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ABSTRACT

This dissertation will present the results of a search for deeply penetrating
particles in the Extremely High Energy (EHE) (particle energy > 10'7eV) cosmic
ray flux. The data are from the University of Utah Fly’s Eve detector which is a

unique detector for observing cosmic rays in this energy regime. Central to this

- search is the definition of a robust signature for deeply penetrating Extensive Air

Showers (EAS) which is given as follows: Candidate deeply penetrating events are
those whose plane normal angle (8,,) is less than 18°. The absence of events in the
Fly’s Eye data set meeting this criterion is examined in the context of models of
astrophysical neutrino flux and charm production at EHE energies. The use of the
calculations in this dissertation to test other models for the production of deeply

penetrating extensive air showers is described where needed.
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CHAPTER 1

INTRODUCTION

Observations of cosmic rayé through their interactions with diverse detectrors
provide information pertinent to particle physics, cosmology, and astrophysics.
What are they? Where do they originate? How do they get here? Theser are
the basic questions common to all of cosmic ray astrophysics. The specific details
necessarily vary with the energy of the cosmic rays being observed. This dissertation
will present a search for deeply penetrating particles in the Extremely High Energy
(EHE) (particle energy > 107eV) cosmic ray flux. Deeply penetrating particles
are those that traverse an unusually large amount of atmospheric matter before
interacting. The data are from the University of Utah Fly’s Eye detector, which is
a unique detector for observing cosmic rays in this energy regime. The implications
of these measurements for particular questions from cosmology, astrophysics, and

high-energy particle physics will be discussed.

The remainder of this introduction will be given over to a review of the properties
of the EHE cosmic ray flux with a brief discussion of acceleration mechanisms,

propagation, sources, and composition. )

Chapter 2 describes the Fly’s Eye experiment, what an Extensive Air Shower
(EAS) is, how it is detected, and the parameterization of its characteristics. In
addition, uncertainties and data contamination effects that are pertinent to deeply
penetrating events are introduced. The FE aperture calculation is also defined and
explained.

Chapter 3 is a review of deeply penetrating showers, explaining what they are
and their what are their possible sources. The plausibility of each source in the

context of the Fly’s Eye experiment is examined qualitatively
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In Chapter 4 the experimental signature of a deeply penetrating event is dis-

cussed. The fundamental question is how to distinguish a statisticélly unlikely. but
otherwise uninteresting, hadronic shower from an event that is truely deeply pen-
etrating. To discriminate against hadronic showers an event parameter examined
and a requirement is defined such that an event meeting this requirement is not
a standard hadronic shower to some confidence level. The chapter closes with a
discussion of the implementation of this requirement

The results of searching the Fly’s Eye data 'Base of monocular reconstructed
events for those that méet the deeply penetrating event requirement discussed in
Chapter 4 are given in Chapter 5. Effects that would lead to contamination of the
data set with spurious events are evaluated. No events are found that meet the
requirement for deeply penetrating EAS.

The remainder of the dissertation is devoted to discussing the implications of
the absence of deeply penetrating events for particular models from cosmology and
high energy particle physics. Chapter 6 addresses the consistency of the absence of

events with two current models of the production of astrophysical neutrinos. The

methodology for doing consistency checks with other neutrino flux models is also -

presented.

Chapter 7 considers the consistency of the absence of deeply penetrating events
with current expectations for the production of charmed matter (i.e., hadrons with
charm quark component) in EAS from EHE cosmic rays. Because the energy regime
for EAS from EHE cosmic rays is well above that of any current land-based particle
accelerators, the parameters for modeling charm production must be extrapolated
from existing data. Details of the charm propagation model are presented along
with points where additional theoretical information is needed to refine the model.

Due to the fact that no candidate events are observed, the question of how to

differentiate neutrino induced events from charm events never arises. In Chapter
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8, a method for potentially distinguishing these two types of events is presented.

Finally, Chapter 9 summarizes the work and results of this dissertation.

1.1 Extremely High Energy Cosmic Rays

Extemely High ‘Energy (EHE) cosmic rays are defined to be thosé whose energy
is greater than 0.1 EeV (EeV = 10'®eV). Historically this energy regime has also
been known as the Ultra High Energy (UHE) regime. EHE cosmic rays can
be characterized by both the physics associated with them and the methods for
their detection. In the former case, acceleration mechanisms to boost particles
to these enormous energies and the physics of cosmic ray propagation through
the intervening media constitute the principal areas of investigation. In the latter
case, the detection of EHE cosmic rays through the interaction of the associated
Extensive Air Shower (EAS) with ground arrays, underground muon arrays, and
atmospheric scintillation are currently the only means for generating acceptable
data rates. This section will be devoted to an introduction to the physics of EHE
cosmic rays while the experimental details .of detection of these particles will be left
to the following chapter.

By convention, what is meant by the cosmic ray spectrum is the differential flux
of particles, dN/dE (m~2.sr71.571.GeV ). For energies above 10 GeV /particle the
cosmic ray spectrum follows an inverse power law (Figure 1.1) of the form dN/dE
oc EZ*1) in a common parameterization. Note the change in spectral slope just
above 1'015eV known as the knee of the spectrum. There is also a much-debated
flattening of the spectrum around 10 EeV referred to as the ankle. Besides these
anatomical points, the important features are the simple power law dependence at
energies above and below the knee and the consistency of the results from several
independent experiments. The energy dependence below 10 eV is E~276£0.09[9(]

while at energies above 10 eV 1t is E-393+003[50]. The consistency of this result
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Figure 1.1. Differential cosmic ray spectrum

over many orders of magnitude in energy is an important constraint on models for
the production of high energy cosmic rays.

The details of this spectrum provide information and constraints for models of
cosmic ray propagation, proposed acceleration mechanisms, cosmoloéy, and source
models. Although thete remain many questions, there is a certain consensus about
the principal features of the spectrum and the physics that underlies its form.
I will now review the current views regarding acceleration mechanisms, sources,
propagation, and composition of cosmic rays that give rise to the observed spectrum.
It is important to note that all of these topics are strongly interrelated when used
to interpret the empirical data. The choice of proposed acceleration mechanism
affects the probable source environments, which in turn set limits on the possible
propagation paths. These paths affect the composition expected for the spectrum.

It is often possible to develop a number of different plausible models to explain the



observed data. This is an essential feature of the EHE cosmic ray field and is the .

result of the limited number of clear results.

1.1.1 Acceleration Mechanisms

Because the charge-neutral component of the COSInié ray flux is less than 51074
[69] of the total flux, cosmic rays are taken to be fully ionized atomic nuclei for
the purposes of this discussion. These can be accelerated by a variety of elec-
trodynamical processes. In addition to the power law dependence of the spectrum
another important feature of EHE cosmic rays is the relatively small energy density
of this portion of the spectrum. Assuming EHE cosmic rays are confined to the
region of the galactic halo the power needed to supply these cosmic rays is on the
order of 2:10% ergs/s for cosmic rays with energies greater than 107 eV. This is
substantially less than the 3-10%? ergs/s provided by supernovae in the galaxy. This
means that a small number of very energetic sources could produce the observed
flux of EHE cosmic rays. Because very few sources are needed to explain the data
even unlikely mechanisms for particle acceleration merit examination.

Statistical acceleration is a very attractive mechanism due to its natural pro- -
duction of a power law spectrum. These processes involve a large nuﬁber of small,
sequential accelerations where a power law spectrum is obtained in the following
way (after the method of Gaisser [46, pp 149]). Let E; be the initial enersy of the
particle and ¢E the increase in energy due to a single interation of the acceleration

process. The energy of the particle after n iterations is then
E,=E,-(1+4¢)", (1.1)

which can be rearranged to give

_ In(E,/Eq)
= s (1.2)
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If the probability of the particle escaping from the acceleration region 1s P, then:
(1-Pese)™ is the probability that the particle expertences n accelerations. [t should
be noted that for plausible scenarios both ¢ and P... will be small. Given a number

of particles with energy Ep injected into the acceleration region the number of

particles (Ng, ) with terminal energy greater than E, has the following dependence

on Py ‘
[s2] y 1 — Pesc T
Ng, x 2(1 — P )= -(-—-——)- ' (1.3)
k=n Pesc_
Combining 1.2 and 1.3 yields
1 ENT
N, — 1.4
En = Pesc (EO) ( )

where
_ _"ln(l - Pesc) —~ Pcsc .
T

(1.5)

Equation 1.4 is a power law spectrum for the integral flux of particles above some
energy leading to a —(1 + v) energy dependence in the differential spectrum. An
upper limit on the energy attainable through such a process can be estimated first
noting that there will be a maximum number of accelerations that depends on the
residence time of the particle in the acceleration region. If T,., is the residence time
in the acceleration region and 7T, is the mean time between accelerations then the

power law spectrum will roll off at a characteristic energy given by
E.,..ou = EG . (1 —+ C)Tr“/Tn (1.6)

The residence time can be given by the lifetime of the acceleration mechanism as
1n the case of supernova shocks or by the age of the particles being accelerated.
Fermi acceleration [42] is the classic statistical acceleration process in the field
of cosmic rays. The theory (after the method of Gaisser [46, pp 151]) considers the
effect of encounters between individual particles and regions of magunetic turbulence

(see Figures 1.2 and 1.3). A relativistic particle with energy Eq enters the magnetic
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cloud and is isotropised through collisionless scattering. Collisionless scatterings

are interactions that involve no energy loss. The energy of the cosmic rav particle

in the rest frame of the moving plasma is given by
By = vEo(1 — B -1t Can

where y and 3 are the standard relativistic factors for the plasma cloud with respect

to the lab frame and #; is the unit vector in the direction of the incident particle

motion. When the particle escapes from the cloud in the 7. direction. it now has

energy in the lab frame given by
By = yEy(1+ f-17.) (1.8)
which leads to the following expression for the net energy change in the lab frame.
AE[/Ey = (1 — Bcost; — Scosbicost, + Beost,) /(1 — 57) — 1 (1.9)

