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Abstract: Air-fluorescence detectors such as the High Resolutiors Hye (HiRes) instrument are very
sensitive to upward-going, Earth-skimming ultrahigh gyeglectron-neutrino-induced showers. This is
due to the relatively large interaction cross sections e§¢hhigh-energy neutrinos and to the Landau-
Pomeranchuk-Migdal (LPM) effect. The LPM effect is respblesfor a significant decrease in the cross
sections for bremsstrahlung and pair production, rendecimarged-current electron-neutrino-induced
showers occurring deep in the Earth’s crust detectable s dkit the Earth into the atmosphere. A
search for upward-going neutrino-induced showers in thieesHiRes-II monocular dataset has yielded a
null result. From an LPM calculation of the energy spectrdrcharged particles as a function of primary
energy and depth for electron-induced showers in rock, Wailzde the shape of the resulting profile of
these showers in air. A full detector Monte Carlo simulatimdetermine the detector response to upward-
going electron-neutrino-induced cascades is describéd@npper limit on the flux of electron-neutrinos

is given.

Introduction

Electromagnetic cascades initiated by a hig
energy electron created via a charged-cun

We report on the search for upward-going electron- electron-neutrino interaction in the earth’s cru
neutrino showers in the High Resolution Fly's Eye Wwill develop much more slowly due to the or
data set. The HiRes project has been discussed preset of the Landau-Pomeranchuk-Migdal (LPM) ¢
viously [1, 2]; the instrument is an air-fluorescence fect. The LPM effect, first described classical
detector located on two sites 12.6 km apartin Utah in 1953 by Landau and Pomeranchuk [7] a

on the U.S. Army Dugway Proving Ground. The

HiRes-Il detector, located on Camel’s Back Ridge,

is composed of 42 3.7 frspherical mirrors cover-
ing nearly 360 in azimuth and betwee3f-31° in
elevation.

Neutrinos with energies in excess 1f'® eV are
produced viar andp decays following photopion

production from high-energy cosmic ray protons

later given a quantum-mechanical treatment
Migdal in 1956 [8], predicts that the cross sectio
for bremsstrahlung and pair-production should
crease for a high-energy charged particle propa
ing in a dense medium, effectively increasing t
formation length until itis comparable to the leng
for multiple scattering (a detailed, more mode
approach can be found in [9, 10]).

incident on the cosmic microwave background ra- It is most probable that a neutrino-induced ele

diation [3, 4].

Although large uncertainties exist, neutrino cross

sections have been calculated to range frem
10732 cm2 at10'® eVto~ 1073 cm=2 at10%!

tromagnetic cascade would be characterized t
long, nearly-horizontal track seen in the HiRes
ring-one mirrors, which have viewing angles b
tween 3 and 17 degrees above the horizon. [

eV [5, 6]. The opacity of the earth to neutrinos at to the LPM effect, one expects electron-neutrir

these high energies therefore prohibits the detec-

tion of any upward-going event with an elevation
angle larger than only a few degrees.
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induced showers that begin several tens to h
dreds of meters deep in the crust to emerge v
enough energy to be detected by HiRes-II, thert
greatly increasing the aperture of the instrumen
high energies.
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We conducted a search for neutrinos in the entire
HiRes-Il data set, which extends from late 1999 to 00 ]
Spring 2006. No events were found to be conclu- I !
sively evident of an upward-going neutrino shower.

Simulating electron-neutrino-induced
electromagnetic cascades

N, [E > E]

In order to treat charged-current electron-neutrino L : : ;
interactions in the earth’s crust, it is necessary to 10 T L - -
understand the physics of the transition of an elec- © 2 e ks
tromagnetic cascade from a dense mediumto a less

dense medium (namely, from rock to air). It is

therefore important not only to know the number Figure 1: A 13° eV electron shower profile in roc|
of charged particles at a given depth in rock, but (solid line) with shower profiles for five air show
also the energy spectrum of these particles as theyers emerging from the ground at depths of 100
leave the ground and enter the atmosphere. |2_500)0, 50000, 75000, and 100000 gfcfdashed
ines

Following the formalism of [11] for calculating the
energy-dependence of the probabilities for under-
going pair production and bremsstrahlung at LPM The Monte Carlo

energies, and taking into account any other losses

(e.g. Compton scattering, ionization energy loss), We approximated the earth as a sphere with a
we developed a routine to calculate the number dius equal to that at the Dugway Proving Grounc
of charged particlesy,, and the energy spectrum Utah. The density below 58.4 km beneath the s
in 1060 energy bins, at 1 g/érsteps along the  face (mantle) and the density from from 58.4 k
shower profile in rock, and for every decade in ini- to the surface (crust) were taken to be 4.60 ¢
tial electron energy from0'? to 102! eV. 2.80 g/cnt respectively. The atmosphere was .
A similar calculation was performed for electro- lowed to extend 50 km above sea level with a dt

