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Abstract: Air-fluorescence detectors such as the High Resolution Fly’s Eye (HiRes) instrument are very
sensitive to upward-going, Earth-skimming ultrahigh energy electron-neutrino-induced showers. This
is due to the relatively large interaction cross sections ofthese high-energy neutrinos and the Landau-
Pomeranchuk-Migdal (LPM) effect, which is responsible fora significant decrease in the cross sections
for bremsstrahlung and pair production, rendering charged-current electron-neutrino-induced showers
occurring deep in the Earth’s crust detectable as they exit the Earth into the atmosphere. The search for
upward-going neutrino-induced showers in the entire HiRes-II monocular dataset has yielded a null result.
From a full LPM calculation of the energy spectrum of chargedparticles as a function of primary energy
and depth for electron-induced showers in rock, we calculate the resulting profile of these showers in
air. A full detector Monte Carlo simulation to determine thedetector response to upward-going electron-
neutrino-induced cascades is described and an upper limit on the flux of electron-neutrinos is given.

Introduction

We report on the search for upward-going electron-
neutrino showers in the High-Resolution Fly’s Eye
II data set, and on the upper limit on the electron-
neutrino flux set by the HiRes-II detector. The
HiRes project has been discussed previously [2, 8];
the instrument is an air-fluorescence detector lo-
cated on two sites 12.6 km apart in Utah at the U.S.
Army Proving Ground in Dugway. The HiRes-
II detector, located on Camel’s Back Ridge, is
composed of 42 3.7 m2 spherical mirrors cover-
ing nearly 360◦ in azimuth and between3◦-31◦ in
elevation.

Neutrinos with energies in excess of1018 eV are
most notably produced viaπ andµ decays follow-
ing photopion production from high-energy cos-
mic ray protons incident on the cosmic microwave
background radiation [21, 16].

Although large uncertainties exist, neutrino cross
sections have been calculated to range from∼
10−31 cm−2 at 1018 eV to∼ 10−32 cm−2 at 1021

eV [3, 18]. The opacity of the earth to neutrinos at
these high energies therefore prohibits the detec-

tion of any upward-going event with an elevation
angle larger than only a few degrees.

Electromagnetic cascades initiated by a high-
energy electron created via a charged-current
electron-neutrino interaction in the earth’s crust
will develop much more slowly due to the on-
set of the Landau-Pomeranchuk-Migdal (LPM)
effect. The LPM effect, first described classi-
cally in 1953 by Landau and Pomeranchuk [15]
and later given a quantum-mechanical treatment
by Migdal in 1956 [17], predicts that the cross
sections for bremsstrahlung and pair-production
should decrease for a high-energy charged parti-
cle propagating in a dense medium, effectively in-
creasing the formation length until it is compara-
ble to the length for multiple scattering (a detailed,
more modern approach can be found in [22, 4]).

It most probable that a neutrino-induced electro-
magnetic cascade would be characterized by a
long, nearly-horizontal track seen in the HiRes-II
ring-one mirrors, which have viewing angles be-
tween 3 and 17 degrees above the horizon. Due
to the LPM effect, one expects electron-neutrino-
induced showers that begin several tens to hun-
dreds of meters deep in the crust to emerge with
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enough charged particles to be detected by HiRes-
II, thereby greatly increasing the aperture of the in-
strument at high energies.

A neutrino search of the entire HiRes-II data set,
which extends from late 1999 to Spring 2006, was
conducted. No events were found to be conclu-
sively evident of an upward-going neutrino shower.

Simulating electron-neutrino-induced
electromagnetic cascades

In order to treat charged-current electron-neutrino
neutrino interactions in the earth’s crust, it is nec-
essary to understand the physics of the transition of
an electromagnetic cascade from a dense medium
to a less dense medium (namely, from rock to air).
It is therefore important not only to know the num-
ber of charged particles at a given depth in rock,
but also the energy spectrum of these particles as
they leave the ground and enter the atmosphere.

Following the formalism of [20] for calculating the
energy-dependence of the probabilities for under-
going pair production and bremsstrahlung at LPM
energies, and taking into account any other losses
(e.g.Compton scattering, ionization energy loss),
we developed a routine to calculate the number of
charged particles,Ne, and the energy spectrum in
1060 energy bins in 1 g/cm2 steps along the shower
profile in rock at every decade in initial electron
energy from1012 to 1021 eV.

A similar calculation was performed for electro-
magnetic showers in air in the same energy range,
however since the LPM effect begins to turn off as
the density of air decreases with altitude, additional
showers were generated at each energy at air den-
sities corresponding to 1.4 km (the altitude of the
desert floor in Dugway), 5, 7.5, 10, 12.5, and 15 km
above sea level. We choose 16 km (an air pressure
of about 0.1 atm) as the altitude above which the
air-fluorescence yield effectively cuts off, yielding
no fluorescence photons. The resulting observable
profile in air was then found from a superposition
of showers obtained from the energy spectrum in
each of the 1060 energy bins at the depth to which
the shower had propagated in rock.

Figure 1 shows the profiles of five electron-induced
air showers emerging from the ground at different

Figure 1: A 1020 eV electron shower profile in rock
(solid line) with shower profiles for five air show-
ers emerging from the ground at depths of 10000,
25000, 50000, 75000, and 100000 g/cm2 (dashed
lines)

depths along a1020 eV electron-induced shower in
rock.

