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We report on a search for deeply penetrating particles in the > 10" eV cosmic-ray flux using the
University of Utah Fly's Eye detector. No such events have been found in 6 X 10° sec of running time. We
consequently set limits on the following: quark matter in the primary cosmic-ray flux, high-energy
long-lived weakly interacting particles produced in proton-air interactions, such as Ts; astrophysical
neutrino flux; and other hypothetical high-energy weakly interacting components of the cosmic-ray flux

such as photinos.

I. INTRODUCTION

We report on a search for deeply penetrating particles in
the > 10" eV cosmic-ray flux. This search was performed
using the University of Utah Fly's Eye detector, as part of its
normal operation. No unusual deeply penetrating events have
been found in 6 X 10° sec of running time.

We consider the following as candidate sources for such
events: (1) metastable quark matter as part of the primary
cosmic-ray flux, (2) &'s and other long-lived particles of
energy > 10" eV (> 0.1 EeV, where 1 EeV is 10" eV)
produced in the interaction of the primary cosmic-ray flux
with the atmosphere, and (3) weskly interacting particles of
astrophysical origin, such as neutrinos and photinos. In what
follows, we consider the contribution of each possible source
separately and set limits on its flux and/or production cross
section.

1. THE DETECTOR

The Fly's Eye detector is an array of 67 1.5-m diameter
mirrors each with twelve or fourteen phototubes located at the
focal plane. Extensive air showers (EASs) with E > 10" eV
passing through the atmosphere near the detector generate
sufficient nitrogen scintillation light to allow imaging of the
shower by the phototubes. Phototubes whose direction vectors
intercept the EAS axis receive scintillation light. A
combination of tube-hit geometry and timing of the relative
delay between hit tubes allows the complete geometrical
reconstruction of the shower. The variables chosen to describe
the geometry are g, f, and Rp, the zenith angle, azimuthal
angle, and impact parameter, respectively. A typical shower
geometry is shown in Fig. 1. The reconstruction accuracy
depends on the total track length projected on the celestial
sphere. For tracks with track length > 50°, the errorsin g and
Rp are typicaly Ag~x2° and ARp / Rp~0.1. The reconstruction
algorithm and error estimation has been checked by
examining a subset of the data where the EAS is visible in a
second, smaller Fly's Eye composed of eight mirrors. The
stereo reconstruction available for such events give additional
constraints and confirms the
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adequacy of monocular reconstruction and error estimation.

The total energy of the incoming shower is determined
from the analysis of the pulse height of hit tubes in a
calorimetric way. Since the total scintillation light observed
by any tube is proportional to the total number of ionizing
particles traversing the field of view of the tube, the
pulse-height distribution can be converted to a size
distribution. The total energy of the shower is then derived
from the size of the shower at maximum or by integrating the
size curve. Figure 2 shows a representative shower profile.

Since detection efficiency improves with increasing light
output, very energetic EAS's are visible over alarger fiducia
volume. Figure 3 shows the distribution of EAS energy versus
Rp for all tracks detected. The maximum detectable Rp
increases as a function of energy. At E =10" eV (10 EeV)
showers with Rp =20 km are detectable, while for 10 eV (1
EeV) the maximum Rp is 5 km. Note that the Rp cutoff is due
both to the 09 cut and to atmospheric attenuation length,
which is 15 km at nitrogen scintillation wavelengths. The
approximate fiducial volume in which EAS's are detected
with good efficiency is then a cylinder of radius R =Rp™ and
height of 15 km, centered on the Fly's Eye.

Shower Axis

Tube Aperture

Zanith

wiec lor

FIG. 1. Typical shower geometry.
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FIG. 2. Representative shower profile. The solid curve represents a fit
using a Gaiser-Hillas [T. K. Gaisser and A. M. Hillas, in Proceedings of the
Fifteenth International Cosmic Ray Conference, Plovdiv, Bulgaria, 1977,
edited by B. Betev (Bulgarian Academy of Science, Sofia, Bulgaria, 1977)]
parameterization for EAS development.

A by-product of the determination of shower profile
is measurement of X, the depth of shower maximum in the
atmosphere in g/cm?, and X,, the depth of first shower
observation. This measurement alows us to estimate how
many interaction lengths of atmosphere were traversed by the
initial particle before interacting. The distribution of Xq is
shown in Fig. 4. Note that the X, distribution extends beyond
the expected distribution of the actual point of first interaction
since X, is aways an upper limit on the actual interaction
depth.