In this expression 3 - 73; has been replaced by fAcosf; and 8 - i, has been replaced
by Fcost.. Two distinct cases need to be considered at this point. In the case of
localized plasmas the particle can exit the cloud in any direction as can be seen
in Figure 1.2. Planar shock fronts can only be exited thréugh the shock front as

shown in Figure 1.3. The assumption of a planar shock front is valid in cases where

the mean free path of the particle is much less than the radius of curvature of the

shock. In the case of many shock models this is a reasonable assumption.
To estimate the average energy gain in each case, the average over cosf, is taken

and Equation 1.9 reduces to
< AE[Es >= (1 — Becosh;) /(1 — 5*) — 1 (1.10)

for localized plasmas and to
<AE[Ey >= (1 — Beosh; + 2/35 — 2/38%cosb,) /(1 — %) ~ 1 (1.11)

for shock fronts. The same effect comes into play when considering the allowed

geometries for §;. Averaging over f; in each case, substituting into the previous



Figure 1.2. General Fermi shock acceleration geometry

upstream downstream

Figure 1.3. Planar shock acceleration geometry
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equations, and noting that AE/Fy is just the fractional increase in particle energy

¢ previously defined, it is found that
e~ (4/3)5” (1.12)

for localized plasmas and
e~ (4/3)8 (1.13)

for the shock front case. These two cases are respectively known as 2nd order
and 1st order Fermi acceleration. For particles with the same residence time in a
particular acceleration environment, 1st order Fermi acceleration will lead to higher
energy particles than if the accleration mechanism is 2nd order. For this reason
many of the models proposed to accelerate cosmic rays to EHE energies involve Ist
order Fermi accleration at strong shock fronts.

A variety of acceleration mechanisms are associated with compact objects such
as pulsars, neutron stars, and Active Galactic Nuclei {AGN ’s) [46, 52, 32]. As an
example, consider the model of Gaisser et al.[45]. The model considers a neutron
star at the center of the expanding shell of supernova ejecta as the central engine of
an EHE particle accelerator. It is assumed that the neutron star is rapidly rotating
and has a strong, ~ 10'*G, magnetic field. In a vacuum such a pulsar would lose
energy through magnetic dipole radiation. In this case the surrounding plasma. is
assumed to be of 2 density such that the plasma frequency is larger than the pulsar
frequency. Under these conditions, the electromagnetic wave will not propagate
through the plasma but will drive a relativistic wind of particles. This wind will be
confined by the surrounding ejecta producing a standing shock. In an earlier paper
[44] Gaisser et al. considered first-order Fermi acceleration at this shock front.
They calculated that for a 10 ms pulsar with a 102G surface field that protons
could be accelerated to 2- 10'®eV. For a 1 ms pulsar with the same magnetic field

the limit would rise to 2 - 10"V particles.



]

10

Another model of EHE particle acceleration is due to Biermann and Stritmatter
[13] and considers shock acceleration in radio jets of AGN's. The motivation was
an attempt to explain the infrared cutoff in the synchrotron spectrum. A shock is
formed where the flux from the AGN encounters the intergalactic medium. Cosmic
ray nuclei are accelerated at this shock with the maximum energy being limited by
synchrqtron and photon-interaction losses. This model of cosmic ray accleration
predicts that protons could be accelerated to energies on the order of 10%eV,

An EHE acceleration model due to Jokipii and Morfill [62] suggests that there
exists the galactic analog of the solar wind termination shock. Such a shock, created
by the outflowing plasma and cosmic rays, is postulated to form at 2 distance
of roughly 3 kpc from the galactic disc. The shock is taken to be strong with
a compression ratio of nearly 4. The spiraling galactic magnetic field results in
the drift of particles along the shock front. Particles accelerated to energies of
10"V by supernova shock acceleration are assumed to form the injection spec-
trum. Caléulations in this model indicate that particle energies of 10'® — 102V
can be reached through 1st order Fermi shock acceleration in this environment.
The total timescale for this acceleration process is 7-10-10° yr. An acceleration
mechanism that does not involve shock acceleration is the disk dyharno. In this
model, described by Chanmugam and Brecher [26], the important feature is the
interaction of the rotating accretion disk with the magnetic field of the neutron
star. The accreting plasma gives rise to a vxB electric field across the disk. The

potential difference across the disk is given by
V = =300((GM)™V2/¢) B, () )riin(ry /r) (1.14)

where 71 and r, are the inner and out radii of the accretion disk. For a dipole
magnetic field whose axis is parallel to the rotation axis, 1 is the magnetospheric,

or Alfven, radius given by
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r o= 1.8 10°BY RV M/V{ L em (1.13)

where By, is the suface magnetic field in units of 10*? Gauss, Re is the radius of the
neutron star in ﬁnits of 10% cm, and Lag is the total accretion lu.mjnosity in units of
10°® ergs/s. An interesting feature of this model is that the largest potentials are
found for the smallest surface fields at the neutron star. This is due to the coupling
between r; and the magnitude of the surface magnetic field. Taking a surface field
of 10® Gauss, M = 1- My, and an accretion luminosity equal to the Eddington
luminosity, the maximum potential given by the above expression is 2-10'7eV. The
authors also speculate that if the magnetic energy were discharged in bursts due to

plasma jets then this limit might increase by as much as 100.

1.1.2 Prepagation

The propagation of cosmic ravs from their sources through the intervening media
is an important question in the study of cosmic rays of all energies. At EHE energies,
the propagation of cosmic rays to the local region of the galaxy is intertwined with
questions about the galactic or extragalactic sources of these particles. Different
propagation environments must be considered if the sources are not in the gala‘xy.
In either case the age of the cosmic rays is a related issue. All of these questions,
and others, have been effectively addressed through careful measurements of the
relative abundances of the different nuclei in the cosmic ray spectrum at energies
below 10 eV. Due to the low particle flux and the experimental techniques for
detecting EHE cosmic rays detailed measurements of the composition of the EHE
flux are not currently possible. As a result, the knowledge of the propagation
environment of EHE energies is much less specific.

Below 10 eV atomic abundance measurements [90] and isotopic ratio mea-
surements |73} indicate that such cosmic rays propagate primarily in the galactic

halo. At EHE energies, where there are no measurements of the pa.fh lengths or
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age of cosmic tays, it is thought that such particles propagate almiost exclusively
through the iﬁtergalactic medium. Because of the absence of méasurements the
propagation environment of EHE cosmic rays in models of the cosmic Tay spectrum
1s only mildly constrained.

No discussion of cosmic ray propagation would be complete without the inclusion
of the much sought after Greisen-Zatsepin cut-off of the EHE spectrum. Soon after
the discovery [78] of the 2.7° blackbody radiation that permeates, the universe both
Greisen [51] and Zatsepin and Kuz’min [94] independently realized that this would
have a dramatic effect on the propagation of extragalactic cosmic rays. Through
photomeson production [86] and photodissociation [81] processes cosmic fay nuclei
with energies greater than ~ 10%%V have a significant cross section for interaction
with the blackbody photons. Various authors have calculated the effect of this
interaction cross section on the EHE cosmic ray flux. The results indicate that
if the sources of these particles are within 10 Mpc there will be no noticeable
effect on the spectrum irrespective of the composition. For sources more distant
than 10 Mpe, an iron rich cosmic ray flux should show a noticable steepening
at around 10*%¢V due to photodissociation. A proton rich flux would show no
effects from photomeson production unless the sources were more diéta.nt than 100
Mpec. Despite the fact that there is no compelling evidence that EHE cosmic ray
sources are predominantly more distant than 10 Mpc, the steepening or cutoff of
the spectrum around 10%°eV has been much sought after [6, 22, €6, 50, 64]. The
Fly’s Eye data set contains no events above 102° eV [7]). This is inconsistent, at the
98% C.L. with the four events expected for the current data set in the absence of
a GZ cutoff of the spectrum. This suggests that there is indeed a steepening, or
cutoff, of the cosmic rays spectrum in this energy regime. Other EHE detectors see
no evidence for a cutoff of the cosmic ray spectrum at energies below 10%° eV [66]

but the statistics in all experiments are still poor.
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1.1.3 Sources

Ior a pumber of vears, much experimental effort has been directed toward
the search for point sources at EHE energies. Searching for point sources in the
high energy cosmic ray flux is normally made impractical by gyromagnetic effects
that alter the direction of particle motion. At particle energies above 101%V,
the gyroradius effect becomes negligible in the context of galactic sources. The
magnitude of this effect for extragalactic sources of EHE particles is unclear due to
uncertainties about the form of the intergalactic magnetic field. At this energy, our
ability to observe sources is also hampered by the miniscule flux. The integrated
flux above 10™%eV is a few per kin? per year. In general, this means that unless
there is a significant EHE neutral flux, point sources will be quite difficult to detect.
To date a number of point sources of TeV and PeV +’s have been found [80].
These include Cygnus X-3, Hercules X-1 and the Crab pulsar. There is some
indication that Cygnus X-3 is also a point source at EHE energies [23]. Because
only neutral particles propagate directly from the source, in the absence of collisions.
the challenge is to discriminate between charged and neutral particles in the cosmic
ray flux in order to enhance the signal to noise ratio.

Questions regarding diffuse galactic sources can be addressed throngh measure-
ments of the anisotropy of cosmic rays. Is there an enhancement of the cosmic ray
flux from the direction of the galactic disk or core? Is there an enhancement from
the direction opposite the galactic core? Measurements like this can address the
question of whether the EHE sources are primarily in the galactic disc. To date
measurements of EHE anisotropy by the Fly’s Eye find no significant deviations
from an isotropic flux [34]. This is not a significant constraint on source models
because uncertainties about specific properties of the galactic environment lead

to detectable anisotropy in under some assumptions and complete isotropy under

others,
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In principle, the existence of a cutoff of the FHE spectrum around 10%° eV

would indicate that cosmic rays in this energy regime are produced in very distant

sources. If the EHE flux consists primarily of protons, such a cutoff ihdicates that

' the sources are more distant than 100 Mpc. Even an iren rich flux would indicate

sources on a distance scale of 10 Mpc if a cutoff exists. As previously discussed.

current measurements [50] show some evidence of such a cutoff.