magnetic showers in air in the same energy range, ity changing exponentially as a function of heig
however since the LPM effect begins to turn off as Electron-neutrino energies were chosen at ranc
the density of air decreases with altitude, additional from a flat distribution inlog E in eV from 18
showers were generated at each energy at air dento 21. The energy-dependence of the charg
sities corresponding to 1.4 km (the altitude of the and neutral-currentN interaction cross section
desertfloor in Dugway), 5, 7.5, 10, 12.5, and 15 km were calculated based on the pQCD CTEQ5 mc
above sea level. We choose 16 km (an air pressure[12, 13]. From the ratio of the cross sections 1
of about 0.1 atm) as the altitude above which the charged- and neutral-current interactions, 70%
air-fluorescence yield effectively cuts off, yielding the events were thrown as charged-current eve
no fluorescence photons. The resulting observablewhile the remaining 30% were considered neuti
profile in air was then found from a superposition current events. In the case of a charged-curren
of showers obtained from the energy spectrum in teraction, the most optimistic scenario was cons
each of the 1060 energy bins at the depth to which ered, where the total energy of the primary ne
the shower had propagated in rock. trino given to the secondary electron (for neutr

Figure 1 shows the profiles of five electron-induced currentinteractions, the resulting hadron was gi\
air showers emerging from the ground at different 25% of the primary energy). The shower profil

depths along a02° eV electron-induced showerin ~ Were then calculated using the LPM effect in t
rock. case of electromagnetic cascades and the stan

Gaisser-Hillas model [14] in the case of hadrot
cascades.
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aperture [km? sr]

profile was then created, witN,, calculated in 25-
g/cn? steps along the shower trajectory and sca
for variations in the density of air along the traje
tory, as discussed in the previous section.

Each event was then passed through the s
dard HiRes-II full detector Monte Carlo simulatic
modified for upward-going events. All showe
that triggered the detector were processed emp
ing the same routines used to time- and plane

as well as filter, real data during the search for n
21 trinos in the upward-going HiRes-II data.

L L L
19 10 10

energy [eV]

20

10 10

Calculating an electron-neutrino flux
Figure 2: The HiRes-Il electron-neutrino aperture. upper limit

Neutrino arrival directions were chosen at random We calculate the electron-neutrino aperture fr
such that they only penetrated the earth with a max- the product ofe and the number of good even
imum elevation angle of 5 Events with elevation  that trigger the detector. The aperture is showr
angles greater than 18lo not contribute apprecia- Figure 2. In order to .be consistent with our ct
bly to the total neutrino aperture due to the tiny rentstudy of tau-neutrinos [15], we calculate a fi
probability of their transmission through the crust limit in three energy binsAE = 10'* —10%,

and mantle and subsequent interaction near the in-10'* — 10%, and10* — 10*! eV.

strument (a 18 eV neutrino at 15 has a proba-  Since we observe no neutrino events over the er
bility of ~ 10710 of transmission and interaction range of energy, at the 90% confidence level,
near the detector; this value drops~010~*° at calculate a flux limit 0f3.82 x 103, 3.26 x 103 and
10% eV). 425 x10%evVem?2srts ! at10'85 105 and

The depthd, in the crust at which a charged- or 10> eV, respectively. Combined with our tat
neutral-current interaction can occur and yield at Neutrino results and assuming equal mixing of
leastN, = 107 particles in air was found. The neutrino flavors, this reduces the limit 8078 x
probability of transmission along the entire neu- 107 9.50 x 10?and3.71 x 10° eV em 2 sr* s
trino trajectory until pointd was calculated in the

normal way. The “interaction length” was then ;

taken to be the distance along the trajectory from Conclusion
point d to the point where the trajectory passed
16 km above sea level. The probability of interac-
tion was then calculated for this distance. A total
detection efficiency for each event, was calcu-
lated from the product of the transmission proba-
bility and interaction probability. For neutrinos in
the smallest angular bin that do not pass through
the earth, the probability of transmission was cal-
gtélr?éea(tjhfr;)hrg tﬂsr;azrgr? u;tt ﬁ'fing_cils;pthhegeirﬂi?;g?gﬁdysis, this limit lies just above the theoretical lim
probability was calculated using the amount of ma- of [16].

terial penetrated from the horizon to passage aboveAS is the case with all high-energy neutrino calc
16 km. The neutrino was then forced to interact at 1ations, the largest uncertainty lies in the extraj
arandom location along the interaction length. The lation of v\ cross sections. Different cross se
corresponding electromagnetic or hadronic shower tion models can cause the limits to vary somewt

Figure 3 shows the upper limit on the neutrino fli
from the analysis of the HiRes electron- and te
neutrino flux limits as compared to two theore
cal curves and to calculated flux limits from oth
experiments. The electron-neutrino flux limits r
ported here have improved upon those for the Fl
Eye by about two and a half orders of magnitut
Combined with the results of the tau-neutrino an
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