I11. SEARCH PHILOSOPHY

We search for deeply penetrating (weakly interacting)
particles in two ways. Observed EAS's with q > 80° typically
must have traversed > 3000 g/cm?® of atmosphere before
interacting. Since the interaction length of the atmosphere for
protons is 2 -45 g/cm? we expect to see no such events from
normal hadronic interactions in our exposure time (see Fig.
5). Similarly, upward EAS's (9 > 90°) visible in our fiducia
volume must originate in the Earth and hence must be
produced by weakly interacting particles. We use downward
events with q > 80° to set
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FIG. 3. Distribution of EAS energy versus RP. 1 EeV is 10"
eVv.

limits on quark matter, on 6 and &-like particle production, and
on the neutrino flux if the neutrino has an anomaloudly large
interaction cross-section (6, 0 ** cm?. We adso use
downward events to set a limit on the flux times cross section
for other hypothetical weakly interacting particles which
might be present in the primary flux. Upward events are used
to search for neutrinos with cross sections near those
predicted by the standard model (6, ~10°%* cm?).

IV. QUARK-MATTER LIMITS

A number of authors® have suggested the possibility of the
existence of quark matter. This may be the absolutely stable
ground state of QCD, it may decay rapidly, or it may be
metastable. We consider the case where such quark matter is
metastable in some region of baryon number N, > No > N
The production mechanism and mass and energy spectrum of
such "globs" is unclear, but they may be formed in the early
universe, in neutron stars, or in heavy nucleus collisions and
may be an important component in the dark matter of the
universe. It has been suggested that the "Centauro” events
observed at Mt. Chacaltaya can be interpreted as evidence for
such objects.*

The metastability of such globs yields a straightforward
prediction for their signature4 which we shall assume in what
follows. It can be shown in various models that
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TABLE L Limits on quark-matter flux in the primary
cosmic-ray spectrum in units of (cmPsecsr)~!. The 500-g/cm?
point comes from Ref. 5.

Explosion

Explosion depth \ energy
(g/cm?) (eV) 10" 10" 10"
500 Ix 10—
3000 1L4x 10" 50xi0-"
4500 10X 10~" 16x10~"°
6000 1L.2x10-" 19x10-"
7500 1.5x10-"™ 24x10-"*
9000 1Bx10~" 2.8 10"

such metastable objects become unstable when their baryon
number drops below a critical value N. As such a glob
traverses the atmosphere, it will be heated by collisions
with air nuclei and lose energy by meson radiation or
baryon evaporation. When the glob's baryon number
decreases to N, it becomes unstable and explodes.
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where L, is the interaction length of the atmosphere (~30
g/cm? for globs of the radius of nitrogen) and AN is the
mean baryon loss per collison. In this picture,
guark-matter globs of a given baryon number No will yield
explosions at a given atmospheric depth, independent of
initial energy (assuming they have not ranged out before
exploding).

The energy loss before the explosion has been estimated
to be a few percent of the glob energy per collision length.
For Ego, ~10™ eV, this would yield a continuous EAS from
the top of the atmosphere of average size corresponding to
the maximum size of a 10" eV shower. This continuous

NO_Nt

X"‘Lint l AN

energy loss would only be detectable at distance 2 km and
is not presently used in estimating the Fly's Eye's sengitivity

to such quark-matter globs.

We detect quark-matter globs by searching for EASsasa
result of glob explosions at depths X not accessible to
ordinary hadronic events. The range of zenith angles

80° < g < 90° yields depths of interaction in a fiducia
volume R~5 km (appropriate for explosion energies of 10%
eV) between 3000 and 10000 g/cm® No events have been
observed with first visible depth X, > 2500 g/cm? (Fig. 4).
Table | gives the resultant quark-matter flux limits as a
function of explosion depth and explosion energy. The limits
improve with the explosion energy because the effective
fiducial volume increases. Also indicated for comparison are
the flux limits derived by assuming that the Mt. Chacaltaya
Centauro events are quark matter explosions.”

We note that this flux limit for X > 3000 g/cm? is sensitive
primarily to quark matter in the primary cosmic-ray flux,
rather than to quark matter produced in the atmosphere.
Quark matter, if it can be produced by the interaction of the
heavy primary cosmic-ray component with the atmosphere
(Fe-N interactions for instance), will have a maximum
baryon number of 70 and, if AN is of order 1 and L;~30
g/cm?, the glob will have exploded with X < 2000 g/cm?,
making it difficult to sort out from the tail of ordinary
hadronic events.