The Monte Carlo

We approximated the earth as a sphere with a ra-
dius equal to that at the Dugway Proving Ground in
Utah. The density below 58.4 km beneath the sur-
face (mantle) and the density from from 58.4 km
to the surface (crust) were taken to be 4.60 and
2.80 g/cm3 respectively. The atmosphere was al-
lowed to extend 50 km above sea level with a den-
sity changing exponentially as a function of height.

Electron-neutrino energies were chosen at random
from a flat distribution inlog E from 18 to 21. The
energy-dependence of the charged- and neutral-
currentνN interaction cross sections were calcu-
lated based on the pQCD CTEQ5 model [14, 11].
From the ratio of the cross sections for charged-
and neutral-current interactions, 70% of the events
were thrown as charged-current events, while the
remaining 30% were considered neutral-current
events. In the case of a charged-current interaction,
the total energy of the primary neutrino was given
to the secondary electron with the resulting cas-
cade and calculation ofNe found using the LPM
effect; for neutral-current interactions, the result-
ing proton was given a nominal 25% of the primary
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Figure 2: The HiRes-II electron-neutrino aperture.

energy and the resulting shower profile described
using the standard Gaisser-Hillas model [10].

Neutrino arrival directions were chosen at random
such that they only penetrated the atmosphere with
a maximum elevation angle of 15◦. Events with
elevation angles greater than 15◦ do not contribute
appreciably to the total neutrino aperture due to
the tiny probability of their transmission through
the crust and mantle and subsequent interaction
near the instrument (a 1018 eV neutrino at 15◦

has a probability of∼ 10−10 of transmission and
interaction near the detector; this value drops to
∼ 10−40 at 1021 eV).

The depth,d, in the crust at which a charged- or
neutral-current interaction can occur and yield at
leastNe = 107 particles in air was found. The
probability of transmission along the entire neu-
trino trajectory until pointd was calculated in the
normal way. The “interaction length” was then
taken to be the distance along the trajectory from
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,ǫ, 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 set to
unity and the interaction probability was calculated
using the amount of material penetrated from en-
trance into the atmosphere to passage above 16 km.
The neutrino was then forced to interact at a ran-
dom location along the interaction length. The

corresponding electromagnetic or hadronic shower
profile was then created, withNe calculated in 25-
g/cm2 steps along the shower trajectory and scaled
for variations in the density of air along the trajec-
tory, as discussed in the previous section.

Each event was then passed through the stan-
dard HiRes-II full detector Monte Carlo simulation
modified for upward-going events. All showers
that triggered the detector were processed employ-
ing the same routines used to time- and plane-fit,
as well as filter, real data during the search for neu-
trinos in the upward-going HiRes-II data.

Calculating an electron-neutrino flux
upper limit

Consistent with our current study of tau-neutrinos
[1], we calculate a flux limit in three energy bins:
∆E = 1018

− 1019, 1019
− 1020, and1020

−

1021 eV.

Since we observe no neutrino events over the entire
range of energy, at the 90% confidence level, we
calculate a flux limit of2.32× 103, 2.14× 103 and
2.83×103 eV cm−2 sr−1 s−1 at1018.5, 1019.5 and
1020.5 eV, respectively. Combined with our tau-
neutrino results, this reduces the limit to3.56×102,
8.24 × 103 and2.58 × 103 eV cm−2 sr−1 s−1.

It must also be noted that while individual mir-
ror on-times were properly taken into account, bad
weather conditions were not considered in this
analysis. In so doing, some fraction of the lifetime
may have included nights with high-altitude cloud
cover which might decrease our efficiency for de-
tecting distant, high-energy events.

Discussion

Figure 3 shows the upper limit on the neutrino flux
from the analysis of the HiRes electron- and tau-
neutrino flux limits as compared to two theoreti-
cal curves and to calculated flux limits from other
experiments. The electron-neutrino flux limits re-
ported here have improved upon those for the Fly’s
Eye by about two and a half orders of magnitude.
Combined with the results of the tau-neutrino anal-
ysis, this limit lies just above the theoretical limit
of [19].
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Figure 3: The HiRes-II neutrino flux-limit.open
boxes: electron-neutrino limit.hashed boxes: tau-
neutrino limit [1] black boxes: electron- and tau-
neutrino combined flux limit. Dotted line: cos-
mogenic per flavor neutrino flux limit from fits to
HiRes cosmic-ray data [12].Dashed line: cosmo-
genic per flavor neutrino flux limit derived from
fits to existing cosmic- and gamma-ray data [19].
Also shown are calculated neutrino flux limits from
the Fly’s Eye [5, 6], RICE [13], and AGASA
experiments[9].

As is the case with all high-energy neutrino calcu-
lations, the largest uncertainty lies in the extrapo-
lation of νN cross sections. Different cross sec-
tion models can cause the limits to vary somewhat.
The incorporation of cross sections from previous
and more recent versions of the CTEQ model can
change the limits by as much as 20 to 30%.

Recent work imposing the Froissart bound on
structure functions for extrapolatingνN cross sec-
tions show a decrease in cross sections at10

21

eV by about a factor of 8 over the CTEQ5
parameterization[7]. These cross sections would
double our electron-neutrino limit at the lowest en-
ergy bin and cut the value of our highest energy bin
in half.
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