1.1.4 Composition

Because some models of EHE particle acceleration and sources are dependent
on the Z of the nuclei, the elemental composition of cosmic rays is important to
understanding their origin. The ratio of nuclei formed by spallation to heavy parent
nuclei is an important indicator of the amount of materia] traversed by the cdsmic
rays. This is due to the spallation of heavy nuclei into lighter ones. The abundance
of protons in the cosmic ray flux relative to heavier nuclel may set constraints
on the proposed sources and their attendent acceleration mechanismg. Up to 30
TeV, where the flux is large, the coxﬁposition of the cosmic ray flux is known with
reasonable accuracy [90). Because direct detection of cosmic rays is essential to an
accurate determination of the composition, the low flux at higher enérgies makes it
unlikely that this measurement will be extended above the 100 TeV range in the near
future. At energies above 1 PeV, where indirect detection of cosinic rays is the norm,
the determination of the composition is necessarily less precise. The analysis of the
Fly’s Eye data in this context is typical [24]. In models of Extensive Air Shower
development showers initiated by heavy nuclei have shallower depths of maximum
and less fluctuation about that maximum than do proton initiated showers. This
can be understood qualitatively by considering heavy nuclei to be the superposition
of an appropriate number of proton showers where the energy of each constituent

shower is Eprimary/ Anuctes- In this first order approximation, the fluctuations of



15
the protonic subshowers will smooth each other out, leading to less fluctuation:
in the total shower development. Because higher energy particles yield showers
which take longer to develop to their maximum, an experimentally measured effect
known as the elongation rate, showers initiated by the superposition of lower energy
particles will reach their maximum size more quickly. An EAS initiated by an iron
nuclei will typically reach its maximum size 100 g/cm? shallower than a proten of
equal energy. This difference of 100 g/cm? is at the level of the resolution of the
FE detector and limits the ability of the experiment to distinguish between heavy
and light nuclei. For this reason the strongest statement about the composition
of cosmic rays at EHE energies that is supported by the data is that the flux is
not dominated by either protons or heavy nuclei [25]. Similiar results have been
found at PeV energies. This conclusion is important for models of EHE pérticle
acceleration like the galactic wind termination shock model of Jokipii et al[62].
In this model heavy nuclei like iron are accelerated more effectively leading to an
expectation of an iron dominated composition at EHE energies. Similiarly, cosmic
string models for the production of EHE particles would yield only protons. This
appears to be inconsistent with the present data. As can be seen, even general

knowledge of the composition of EHE cosmic rays can provide useful constaints on

some models.

1.1.5 Summary

The principal features of EHE cosmic rays can be summarized as follows: The dif-
ferential flux of EHE cosmic rays has a constant power law dependence ox E~3-030.03
between 10'%eV and 5 - 10'%V. Above 5 - 101 there is some indication of for a
flattening and/or a cutoff of the spectrum. The apparent cutoff is not inconsistent
with the mechanism proposed independently by Greisen and Zatsepin. There exist

plausible models for the acceleration of particles to EHE energies in the literature.



CHAPTER 2

DATA AQUISITION

The data for this dissertation are from the Fly’s Eye (F E) detector, which has
been extensively described elsewhere [50, 8]. For this reason, only a brief overview
of the experiment will be given here. Those specific aspects of detector performance

that affect the data pertinent to this dissertation will be discussed in more detail.

2.1 Extensive Air Showers

An Extensive Air Shower (EAS) is the result of the interaction of a single cosmic
ray particle with the atmosphere it is traversing. Qualitatively it begins with
the initial interaction of the cosmic ray particle with the earth’s atmosphere. A
number of secondary particles are produced in this interaction. These secondaries
themselves interact with the atmosphere and produce further secondary particles.
The number of particles in this cascade increases rapidly until the point‘where
individual particle energies are low enough that energy loss mechanisms dominate
particle production processes. The point at which the number of particles m the
cascade peaks is known as the shower maximum. From this point on the number
of particles diminishes until all are absorbed by the medium. For EAS initiated by
cosTic ray nuclei there are three principal components to the shower.

The core of the shower is the hadronic component, which contains the hadronic
products of the initial cosmic ray interaction as well as those hadrons from subse-
quent interactions of the shower particles with the atmosphere. This core remains
localized near the axis of the shower due to the small tranverse momentum of

the particles relative to their energy. The hadronic component of the shower
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grows through fragmeut_atiéh of target nuclei, generation of secondary baryons. and
regeneration from the interactions ofrcharged pions. When the energy of a particle
falls below the threshold for multiple pion production, = 1 GeV, the dominant
energy loss becomes ionization. The importance of the hadronic core is that it
feeds the electromagnetic and muonic channels through the production of neutral
and chargéd pious as it penetrates deeper into the atmosphere.

The dominant shower component, in terms of numbers of particles, is electromag-
netic. An EAS initiated by a 10'® eV cosmic ray will have in the neighborhood of
10° electrons and positrons in the electromagnetic channel at the‘ shower maxinlum.
This shower constituent results from electromagnetic cascades [57] initiated by
photons from neutral pion decays. The neutral pions are primarily the products
of interactions between the hadronic core of the shower with the surrounding
medium. Once these primary photons have initiated the electromagnetic cascade,
the dominant processes are pair production by the photons and bremsstrahlung
by the electrons and positrons. The electromagnetic component characteristically
grows and then decays quickly as the consituent electrons and positrons drop below
a critical energy of around 80 MeV. Below this energy the electrons quickly lose

their remaining energy to ionization. Because the bulk of the shower energy ends

up in the electromagnetic channel, most of the energy of the shower is eventually

dumped into the atmosphere via jonization. _

The final component of the shower is muonic. This portion of the shower results
from the decay of charged pions and kaons. The behavior of the muonic component
is distinct from the others in that, due to the stability of the muon and its low
cross section, the number of muons grows to a maximum but then decays away
very slowly. Because muons with energy below 1 GeV are only mildly relativistic
and decay in physically short distances, the higher energy mouns are of greater

interest. The number of muons with energy above this threshold is roughly 103,
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~ which is only an order of magnitude less than the number of electrons. Due to
the suppression of muon-bremsstrahlung by a factor (m./m,)? ~ 2.5 . 10732, the
fnuonic channel does not produce an electromagnetic cascade and very little of the
energy of this channel is deposited in the atmosphere. Charged pions and kaons
are products of the hadronic core and are not expected to Be present in an EAS
initiated by an EHE photon. For this reason, many experiments search for PeV
7-ray initiated events by looking for events with a minimal muon content.

The signal detected by the FE experiment is due to the electromagnetic compo-
nent of the EAS. The interaction of the electrons in the shower with the atmospheric
nitrogen [19] causes the nitrogen to fluoresce emitting 300 nm to 450 nm photons
isotroprcally. The photon yield for this process is 4-5 photons/electron-meter. Due
to a fortuitous cancellation of the pressure dependence of excitation rate ana the
pressure dependence of the flourescence efficiency through collisional de-excitation,
the flourescent yield is nearly independent of altitude. This simplifies the analysis
and ‘makes the determination of shower parameters much less sensitive to recon-
struction errors.

The characteristics of EAS in the EHE regime are dependent on the nature of the
initiating cosmic ray. In the case of cosmic ray protons, the ine]a.sti(; cross section,

el s is measured to be 530 mb [5]. This corresponds to a 45 g/cm? interaction

g
length in air. Under these conditions, the proton interacts in the atmosphere within
the first few hundred g/cm? and develops to its maximum size roughly 800 g/em?
after the first interaction. The EAS electromagnetic channel then decays away and
at a point some 2400 g/cm? past the initial interaction the EAS is taken to be
reduced to the point where it can no longer be detected. In the case of photon
initiated showers, the development is the same except for the lack of the muonic

channel. The depth of peak shower development in the Hillas parameterization of

photon showers [57] is 50 g/cm? deeper than that for a proton of comparable energy.
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EAS initiated by heavy nuclei are treated. to first order, as the superposition of an
appropriate number of nucleons. Iron nuclei with energy 5-10'® eV can be roughly
treated as the superposition of 56 proton showers with energy 8-10'° eV. Because
the depth of maximum for proton showers decreases 70 g/cm? [25] per decade
decrease in energy, the subshowers will have mean maxima 80 g/cm? less deep than
ad- 1ﬁ13 eV proton shower. This effect, known as the shower elongation rate,
suggestsr that the depth of maximum of an iron initiated EAS will be around 80
g/cm? shallower than a proton initiated shower of the same energy. More careful
modeling of iron showers predicts that such showers will deveiop faster and will
reach shower maximum at around 700 g/cm? past the point of first interac_fion [47].
In addition to being shallower than proton initiated showers by 100 g/cm?, these
showers are also expected to show less fluctuation in the depth of shower maxima.
If some particle, with a relatively small cross section, in the hadronic core of the

EAS were to carry a significant fraction of the energy of the primary particle then

- such a shower would be expected to develop anomolously deep. The possibility of

observing such deeply developing EAS is one of the motivations for this dissertation.

An important feature of EAS at these energies is the Cerenkov light generated
by the ultra-relativistic particles of which it is composed. The Cerenkov light is a
broad spectrum component of the light generated by the shower. Its contribution
to the detection process is very geometry dependent. For most purposes, the
Cerenkov light is seen as an obscuring contaminant which masks the signal from the
electromagnetic channel of the shower. In other experimental contexts, however, it
is a very useful EAS characteristic from which the total energy of the shower can

be reconstructed.



2.2 The Fly’s Eye Detector

The experiment consists of two optical detectors, Fly's Eye I (FEI) and F Iv’s
Eye II (FEII) at altitudes of 1.594 km (860 g/cm?) and 1.457 km (875 g/cm?)
respectively. The sites are located in the western Utah desert at the Dugway
Proving Ground. FEI consists of 67 1.6 m diameter front surface mirrors each with
12 or 14 photomultiplier tubes (PMTs)(90 mm diameter) at the focal plane. Fach
of the 880 PMT’s, together with its Winston cone, has a 5.5° field of view resulting
in full 27 steradian coverage of the night sky. At a distance of 3.4 km FEIl is a
similiar system cousisting of 36 mirrors that view the portion of the night sky in
- the direction of FEI The detectors are operated on clear moonless nighits for a duty
cycle of ~10%. FEI has been in operation since November 1981 and FEII since
November 1985.