V. LIMITS ON LONG-LIVED WEAKLY INTERACTING
PARTICLE PRODUCTION

Hadronic decays of > 10 eV &'sand 6-like particles
produced in the interactions of the primary cosmic-ray
flux with the atmosphere are a possible source of deeply
penetrating downward EAS's. A 6 produced with an energy of
10" eV will have acgd of ~50 km. Hence very distant
cosmic-ray interactions, not themselves detectable by the Fly's
Eye, could produce &'s which penetrate into the Eye's fiducial
volume and decay into observable
EAS's. Since the cosmic-ray flux intensity for 101’ < E 10 *
eV isknown ,° non-observation of such events leads to alimit
on the 6 production cross section at [SCBO TeV. Such alimitis
of interest because it can lead to limits on heavy-quark
production, since these can decay into &'s. We aso set limits on
the production of 6like particles as afunction of their cgd.

Since the minimum detectable 6 energy is 10" eV and the
maximum primary cosmic-ray energy (E,) with significant
flux is 10" eV, we are sensitive, with varying

TABLEII. Limits on (6/6)n (X) for weakly interacting particles produced in cosmic-ray-air

interactions as a function of cgd and X.

E, (eV) cgp (km) 50 100 200 500 1000
X=1

1.0X 10Y 8.0X 10° 3.0X 10° 1.8X 10° 16X 10° 1.8X 10°

4.0X 10" 4.0X 102 1.6X 10 1.0X 102 8.0X 10° 1.0X 102

1.0X 10%® 1.2X 10 5.0X 102 3.0X 102 2.6X 10 3.0X 102

1.0X 10%° 8.3X 10* 3.4X 10* 2.0X 10 16X 10! 1.8X 10
X=05

4X 10Y 6.0X 10 2.4X 10 15X 102 1.2X 10 1.4X 10

1.0X 10%® 1.8X 10 7.4X 10 4.6X 102 3.8X 102 4.2X 102

1.0X 10%° 6.0x 10 3.6X 10* 3.0X 10* 3.6X 10*
X=0.1

1.0X 10%® 3.0X 10 2X 10 2X 10t 2.6X 10
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efficiency, to 1.0<X;<0.l, where Xs;=E¢E, We note that many
observations of hadronic charm production at accelerator
energies have shown preferential large-X production.” Hence
the X region over which we are sensitive may be of interest
even when softening effects due to decays into 6's are taken
into account.

The sengitivity to &'s depends on the 6 energy since this
determines both the extent of the fiducial volume and the
probability that the & will decay within it. It also depends on
the primary flux ener7qy since the integral cosmic-ray flux | (>
E) fallsasE?for 10 <_E< 10" eV.

We calculate alimit on

[G(E)/ St (E)IN(Xo) ,

where G(E)/6(E) is the probability of producing a 6 in
cosmic-ray-air interactions and n(Xs) is the normalized 6
distribution function for such interactions. This limit is
estimated in a Monte Carlo calculation where primary
cosmic-ray interactions are generated in the upper atmosphere
with our previously measured interaction distribution.? If the
direction vector of the cosmic ray falls within the Fly's Eye
fiducial volume, a 6 with energy E; is generated and allowed
to decay with decay length cgd We then keep track of whether
the 6 decay could have been detected by the Fly's Eye.

We write the total number of expected 6 decays in the
following simplified form:

Na(E.Es) = F(E)[05/ Gl N (X6)D(Ee)

Xa(UA(E;)TB,

where F(E) is the proton flux in cm®sec sr, D (E,) is the
probability of a & of energy E; to decay in the fiducia
volume, A(UA(E;)) is the effective detector aperture for an
EAS of energy B, T isthe total exposure time, and B is the 6
branching ratio to hadrons and electrons.

Using this method, we find that the sensitivity to O's is
maximized for primary energies between 10 and 10" ev
and varies by approximately a factor of 2 in thisinterval. The
limits on (Gs/Gro)n (Xs) averag;ed over this energy interva for
xs=1 and X4=0.5 are 5.4X107 and 1.8 X 107, respectively. If
the cosmic-ray flux at these energies is primarily composed
of protons, we can set limits on an (Xs) using our measured
value of the p-air cross section of 520 mb2. We find G:n (Xs)
isless than 28 mb for Xs=1 and 94 mb for X =0.5.

