for the most optimistic one. For energies abagé” eV, limits are usually
quoted a2.3/Exp x E,, for different energy values (differential format), whilelawer
energies they are usually given assumingzart flux (integrated format). We plot the
differential format to demonstrate explicitly that the sigmity of the Pierre Auger Ob-
servatory to Earth-skimming, peaks in a narrow energy range close to where the
GZK neutrinos are expected.

The Earth-skimming technique used with data collectedasthrface detector ar-
ray of the Southern Pierre Auger Observatory, provide asqrethe most sensitive
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Figure 3: Limits at 9% C.L. for a diffuse flux ofv, from the Pierre Auger Observa-
tory. Limits from other experiments [Achterberg(200[7), k&emann et al.(200[7),
Martens(2007), Aynutdinov et al.(2006), Kravchenko g24106),
Barwick et al.(2006), | Gorham et al.(2004), Lehtinen e2804)] are converted
to a single flavour assumingla: 1 : 1 ratio of the 3 neutrino flavours and scaled
to 90% C.L. where needed. Two different formats are used: difféaéfsquares)
and integrated (constant lines). The shaded curve showsatige of expected
fluxes of GZK neutrinos from Refl [Engel et al.(2001), Allatal.(2006)], although
predictions almost 1 order of magnitude lower and highestexi

bound on neutrinos at EeV energies. This is the most relexaergy to explore the
predicted fluxes of GZK neutrinos. The Pierre Auger Obseryawill continue to take
data for about 20 years over which time the limit should inwerby over an order of
magnitude if no neutrino candidate is found.
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