This detector was designed to indirectly detect the Extensive Air Shower (EAS)
“that results from the interaction of a cosmic ray with the atmosphere. These EAS
are detected via the nitrogen flourescence they induce during their development
within, and transit through, the atmosphere. In spite of the low efficiency of the
flourescence (or scintillation) process, roughly 0.5%m, the large number of particles
in an EAS produced by a cosmic ray with energy > 10'7eV makes this technique
feasible for EHE cosmic rays. The isotropic nature of the flourescence light allows
detection of EAS with a wide range of geometries. The principal limitation on the
geometry of detectable events is that they not be more than about 40 km from the
detector due to atmospheric extinction. Under some circumstances portions of EHE
EAS can be detected as far as 60 km from the eye. Events that are propagating
directly towards the detector are not normally detectable.

The actual data are collected through a sample and hold process that stores the
integrated current from PMTs that view the FAS as well as the PMT trigger time.

- As aresult, the FE detector tracks the development of the EAS as it passes through
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the atmosphere. This ability to directly monitor the longitudinal characteristics of
an EAS is unique to the FE experiment.

Given the known geometry of the detector and the PMT data the geome-
try of the EAS can, in principal, be reconstructed. Due to interplay between
data uncertainties and the reconstruction process, certain EAS geometries are
not reconstructable. In addition, other EAS geometries result in contamination
of the data with Cerenkov light from the ultra-relativistic particles in the shower.
For EAS whose geometry is reconstructable it is then possible to calculate the
number of particles, primarily electrons, in the shower as a function of depth in
the atmosphere. This yields what is called the shower profile. A fit of a model
of shower development to the shower profile yields E, the shower energv, N,...,
the peak number of particles in the shower, and X oz, the depth at which shower
development peaks. These are the essential parameters used to characterize the

COSMIC Tays.

2.2.1 Reconstruction of Shower Geometry

The reconstruction of the geometry of a given EAS is accomplished in one of
two ways depending on whether the shower was seen by just FEI or by FEI and
FEII simultaneously. Showers seen by a single detector must be reconstructed by a
‘monocular’ technique- while showers seen by both detectors may be reconstructed
by a ‘sterec’ technique as well. Stereo reconstruction is preferred because it results
in substantially better reconstruction of the EAS geometry. The trade off is that
the data rate for stereo events is much lower than for monocular events. Because
the events sought in this dissertation are so rare the monocular data base was
used to provide the best possible chance of observing such events. As a result, a
careful consideration of monocular reconstruction errors was needed. This section

is intended to describe the reconstruction process and indicate the sources of error.
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Stereo reconstruction of the EAS (or track) geometry is quite simple from both
a conceptual and calculational perspective. At a given detector the PMTs that
trigger define a plane in the atmosphere that contains the EAS. Because the
pointing direction of each PMT is known then the vector normal to the plane
of the shower can be easily generated from the pointing vectors of the PMTs that
view the shower. More precisely a weighted cross product of all the triggered tubes
is used to define the normal vector to the plane of the shower. The errors in this
part of the reconstruction are small, typically between 1° and 2°. The uncertainty
in determining the shower plane is dominated by the 5.5° field of view of the PMTs.
Once the shower plane from each detector is calculated it is straightforward to find
the Intersection of the two planes thereby defining the trajectory of the EAS. Except
in cases where the two shower planes are nearly parallel this process vields a very
accurate determination of the shower geometry.
For monocular reconstruction the PMT trigger times are needed in addition to
the pointing directions. It is simply shown [8] that the dependence of the arrival
time of light on the particualr portion of the EAS view by the i’th triggered PMT

is given by the following expression.

Xi(t:) = xo — 2 - tan™" [e(t; — 10}/ R, (2.1)

The best fit of the observed data to this function yields the parameters xp and R,
which, along with the plane normal, completely define the shower geometry (Figure
2.1). Accurate reconstruction results when observed track lengths are longer than
90°. For shorter track lengths, R, and the plane normal, 6, continue to be well
reconstructed but the determination of xq is degraded. This is primarily the result
of the low curvature of the arctangent function for small angles coupled with the

noise in the timing measurement.
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Figure 2.1. Geometry of EAS at FE with principal shower parameters labelled.
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2.3 Detector Aperture

Equation 2.2 gives the number of events expected between energy E; and E,.

!\3
3]
ot

N(Ey, By) = T‘/EE Q(E)diéE)dE o

where

N(E,,E;) < expected events between Ky and E,
T & detector on time (s)
{Y(E) < detector aperture (cm?-sr)
dN(E)/dE < differential particle flux ({cm®s-s1-GeV) 1)

Q(£) includes geometric factor and the triggering efficiency of the detector for some
class of potentially detectable events. The geometric factor is straightforward and
consists of the solid angle acceptance of the F ly’s Eye, which is effectively 2x, and
the effective area of the detector. The area factor is given by 7(r)***)2. In addrition
Q(FE) also includes the triggering efficiency for the class of events being considered.
This is the primary source of the energy de_pendgnce of the detector aperture. The
Fly’s Eye detector has a lower energy threshold due to the combined effects of
photon collection optics and PMT gain at around 1-10'7 eV, The detector aperture
increases two orders of magnitude at 103 eV and continues to rise slowly until it
flattens out near 3-10° eV. |

The detector aperture can be calculated in at least two ways. The first is to
measure the response of the detector to a fully characterized flux of particles. This
method is especially effective if the particles used to characterize the detector are
closely related to those being studied. There is no possibility of applying this
method to the FE. The alternative, and that used by the FE experiment, is to
develop a sophisticated computer model of the detector. This detector simulator
must emulate ever nuance of the performance of the detector as accurately as
possible. In the case of the Fly’s Eye detector this includes the atmosphere,

mirror optics, PMT cathode efficiencies, as well as the triggering and data collecting
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electronics. Then, using Monte Carlo techniques, the response of the detector to
various assumed particle fluxes can be calculated. Asis the case for all such detector
Monte Carlo programs the aperture calculation is only as good as the modeling of

the system.

2.3.1 Detector Simulation

The detector simulation program has been previously described [8, 50} aithorugh
many of the details are not given. What follows is a simplified representation of the
flow of data through the simulation. The process begins by generating the geometric
parameters of the shower from the appropriate probability distributions. Other
interaction parameters such as inelasticity or particle energy are also generated at
this point as needed. From the shower geometry the PMTs that view the shower
trajectory are identified. Next, the time at which the light from the EAS arrives
at each PMT that views the tra,ck.is calculated. This is followed by a careful
calculation of the amount of light reaching the PMT. The calculation includes
the fluorescent yield, Cerenkov light production, scattering of both scintillation
and Cerenkov photons between the track and the detector from Rayleigh and Mie
scattering, mirror reflectivities, and Winston cone reflectivity. This light pulse
is then passed to the electronics simulation routine, which yields the predicted
signal levels as well as identifving the PMTs that triggered. Throughout this
process statistical fluctuations of detector response functions based on empirical
measurements are included. Finally the list of triggered PMTs and trigger times
are checked to see that they satisfy the coincidence requirements for a detectable
event. Events that satisfy all the detector requirements are written to a data
file that emulates the raw data file written by the detector. The events in this

simulation file are then analyzed in a manner identical to the ‘real’ data.
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For the purposes of this dissertation the detector Monte Carlo is assumed to
accurately reflect the behavior of the FE detector. Whether this assumption is

justified will be tested and discussed at appropriate points later in this dissertation.
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particles of interest in this dissertation are the leptons. In the following sections

the plausibility of each of the leptons as a source of deeply penetrating showers wil}

be examined.

3.1.1 Neutrinos

Neutrinos (v’s) will characteristically interact deep in the atmosphere. If the
neutrino flux is large enough that there is a significant probability of an EAS being
initiated within the fiducial volume of the Fly’s Eve then »’s must be considered
as a plausible source of deeply penetrating events. The sources of neutrinos in the
EHE cosmic ray flux can be divided“into astrophysical, those that originate outside
the earth’s atmosphere, and secondary, those that are the byproduct of other cosmic
ray interactions with the atmosphere.

Astrophysical neutrinos with EHE energies are produced in a variety of ways.
One source is the interaction of extragalactic cosmic ray nuclei with the 2.7°
microwave background which yields secondary neutrinos through a number of chan-
nels [87]. The number of such neutrinos is dependent on the assumed fux of
sufficiently energetic cosmic ray nuclei and the photon environment through which
they propagate. The stability of the neutrino combined with its low cross section
means that its effective lifetime is easily comparable to the age of the universe.
As a result, sources of neutrinos from much earlier :a;tages in the evolution of the
universe need to be considered. This also means that evolutionary effects in the
universé must be taken into account when considering such sources. Due to the
diffuse nature of this source the astrophysical neutrino flux should be isotropic. In
Chapter 6 a specific prediction, from Hill and Schramm [58], of the EHE neutrino
flux due to this mechanism will }?e discussed in detail. To get a rough feel for the
plausibility of this mechanism ct;ﬁsider the v flux predicted by Hill and Schramm.

At 3 - 10" eV the differential fux of astrophysical neutrinos could be a large as
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1072 (em®s-sr-GeV)™ . Taking a reasonable estimate for the fiducial volume of
the FE, this leads to the expectatién that 6 - 10" neutrinos of this energyv have
passed through the FE detector volume during its operation. Taking a pathlength
through the detector of 10* g/cm? indicates that roughly 100 of these neutrinos
would interact inside the detector volume. If the triggering efficiency is on the
order of ar few percent there should be several neutrino initiated events in the data
set.