We generalize this search to include hypothetical weakly
interacting particles produced in cosmic-ray-air interactions
with decay lengths 20 < cgd<_ 500 km. Since their mass is
unknown, we cannot set limits on their lifetime directly. The
only restriction on the nature of these particles is that they
have interaction lengths >>cgf, and
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that they decay into hadrons and/or electrons. We assume a
branching ratio for such a decay of 0.5. Table Il lists limits on
their production probabilities as a function of their cgd and X
=E, /E,, where Ex is the energy of the particle and Ep is the
primary energy. Limits for X =0. 5 range from 0.06 to 0.01
for 50 < cgd< 500 km at E,;=4X 10" eV.

VI. LIMITS ON ULTRAHIGH-ENERGY
NEUTRINO FLUX

We have recently reported 8 limits on astrophysica
neutrino fluxes at energies > 10" eV. Here we update these
flux limits, extend them to lower energies, and describe the
calculations in more detail.

The most intense expected source of > 10" eV neutrinos
comes from the interaction of the primary cosmic-ray flux
with the 2.7 °K blackbody radiation. At proton energies of >
10" eV, the reaction

go[l&l*(1238) O NN iV][NeV eViVi

is above threshold for a significant fraction of 2. 7 °K photons.
The onset of such athreshold implies a reduction in the mean
free path for protons of energy > 10" eV and leads to the
well-known prediction® of a cutoff in the cosmic-ray flux at 5
X 10" eV. A direct consequence is the existence of a flux of
vi'sand ves at (10 Y eV in aratio of 2 to 1. The contribution
of neutrinos from atmospheric EASs and other sources at
these energies is expected to be many orders of magnitude
below the contribution from this source. There have been
severa calculations of this effect with respect to both the
primary spectrum cutoff and the consequent neutrino flux.™
The flux expectations from various authors range from 10 to
10 viem’sec s at E,=10"™ eV. The theoretical assumptions
leading to this flux include (a) the universality and blackbody
spectral shape of the 2.7°K radiation; (b) the universality,
high-energy shape, and extent of source distribution and
evolution of the primary cosmic ray spectrum; and (c) the
300-MeV/c photo production cross section and p and ,i decay
kinematics. Since (c) is well known, observation or
nonobservation of such neutrinos test issues (a) and (b).

Contributions to the ultrahigh-energy (UHE) neutrino flux
from point sources is possible but completely speculative.
Weiler" has pointed out that if a substantial flux exists above
10% eV, the reaction v, [Z ° can be used to search for the
remnant neutrino flux. Observation of the neutrino flux from a
highly red-shifted source would show an absorption dip a an
energy > 10%° eV which depends on the neutrino mass. This
appears to be the only hope of directly measuring the relic
neutrino background.

TABLE II1. Limits of v flux based on downward events (v/cm¥(sec sr).

E. eV
o, lem?)

10'7 10% 10" 107
%10~ 1.0% 10~ IBx 10" 1.0 1018 3.8 1071
[x10~%® 1.0x10~" IBxI0E 1.0 10~ 1Ex10-"
1x10-2 1.0% 10-1¢ 3Ex10-17 Lox10-"7 3.8x10-"
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FIG. 6. Transmission of neutrino flux through the Earth as a function of
zenith angle for a,,=10'33 cm2.

We search for the neutrino flux at energies> 10” eV to
examine the feasibility of this proposal aswell asfor the
intrinsic interest in observing such high energy sources.

VII. NEUTRINO SIGNATURES

In the standard model for the reaction vNIigpton + X, when
E, » M,c?, propagator effects distort the y distribution and
<y>[0. Hence, essentially all the energy in the v interaction
is expected to be transferred to the final-state lepton. We
assume this to be the case at our energies. If we consider v,
charged-current interactions only, the expected neutrino
signature will thus be an EAS
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produced by a > 10" eV electron. However, eectron and
hadron showers of these energies are essentidly
indistinguishable by their profile in the atmosphere. The
response and efficiency of the detector to such neutrino
interactions is thus essentially identical to its response to
hadronic cosmic rays. Hence our understanding of detector
acceptance and efficiency based on our study of the hadronic
cosmic-ray spectrum can be applied here.

Table 1l gives the flux limits based on no observed
downward events with interaction point deeper than 2500
g/lcm® Note that the limits improve with increasing E,
because the fiducia volume increases. Limits approaching
flux levels calculated by Hill and Schramm™ can only be
achieved if 6, is orders of magnitude larger than predicted by
the standard model. In particular, for E,= 10" eV, Hill and
Schramm predict a flux of 3 X 10 v/cm?sec sr. We can rule
out such aflux only if 6, is greater than 1 X 10%° cm?.