EHE neutrinos are also expected to be produced in large numbers by"Active
Galactic Nuclei (AGN’s) and other compact objects [88]. The neutrino flux cal-
culated for these sources is subject to many uncertainties. For certain scenarios it
has been suggested that this mechanism would lead to neutrino fluxes comparable
to those discussed in the context of the Hill and Schramm model. Although this
mechanism is intrinsically a point source of neutrinos an isotropic flux is expected
when an integration over all such sources is performed. It is important to note that
if such a source occurs within the local supercluster, then some anisotropy in the
neutrino flux would be predicted [88)].

The flux of neutrinos due to interactions of cosmic rays with the atmosphere is
significant. Many neutrinos are produced via the decay of charged ‘mesons in the
EAS. Volkova [91] has calculated the integrated atmospheric neutrino flux due to
both direct and secondary processes. Volkova finds that at energies above 1015 eV
direct processes dominate the integral spectrum. The resulting integral spectrum
shows an E™ dependence and when extrapolated to 10™® eV leads to a predicted
differential neutrino flux of 10~26 (cm®-s-s1-GeV)~. This flux, which is already
well below that of the previously described astrophysical sources, must be further
reduced by a factor of 10~%. This is because the FE experiment is only sensitive to
electron neutrinos which Volkova states constitute 1 part in 10* of the total flux at

these energies. For these reasons atmospheric neutrinos will not be considered as a
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potential source of detectable deeply penetrating EAS.
A measurement of the neutrino flux at EHE energies would ideally include
a neutrino spectrum, that is to say flux as a function of energy, as well as a
measurement of neutrino anisotropy. Given such a measurement, the models of
both source scenarios given above could likely be constrained. However, considering
the previously estimated size of the neutrino data set the statistics for such a clear
measurement at EHE energies are unlikely to be obtained by any experiment in the
forseeable future. In the more likely event that only a handful, if any, such neutrino
events are detected, then only very crude constraints can be placed on the source
models. Fortunately, even such crude constraints would provide information useful
to astrophysics. As will be seen in Capter 6, such constraints could set upper limits
on the maximum redshift of sources contributing to the neutrino flux or limits on

some parameters of AGN models.

3.1.2 Charged Leptons

The charged leptons need to be considered separately in the context of deeply
penetrating showers. Electrons, which are not part of the primary cosmic ray flux,
generate detectable EAS. An electron initiates a standard electromégnetic’shower
through ionization losses, bremsstrahlung, and to a lesser extent other discrete loss
mechanisms. The dominant loss process in electron propagation is bremsstrahlung
which has a characteristic length scale of ~ 37 g/cm? in air. As a result, such
EAS are substantially similiar to showers initiated by protons which have a mean
interaction length of 45 g/cm?®. Because of this, electrons will not contribute to the
flux of deeply penetrating events.

The case for muon initiated deeply penetrating EAS needs to be addressed with
more care. As discussed in the context of EAS development muons are a major

secondary component of the shower. With a lifetime of ~ 2-10~® s an EHE muon
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propagates great distances (~ 10° km) in the absence of significant energy loss
mechanisms. In fact, the decay of an EHE muon produced in an atmospheric
EAS will not take place above ground except for the most extreme geometries.
This means that secondary EHE muons will not produce EAS within the fiducial
volume of the FE due to decay processes. The remaining possibility for detection
of muons is through the muonic equivalent of the electromagnetic shower generated
by an electron. The determining difference in the case of muons is that [46, pp76]
bremsstrahlung is no longer the dominant loss mechanism due to supression by
a (me/m,)* factor. As a result, the energy loss by the muon as it transits the
atmosphere is too low to be detectable by the FE even at EHE energies. A final
consideration is the flux of muons with energies above the FE detection threshold.
An estimate of the EHE atmospheric muon flux yields a flux of 10-4° (cm®-s-sr-
GeV)~! [46, pp207] which is far too small to be detectable.

The effects described indicate that muons produced in EHE EAS do not con-
tribute significantly to the flux of deeply penetrating particles in the FE data set.
Secondary muons from interactions of the cosmic ray flux with the interstellar
medium are also a negligible source of deeply penetrating showers. In spite of the
long lifetime and attendent propagation length in an atmospheric éense the EHE

muon propagation length is essentially zero on astrophysical scales. This means the

constant muonic component of the cosmic ray flux can be taken to be zero.

The tau () is a more reasonable source of deeply penetrating showers than the
muon. The 7 has a much shorter lifetime, ~ 3 - 102 s, than the , leading to
decay before ground impact for many plausible geometries. The tau shares the
muon'’s low energy loss rate resulting in no detectable energy being deposited along
its trajectory. Thus, essentially no primary energy is lost before the 7 decays deep
in the atmosphere. As a consequence the production of tau is the deciding factor in

evaluating the potential contribution to the flux of deeply penetrating particles. The
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primary source of tau as a secondary particle in EAS is from the decav of bottom and
top qu-arksr. Charmed hardrons are almost all too light to decay via tau production.
As will be seen in the following section the production of bottom is expected to be
strongly suppressed relative to charm. The principal decay modes for B mesons are
through K and = plroduction.. The T meson decays with roughly equal probability
through tau, muon, and electron channels. Because of their lighter mass; ~ 5.2
GeV/c?, compared to the T, ~ 9.4 GeV/c?, the production of B mesons will be
somewhat favored resulting in further suppresion of this 7 production process. All
of this taken together impiies that while the tau is a reasonable candidate to initiate
a deeply penetrating event the production rate is so low relative to other potential
sources that there is little or no contribution to the flux of deeply penetrating
particles. Because, as will be seen in the next section, the production of top qaurks
is expected to be suppressed by at least an order of magnitude relative to bottom
quarks, it is not expected to contribute a significant 7 flux.

In summary, consideration of the properties of the charged leptons indicates
that they are not expected to contribute in any significant way to the flux of deeply
penetrating events. Any measurement of tlie flux of deeply penetrating particles

will have little to say about the physics of charged leptons.

3.2 Heavy Quarks

The production of hadrons containing ‘heavy’ quarks provides another possible
source of deeply penetrating showers under certain conditions. In this context,
‘heavy’ is taken to mean charm, bottom, and top quarks. If, in the initial inter-
action(s) of the primary cosmic ray particle, a hadron containing heavy quarks is
produced then there may be a reasonable probability that such a hadron carries
away a substantial fraction of the energy of the primary. Such an effect will depend

on the Feynman xr distribution of the heavy quark matter produced. The Feynman
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Xr parameter is the ratio of the energy of the secondary particle to that of the
primary. ,Griven the conservation of flavor in strong and electromagnetic interactions
this heavy hadron will propagate as a heavy hadron until it decays via the weak
interaction. As the heavy hadron propagates it will lose energy, primarily through
inelastic collisions. .Si_gniﬁcant loss of energy during propagation will reduce the
energy available for deposition deep in the atmosphere. For a particular set of
particle characteristics it is possible that such a heavy hadron could propagate
deep into the atmosphere with minimal loss of energy and then decay producing
a deeply penetrating shower. It is apparent that there are a number of conditions
that must be met in order for this process to be plausible. These conditions are

summarized in the following list.

1 - suitable production rate for heavy hadrons
2 - sufficient energy in heavy hadron produced
3 - appropriate lifetime to yield deep decay
4 - minimal energy loss during propagation

9 - suitable decay products to initiate EAS

As an example, assume that a primary cosmic ray proton that produces the
heavy hadron has an energy of 3- 10" eV and is proceeding along a trajectory that
impacts the earth at a depth of around 2500 g/cm?®. Because the proton interacts
in the ﬁrét few hundred grams the heavy hadron must traverse approximately 1000
g/cm? to decay deep in the atmosphere. A shower that begins at a depth of 1200
g/cm?® is a deep shower based on the existing data from the FE experiment.

Conditions 1) and 2) require that a heavy hadron is produced with an energy
greater than, or comparable to, the threshold energy of the Fly’s Eve detector of

10'" eV. In order for this to be the case the heavy hadron must carrv a significant
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fraction of the energy of the EHE cosmic ray primary. This corresponds to a
significant differential cross section for hard xr production of the heavy hadron.
For the FE detector to havea significant probability of detecting such an event,
there must be roughly 100 cosmic ray interaction that produce an energetic heavy
hadron in the fiducial volume of the detector. Taking the cosmic ray spectrum as
calculated by the FE experiment [8] and integrating over energies greater than 1
EeV, approximately 10° nermal cosmic ray initiated EAS are expected. Thé net
effect is that the required cross section for the production of large Xp heavy hadrons
1s =~ 10~ . Cp—air-
A deep trajectory passing through the Fly’s Eye detector volume would travel
approximately 30 km through the atmosphere and traverse 1000 g/cm?. Given a
heavy hadron mass of around 3 GeV/c? the lifetime of a particle that can traverse

such a distance before decaying is bounded from below by the following;

T 2 1f(c-7) (3.1)

where

1 <« distance along trajectory
¢ & speed of light
¥ < relativistic v of heavy hadren

For the given trajectory and assumed heavy hadron mass this expression leads to
The = 1-10718 5,

To satisfy condition 4), the 1000 g/cm? must be traversed with a minimal loss
of energy which is taken to mean an energy loss no greater than 90%. Energ
loss depends both on the interaction length and the elasticity of such interactions
when they occur. The energy loss constraint requires that either the interaction

length is long, i.e., > 300g/cm?, with an average inelasticity of .5 or the interaction
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length 'is more modest, > 100 g/cm?, with a lower average nelasticity around .1I.
In either case the underlying constraint is that the decay of the heavy hadron will
be undetectable if its energy. at decay, is less than .1 EeV.

The final condition is satisfied if the heavy hadron decays primarily through
pion, kaon, electron, and photon producing channels. Decay channels that yield
muons and tau particles will not lead to detectable EAS due to the limited amount
of energy deposited in the atmosphere by these particles. v

The following list summarizes the 'qua;ntita.tive portions of the general con-

straints.

1 - 10~3 heavy hadron production efficiency
2 - TthI-IO“‘”s

3 - either long interaction length , > 300 g/cm? or low inelasticity, ~ .1, or

both

In examining the literature it is found that these constraints severely restrict
the possible source of deeply penetrating showers from this type of source. The
production of charmed hadrons a,i-: all xp is expected [9, 74] to be at the 1% level
relative to the proton cross section while the production of bottom and top scales
as (m,/m.)?. This is primarily due to the intrinsic charm states in the structure
of the nucleon [40]. In the same models, the Feynman x (x#) distributions indicate
that 10% to 20% of the total charm or bottom production has large xp. In this
context ’large’ means > 0.1. The result is a production efficiency for charm matter
having large xr of 107>, Bottom production will be suppressed by an order of
magnitude and top production by at least 1000 assuming m, > 50 GeV. This implies

that charmed hadrons seem like plausible candidates for the production of deeply

~ penetrating particles. Bottom production would contribute only marginally to this
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process. Top production can be neglected in the context of deeply penetrating
particles. |

Many of the charm and bottom hadrons meet the lifetime requirement of 75, >
10" 5. In the event that branching ratios for the production of charm and bottom
at EHE energies were to be known or predicted, the lifetime constraint could be
used to eliminate certain branches from consideration.

Finally, hadrons with heavy quark constituents may have somewhat reduced
cross sections [72], leading to interaction lengths on the order of hundreds of g/cm?.
In the MIT bag model such a heavy quark component leads to increased localization
of the hadron. This effect leads to a reduction in the cross section compared to a
hadron with no heavy quark constituent There are also claims in the literature [63]
that the mean inelasticity of heavy hadron-air interactions mjght be a low as .1.
In the case of EAS initiated by protons there are models that predict larger mean
inelasticities in proton-air interactions with increasing energy as well as models that
predict significant decreases. Current Fly’s Eve measurements are more consistent
with models of increasing inelasticity.

In summary, charmed hadrons that carry a substantial fraction of an initial
EHE cosmic ray interaction deep into the atmosphere must be considered as a
source of deeply penetrating events. To a lesser extent hadrons with bottom
may also contribute. Measurement of the flux of deeply penetrating showers due
to this mechanism could provide data of interest to particle physics at energies
higher than those available at any current or proposed terrestrial accelerator. The
FE is sensitive to primary cosmic ray interactions with center of mass energy
v/s 2 15 TeV while the Superconducting Super Collider (SSC), the highest energy
terrestrial accelerator, is designed for 1/s = 20 TeV. There is an important difference
between these instruments in that the Fly’s Eye is primarily sensitive to the forward

production region while the SSC is designed to investigate central production. In
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spite of the fact that particle physics parameters are strongly coupléd i the FE
experiment the specific parameters addressed would include total heavy hadron
production cross sections, xp distributions in heavy hadron production, heavy
hadron interaction cross sections, and heavy hadron inelasticity distributions. The
details of these effects and how they can be illuminated by the measurement of the

deeply penetrating flux will be discuss in Chapter 7.

3.3 Exotic Matter

The ‘Centauro’ type events [16] found in the Mt. Cha;caltaya emulsion exposures
and reported by the Brasil-Japan collaboration have been singularly difficult to
interpret. These events are characterized by their deeply penetrating nature, their
large suggested rest mass, and their large multiplicity. The characteristics of these
interactions effectively rule out almost all of the pa,rt-icles interactions that have been
observed and studied to date. A number of proposals have been put forward to
explain these events, all of which are all based on some sort of exotic state of matter.
Among the possibilities are explosive quark globs [14], endopionic bags [29], and
strangelets [93, 60]. There are no predictions of the fluxs of such unusual "particles’
in the EHE cosmic ray flux but they must be considered as possible source of deeply
penetrating showers. Centauro type events should be readily distinguishable from
events initiated by either charm or neutrinos due to the large observed multiplicity.
This multiplicity would result in an EAS profile that develops much more quickly

than a standard shower of the same energy.
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CHAPTER 4

EVENT SIGNATURE

The fundamental empirical queétion of this dissertation is how to distinguish an
event initiated by a deeply penetrating particle from those mitiated by the nuclei
which constitute the overwhelming bulk of events detected by the FE. This question
can be asked in two different ways. What are the event characteristics that allow
the positive identification of events that ate due to deeply penetrating particles?
What are the event characteristics that allow the positive identification of events
that are not due to cosmic ray nuclei? Given that deeply penetrating events are
intrinsically rare there is no empirical data base that allows us to identify the
characteristics posited in the former version of the question. There is, however, a
large data base of events that are due to cosmic ray nuclei. This means the question
of what is, and by extension what is not, characteristic of events initiated by cosmic
ray nuclet can be addressed with confidence. For this reason a signature of deeply
penétrating events is sought such that they are not due to cosmic ray nuclei.

The principal EAS parameter that is associated with the shower depth is Xpue-
Showers that are initiated deep in the atmosphere will have shower maxima that are
correspondingly deep. We define a deeply penetrating event as one whose X, is so
deep in the atmosphere that the event is inconsistent, to some level of significance,
with a standard cosmic ray shower. This chapter will discuss how a criterion is
established to 1dentify an event that is not initiated by an EHE cosmic ray nuclei

and must therefore be a deeply penetrating event.
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4.1 Qualitative Considerations

Because deeply penetrating events are expected to be rare, the ﬁrét consideration
is to analyze data from as early in the data pipeline as possible. In principle,
this should lead to the largest possible data set in which to search for such rare
events. The outl-)ut of the geometric (GEO) analysis is the least processed data
that still contains most of the pertinent event parameters. The GEQ data have
been subject to analysis designed to eliminate obvious noise events, laser shots,
flashers, and airplanes from the data. There is also a minimal quality cut that
requires five triggered tubes in an accepted event as well as some cuts on the
timing of the tubes in the event. The important features of these data are that
it has complete geometric information about the shower but has no estimates of
either shower energy or profile. Choosing to work with the GEO data set means
that the shower maximum, a feature of the shower profile, will not be accessible for
event characterization. This is because further analysis by the SIZE and SHAPE
routines is needed to reconstruct the shower profile from which X,.,, is determined.
Because a deep shower maximum is the feature that defines the events of interest
to this dissertation the use of the GEO data set means an implicit constraint on
Xmaz must be sought.

Qualitatively, the matter traversed by an EAS to reach a particular point in the
fiducial volume of the FE detector increases as the zenith angle (6.) of the event
increases. This means that, on average, detected EAS with large . have larger
Xmaz- For an individual event, however, large . alone is not sufficient to support
the conclusion that the event is deeply penetrating. The classic counter example
is the horizontal shower (6. = 90°) that is 15 km above the ground. Such an

event can be shown to have an X,,., that is anything but deep. Large 8. combined

with nearness to the ground is required to yield the expectation that an event has
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an unexpect.‘edly deep X,nqr. The GEO data set contains sufficient information to
design an event criterion of this kind.
| An alternative approach is to note that the plane normal (6,,) provides a lower
limit on 4, (see Figure‘ 2.1) while also providing some constraint on the proximity
of the event to the earth.

In either case the fundamental question is what constitutes an unusually deep
event i the desired parameter s.pz_ice? Figures 4.1 and 4.2 show typif:al distributions
of the parameters in question. In both cases the range shown is the complete range
of the parameter space. Note that in the case of 8z the full range is spanned by this
small data set. In contrast, the @, distribution shows a significant region devoid of
events. In order to identify events that féll outside the range of data resulting from
typical cosmic rays it is important to be able to clearly define what the extent of
that range is. It is not clear, in the case of the 8, distribution, where that edge is.
Conversely the 0, distribution indicates a definite region where so called normal
events are not expected. This suggests that 6, may be the preferable parameter to
use in characterizing deeply penetrating events.

An additional consideration is the accuracy with which 6, and 8, are determined

in the analysis. Figures 4.3 and 4.4 show the distribution of the estimated errors

in the determination of 8z and 4,. Even if the artifact at 90° in the &, error
distribution is ignored, these distributions show dramatic differences. The mean
uncertainty in the determination of 8, is so large that a nearly horizontal event, a
otherwise reasonable candidate deep event, could plausibly be either upward going
or downward going with a very normal X,,,,. On the other hand, an event observed
to be in a nearly horizontal plane is just that, given the mean 8, error.

The reason for the difference in the error distributions is straightforward. 4,
is determined by which PMTs fired and the geometry of the FE detector. This

geometry of the FE dectector has been carefully characterized and is subject to
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a minimum of uncertainty. There is no uncertainty in knowing which tubes fired.
The uncertainty in the determination of #, is primarily due to the 3.5° feld of
view of the PAIT/Winston cone assembly combined with the track length. The
determination of 8. is additionally dependent on the timing information from the
detector. Uncertainty in the firing time is due in part to characteristics of the
detector electronics as well as jitter in the actual timing measurement. Due to
the specific form of the fitting function the timing uncertainty leads to significant
uncertainty in the fit particularily in the case of relatively short track lengths.
The uncertainty in fit paramters in turn leads to substantial uncertainty in the
determination of 4..

The uncertainty in 8, can be reduced by considering only events which have
long track lengths. Typically events with track lengths greater than 50° will have
a lower associated uncertainty. As can be seen in F igure 4.1, imposing such a track
length requirement would reduce the data set by a factor of ~ 2. By requiring a 30°
minimum track leﬁgth the data set is not significantly reduced and the uncertainty
in @, is acceptable. Because the minimum number of triggered PMTs in an event
is set at 5, which roughly corresponds to a 25° track length, a 30° track length
constraint also helps eliminate marginally triggered events. -

For the purposes of this dissertation it was decided to implement an implicit
constraint on the X,,.. of a detected event through the plane normal angle, @,..
This approach will permit the consideration of relatively short track length events
as potential deeply penetrating events while reducing the sensitivity of the search

to uncertainty in the timing measurements.

4.1.1 Implementing 8, Criterion

At this stage what needs to be determined is the distribution of events in 4, space

for normal cosmic ray events. This is accomplished through the event generator and
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Figure 4.5. Track length distribution for typical monocular events.

detector simulator described in Qhap'ter 2. Such an approach necessarily depends on
the assumption that the monte carlo program accurately reflects the performance
of the detector in all ways. The number of events generated and passed to the
simulator is determined by the known operating time of the FE as well as the
calculated and verified EHE cosmic ray spectrum. The @, distribution of the
triggered events is then analyzed to define a suitable criterion for events that are
not du_e to nominally normal cosmic rays.