We can aso set flux-times-cross-section limits on
hypothetical, weakly interacting components of the primary
cosmic-ray flux, such as photinos. The only requirements on
such particles are that < 10%° cm? and that the final-state
particles in the interaction carrying most of the energy be
electrons, photons, and/or hadrons. Our data then imply a flux
times cross-section for such particles in units of (sec sr)™* of 1
X 10® at 10" eV t03. 9X 10* at 10 eV.

VIII. LIMIT BASED ON UPWARD EVENTS

Since particles producing upward events (B= > 90°) must
travel through large numbers of interaction lengths of earth,
there is no background from hadronic sources.
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TABLE IV. Limits on v flux based on upward events {(v/cm® sec sr).

E, ieV)
o, lem? \ 10'% 10" 1050 10%
10-# 7.2x 107" 9y 1018 3B 10" 5.0x10~"7
Ix10-¥ 143 10~1 T.8x10-4 T.2% 1071 Llx 10—
5x10~¥ 4.1 10-" 2.3x 1074 2.2 101 3ix10-te
1 10-% 3.7x10-1 2.1x10~4 2.0% 10~ 3.0x10°"

Charged leptons will also be severely attenuated due to
radiative energy losses, so that observation of upward events
can be uniquely interpreted as observation of the UHE
neutrino flux. The sendtivity to the neutrino flux is
determined by two factors: (a) the attenuation of neutrinos by
the Earth as a function of zenith angle, and (b) the depth into
the Earth that a neutrino interaction can occur and still
produce an atmospheric EAS sufficiently energetic to trigger
the detector.

The attenuation length of the Earth is a function of the
zenith angle since the average density of matter traversed by
the neutrino depends on the depth of Earth's materia
sampled. We assume a density distribution for the Earth
based on the Dziewonski-Anderson preliminary reference
Earth model.*? The resultant attenuation as a function of @,.
is shown in Fig. 6 for 6,=10% cm® It is clear that the
resultant angular distribution of events will peak near the
horizontal direction.

Since we limit ourselves to the detection of the ve flux and
most of the final-state energy is carried by the electron, the
visible depth into the Earth is determined by the radiation
length of earth.

For electron energies 10' ev, the
LandauPomeranchuk-Migdal™ effect becomes important and
the pair-production and bremsstrahlung cross section are
suppressed relative to the Bethe-Heitler cross section in dense
materials. The effect is much less pronounced in the
atmosphere.™ We have calculated, in a Monte Carlo program,
the shower profiles of eectrons produced in the Earth's crust
(rows=2.6 g/cm’®) and entering the atmosphere (r zm~102
glcm®). The net result is an elongation of the shower
development while the shower isin the crust and a subsequent
speed-up in development in the atmosphere (see Fig. 7). Since
the Fly's Eye detection efficiency depends on the size of the
amospheric shower at maximum, we can estimate the
detector's response to showers produced at different depths.
Figure 8 shows the shower size at maximum as a function of
E, and depth
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into the crust. Showers are detected with good efficiency to
depths of 40 m for E,= 10", 100 m for E,=10", 300 m for
E,=10%, and 1200 m for E, =10 eV.

We quote flux limits (see Table 1V) for upward events as a
function of E, and 6, in the range 10* to 10% cm? The
standard model with MW = 80 GeV/c 2 predicts 6,~10* cm?.
However, QCD effects may make this somewhat larger.

IX. CONCLUSIONS

The ability of the Fly's Eye to determine the atmospheric
depth of cosmic-ray interactions opens up a number of
possibilities for searching for unusual particles in the primary
flux such as quark matter and wesakly interacting particles
produced in the interactions of the cosmic-ray flux with the
atmosphere. In addition, the present Fly's Eye has a sensitivity
to upward going neutrino events approaching some recent
predictions of the flux from cosmic-ray interactions with the
2.7 °K blackbody radiation. Although some of these limits are
not yet very restrictive, they are the first limits for such
processes at these energies. We expect, as the sensitivity of
the Fly's Eye improves and running time increases, that these
limits will improve by an order of magnitude.

The limit on the neutrino flux above energies of 10%* eV of
< 5 X 10*/em?sec st makes the search for relic neutrinos by
the Weiler method extremely difficult, since a sizable number
of events would have to be collected to search for an
absorption dip at some energy.
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