In order to provide an acceptably reliable signature for deeplv penetrating events
the criterion will be based on the 8, distribution of 100 times the number of cosmic
ray events actually detected. This results in a confidence level of 99% that an
event satisfying such a signature for deeply penetrating events will not be due to a
normal cosmic ray. The 8, distribution resulting from such a calculation is shown

in Figure 4.6. An important feature of this plot is the abrupt discontinuity in
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Figure 4.6. 8, distribution of triggered events from Monte Carlo data. Events
generated 8. between 60° and 89°.

the tail of the distribution at 19.5 °. This discontinuity is a result of the 3-tube
local coincidence requirement for ring 5 mirrors. Events that occur in planes with
0 < 20° require at least one mirror in ring 5 to trigger in order to meet the master
coincidence requirement of two triggered mirrors. EAS 1n planes with 8, < 16° are
viewed exclusively by ring 5 mirrors. This may be the dominant reason why the 8,
distribution cuts off between 15° and 16°. The implication of this distribution is that
if the FE experiment were to amass an on-time 100 times that currently represented
by the data set there would still be no standard hadronic events expected with
6n < 15°. As a result if an event exists in the current data set with a 8, less than
the cutoff value then such an event is not initiated by a standard cosmic ray and
must be a deeply penetfating event. Table 4.1 gives the cutoff values for epochs 2

through 4.
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Table 4.1. 6, cutoff values in degrees for each epoch based on 100 times the actual
number of detected FE events. Confidence Limits (C.L.} are given based on the
analysis in the text.

[ Epoch [ 99% C.L.] 90% C.L. |

Epoch 2 15° 20°
Epoch 3 15° 20°
Epoch 4 15° 20°

The confidence limits given reflect the probability that an event in the data set
with 8, less than the stated value is not due to a normal cosmic ray event. The
confidence level is arrived at in the following manner. For k events that triggered
the detector simulator the probability that the actual mean number of events is 7
is P(ulk) which can be expressed using Bayes’ Theorem as

Plulk) = —LUEBP)
Jo© P(lu)P(p)dp

In this expression, P(kfu) is the probability that % events are observed from a

(4.1)

Poisson distribution with mean g. P(p) is the proba.bilityr that the mean is z and

is taken to be a uniform distribution. The expected value of u is then given by

B = fom pP(plk)dy. (4.2)

i 1s the éxpected mean number of events in the Monte Carlo data set which
represents 100 times the actual data set. This leads to the expected mean number
of hadronic events in the actual data set being £/100. From this the probability

that no hadronic events are found in the aperture of interest is given by
P(0|g) =e™*® = I, (4.3)

This analysis suggests that deeply penetrating events are those with 8, < 20°,

The effect of reconstruction errors on this signature will now be considered.
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4.2 Spillover

Some deeply penetrating eventls with 6, < 20° will be reconstructed with 4, >
20° but an equal number with 4, > 20;’ will reconstruct with ¢n < 20°. The concern
is that norfna.l hadronic events may be reconstructed with a 6, < 20°. To address
this question the following check was performéd. A large number of events were
randomly generated with some fixed 6,. These events were then passed to a detector
simulator program [8], which generates a simulated data file. This data file is then
analyzed using the normal data analysis routines and the 6, of the reconstructed
showers are compared to the actual or generated values. The result of this exercise
1s that the distribution of ., for the reconstructed showers had the same mean value
as the distribution for the generated showers with a standard deviation of ~ .6°.
This test was performed for 17° < 6, < 20°. Choosing the 8, criterion to be 3¢
less than the nominal value given previously would result in a mimimal chance that
a normal event is erroneously reconstructed and meets the requirement for a deep
event. For this reason the criterion for deeply penetrating events is modified to be: ,

Candidate deeply penetrating events are those whose 8, is less than 18°.

4.3 Upward Going Events

Upward going events provide the classic signature for EAS initiated by neutrinos.
There is no question that an event that is demonstrably upward going, except for
some limited geometries, is a deeply penetrating event. Such an event would either
have to traverse an enormous amount of atmosphere or some portion of earth as
well as the atmosphere. These events would be deeply penetrating in the extreme.
For most geometries the amount of matter traversed by such a shower would be
opaque to all charged leptons leading to the identification of upward going events as

neutrino initiated EAS. Upward going events are identified by shower zenith angles
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greater than 90°. Because 8, is subject to dfﬁ?f%_rent;;_uncertainties thian 6, a different

. . . TR
criterion for candidate upward going events muit be selected.

§
4.3.1 Zenith Angle Resolution

For an event to be convincingly upward going, it must have a zenith angle
greater than 90° with estimated reconstruction errors small enough that the event_
is clearly not downward going. As can be seen from the earlier discussion of the
error distribution of f. an event would be unlikely to be convincingly upward going
unless 8. were greater than 100°. Considering only events with track lengths > 50°
reduces the méan uncertainty in the determination of 6, to roughly 2° along with
a reduction is the size of the data set. Nearly horizontal events would have to
be considered to be downward going and subjected to the previously defined 4,
criterion. This leads to the definition of the signature of an upward going deeply
penetrating event as one whose 6, > 100° with a track length great;ar than 50°.
Apparently upward going events with 8, < 100° must meet the same requirement

as downward going events.

4.3.2 Neutrino Flux Attenuation

Due to the shadowing of the earth, there is a substantial energy-dependent
attenuation of deeply penetrating events with 6. > 90°. Figure 4.7 shows the
calculated attenuation of neutrino events as a function of zenith angle based on
the EHE neutrino interaction cross sections of Quigg et al[82]. As can be seen.
the minimum attenuation of the neutrino flux at 6. > 100° is 10! at 10'7eV and is
substantially larger at higher energies. Assuming that the triggering efficiency for
upward going events is the same as that for downward going events, an estimate

of the aperture for upward going neutrino events can be made. Relative to the
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Figure 4.7. Attenuation of neutrino flux due to passage through earth. From left
to right the curves are for 1017, 108, 10'° eV peutrinos respectively.
aperture for downward events with 6, < 18° the aperture for upward going events
with 8, > 100° and track length greater than 50° is roughly a factor of 8 larger.
As a result of the attenuation of the upward going neutrino flux, the observation
of an event with 8, > 100° would accompanied by the observation of a large number
of upward going events with 90° < 4. < 100° if the source is a diffuse neutrino flux.
If an event is observed with #. > 100° without the attendent events at smaller 4.,
then the source of event must be other than a diffuse neutrino flux. Such events
would be of profound importance if observed. A general search of the data set for
convincingly upward going events at all 6. is made. It is important to note that
there are a number of potential sources of spurious upward events. These include
laser shots, flashers, weather distorted flashers, and whatever the army may be

testing at the Dugway Proving Grounds. With this in mind, a search for upward
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going events with zenith angles greater than 100° and track length greater than 50°

will be made with the possible spurious sources being dealt with on a case by case

! basis.
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CHAPTER 5

CANDIDATE EVENTS

The data base of monocular events from FEI that were reconstructed by the
GEO routine [7] was searched for events with 6, < 25°. This was accomplished by
first reading the event record and making a cut based on the track length and the
direction of propagation. Events with track lengths greater than 30° and downward
going were then examined for their 4,. Due to the manner in which GEQO data are
parameterized, the search range was either 0° < 6, < 30° or 150° <6, <180°. It
should be noted that a concurrent search for upward going events was made and
found no upward events that met the 6, criterion, had track lengths longer than
50°, and were not laser shots. Table 5.1 summarizes the events found in this search
with 8, < 25° where 8, has been redefined to be between 0° and 90°.

As can be seen from the list of events, there are none which meet the criterion for

deeply penetrating events. As a result, there can be no measurement of the flux of

Table 5.1. Events with 8,, < 25°.

LDate I Event I 0, [
2/21/82 119 | 24.9
T/27/84 | 2089 | 24.3
3/22/85 1 6006 { 25.0
7/10/86 199 § 21.4
8/2/87 | 734|220
1/12/88 | 5316 | 23.9
11/5/88 7231221
12/3/88 6| 24.8
3/1/89 6930 | 21.0
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deeply penetrating particles but the absence of such events can be used to set limnits
on the proposed source models. No events whose 6, is within 2° of the requirement

for deeply penetrating events. The task of the remainder of this dissertation will

be to examine the implications of the nonobservation of deeply penetrating EAS.

5.1 Consistency Check

This is accomplished by scaling the Monte Carlo 8, di-s-tributions by the appro-
priate factor and then comparing the predicted number of events with 6, < 25° to
the 9 actually observed. In the specific case of the epoch 4 output shown in Figure
4.6, 336 simulated events had 8, < 25°. Because the data represent 100 times the
actual number of cosmic réy events in the real data set, the number of events with
6, < 25° predicted by the simulatof is 3.3. This is compared to one epoch 4 event
found in the real data. Given the statistics, this is reasonably self-consistent. The
first time this self-check was done in December of 1991 it was mmediately apparent
that there were serious problems. At that time the simulation reutine predicted

roughly 320 detected events in the complete data set. It quickly became apparent

that in the tails of the Monte Carlo generated #, distribution the model did not

match the data. In the course of attempting to resolve the inconsisteéncy, a number
of changes in the Monte Carlo became necessary. A brief description of the most
prominent modifications in the code follows.

Early on it was discovered that a special feature of the operation of the ring 5
murrors, namely the 3-fold local coincidence requirement, had not been implemented
in the model. This was recently fixed in the general group version of the code.
Unfortunately the modification took place after the version of the code used in
this dissertation had been split off from thé normal software support process.
Implementing the 3-fold coincidence requirement had a dramatic effect on the

triggering efficiency of deep events. It is important to note that the detector
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simulator was in operation for 9 years before this oversight was noted and corrected.
The effects of this oversight on previously published results are negligible in-most
cases but may have affected previous work on deeply penetrating events [5. 6].

"It was also found that the standard model of the atmosphere and its aerosols
implemented in the Monte Carlo code in 1980 differed substantively from more
current measurements. Recent work by Luo [68] in this group and others {83,
55] suggest a more detailed model of the atmosphere is needed. A new model of
atmospheric aerosols based on work by Spinhirne et al.[85] was included and had a
significant impact on the Monte Carlo data. This modification is necessarily very
preliminary and a great deal of work remains vet to be done on this topic. Cirrus
clouds, along with weather in general, need to be modeled more realistically. The
daily, and even hourly, variations in lower atmosphere aerosol distributions also
need to be modeled. Details like the angular distribution of aerosol scattered light
need to be examined in the light of more recent measurements.[SS].

Along with these two significant model changes a number of minor adjustments
were made. These ranged from updating the noise modeling routine to introducing

more current quantum efficiency files. In some cases these changes had no descern-

-able effect on the data. There remain a number of features of the mddel where it is

not ciear what the best current model of the process is. As an example, the phase
distribution of the aerosol scattering process is not consistent with the work of Luo
[68] but the best choice for modeling the Dugway atmosphere 1s not clear. The
effect of replacing the existing Monte Carlo distribution with that cited by Luo is
apparent in the data. Further study is needed to resolve this issue. There remain
other unresolved issues like this in the code.

The net result of these modifications is that the detector simulator vields data
distributions more like the real data. In spite of the changes, the Monte Carlo

still overestimates (Table 5.2) the number of events detected in the tail of the
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0. distribution. Because the purpose of this dissertation is NOT to reinvent the
detector simulator and there seems to be no end of small updates in the code.

the introduction of a correction factor is now considered. This correction factor

does no more than scale the predicted number of events in the tail of Monte Carlo

i data to the number of events in the tail of the real data set. Table 5.2 gives the
i \ correction factors by epoch based on the number of events seen with 6, < 93°.
These correction factors could be used to adjust the predicted detection efficiency
for peutrinos and charm matter on an epoch by epoch baéis.’ At best this provides
only an approximate correction since it is unclear whether the relative Monte Carlo
performance continues to worsen as data further out in the tail is examined. It
should also be noted that a systematic shift of less than 1° in 8, between the

Monte Carlo and the real data would reduce the correction factor to 1. in all

[P

{ epochs. This occurs beca,use‘the bulk of the events with 8, < 25° that triggered

the detector simulator have 6, > 24°. Because the question of svstematic shifts is

not resolved, it is deemed prudent to not use the correction factor to reduce the

calculated detection efficiencies at this time. The values of the correction factor are

reported here in the event that they may become useful.

Table 5.2. Ratio of predicted Monte Carlo events with 8, < 25° (Np) to the real
data (N,-m]).

! { Epoch l None/Nreat |

. Epoch 2 1.0
Epoch 3 1.5
Epoch 4 33




CHAPTER 6

NEUTRINOS

Neutrinos from astrophysical sources were brieflyv discussed. in a previous chapter.
In all of these models the dominant process by ':/hlch hl‘f‘;:‘ energy neutrinos are
created is the py; interaction. pp interactions are also a po‘tential source of high
energy neutrinos. In the case of cosmic ray nuc]ei_:?f. large in the universe the
dominant radiation field is the 2.7° microwave back:"ground. For AGN models it
is the local radiation field of the compact object. The cross sec,tién for the p;
interaction turns on strongly at a photon energy around .2 GeV in thé ‘pI‘DtOI.l rest
frame [86. and references therein]). In the case of cosmic ray nuclei :this means
that 10° EeV protons interact with photons from the peak of the 2.7° blackbody
radiation field. Due to the high energy Boltzmann tail of the radlatlon field the

effect will turn on at significantly lower particle energies. The domma,nt branches

in this process are
p+v— A(1232) - n4+ 7t (6.1)
= g7
—et 47+ Vy
and
p+7— A(1232) - p+ =0 (6.2)
~ ¥+

Roughly 40% of the total cross section is in the neutrino producing branch. A

straightforward calculation shows that the energy of all the neutrinos produced
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will be of the same order:.l This is why most models calculate only the v, O v
energy spectrﬁm and multiply by an appropriate factor to get the total neutrino
spectrurn. Of the three neutrinos that result from this process. Yy, ¥, and v.. the
FE experiment is sensitive primarily to the v.. This is due to the fact that in EHE
neutrino interactions the differential cross section do /dz g, where zp is the ratio of
the energj-/ of the outgoing lepton to the primary neutrino energy, 1s strongly peaked
near zr ~ 1 [82]. As discussed by Quigg et al.[82], this peaking is due to the growth
of the quark distribution functions at small z and large momentum transfer Q* in
conjunction with the Q? cutoff generated by the boson propagator. (Note: Here =
is not the Feynman variable zr but rather the scaling variable z=Q?/2M(E,-E,).)
The result is that in v, interactions the bulk of the primary energy is carried off in
a muon that does not produce a detectable EAS.

Given this mechanism for production of astrophysical neutrinos the actual ex-
pected flux of neutrinos is dependent on si)eciﬁc assumptions about the spectrum
of primary nuclei, evolution of the primary particle production mechanisms, and
radiation fields among others. This chapter will be devoted to a qualitative ex-
amination of two models that yield predicted neutrino fluxs that are plausibly
detectable. The principal purpose is to test the consistency of the nonobservation

of deeply penetrating events with a given model of the EHE neutrino flux,

6.1 Model of C.T. Hill and D.N. Schramm

This model [58] is a.n extension of earlier work by other investigators [86, 89,
87, 48]. All of these authors have built on the basic procéss pointed out by
Greisen [51] and Zatsepin et al[94] that photonuclear interactions of EHE cosmic
rays of extragalactic origin with the microwave background would lead to a cutoff
of the cosmic ray spectrum. It was realized that along with the cutoff of the

spectrum a potentlally detectable flux of EHE neutrinos and photons would also



4

r3

s

3

¢

- result from this process. Much of the early work in this field was directed towards
; analysis of the photon component of this process. Because neutrino interactions are

potentially distinguishable from other particle interactions. an interest developed in

the neutrino component of the cosmic ray spectrum. Neutrinos are distinguishable
from other components of the cosmic ray flux by virtue of their low cross section.
Deeply buried detectors can search for events initiated by particles that must have
traversed path lengths in the earth that are opaque to all known particles other than
neutrinos. The signature of a deeply penetrating event in the Fly’s Eve data set is
another means of distin.guishing neutrino initiated events from others. The model of
Hill and Schramm calculates the expected EHE neutrino flux from the interaction
of extragalctic EHE cosmic ray nuclei with the 2.7° microwave background. Current
views of the structure and evolution of the cosmos are included in this model. Other
processes, such as the AGN model of Stecker et al.[88] or pp interactions between
cosmic rays and interstellar matter, may contribute substantially to the overall

neutrine flux and must be considered separately.

6.1.1 The Basic Model

In this model the EHE cosmic ray flux above 10 eV is asssumed to originate in
sources that are uniformly distributed throughout the universe. The propagation
of the cosmic rays from a standard source through the intervening medium is found
from a numerical solution to a transport equation. In this process, the secondary
particles from interactions of the cosmic rays with the medium are tracked until they
can no longer contribute to the production of EHE neutrinos. This is a significant
difference between this work and other previous work. In the past, most analysis
of cosmic ray propagation has been based on average properties of the particle

interactions. Typically previous papers have modeled the propagation of the cosmic

tays through a diffusion process that has not considered the effects due to secondary
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‘particles. The resulting EHE neutrino flux at the earth from a defined standard

source is calculated.taking into consideration the spectrum of the 2.7° microwave

b@quround, the energy spectrum of the pions produced. and the energy of the
recoil nucleon in the interactions. The neutrino flux is dependent on the distance
to the source. the s:'peciqﬁ:c energy dependence of the cosmic rays produced by the
source, the rate of production of EHE cosmic rays known as the source activity. the
redshift of the source, and the assumed intergalactic and universal radiation fields.

As the redshf-f_t of a source increases so does the temperature of the universal
microwave baciéigfou.nd in 't_he reference frame of the source. This results in a
lowering of the GZ cutoff energy for cosmic rays from this source. The overall
eﬂicienéy of neutrino E.rb%iﬁctioﬁ will be increased and extended to lower energies
by t‘hié .m'echanism,. Inaddmon the én‘ergy qf neutrinos observed from a -parficular
source '\,,\;i'll be‘rgduced .due to redshift effects. Qualitatively this process suggests
that the highest -energy neutrinos will be from relatively local sources. Distant
sources with ligher redshifts will contribute to the EHE neutrino spectrum at lower
energies. Assumpt_iﬁ;ns a.bout“ the density of sources as a function of redshift will
affect how this mechanism contributes to the overall EHE neutrino spectrum.

In this model, the source activity is a measure of the total product'ion rate of
cosmic rays. It has been observed that the radio luminosity of galaxies increases
with z [67, 92, 33]. The observed radio luminosity is consistent with radiation from
electrons accelerated by Fermi shock acceleration to very high energies [13]. This
suggests that the charged particle acceleration environment is enhanced in galaxies
with higher redshift. This in turn leads to the expectation that the acceleration of
cosmic ray nuclei to EHE energies will be commensurately enhanced. The result
1s a relative increase in the flux of higher energy cosmic ray nuclei which yield -
higher energy neutrinos from a source with greater redshift. The specific form

of dependence of the source activity on redshift used in this model is given in
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equation 6.3. Here : is the redshift and 7 is the activity of the standard source at

z=0. 7 is the maximum redshift of sources that contribute to this model. The
production mechanisms for EHE cosmic rays necessarily turned o at some point
in the evolution of the universe. Astrophysical observations of extremely energetic

radio source provide a possible upper limit on 3 neutrino fux

n(z) = {14 2)™0(z — =)y ' (6.3)

The energy dependence of the EHE cosmic rays produced by a source is taken
to be of the form

HE)x E7%(em?® — s — sr — GeV)™L. (6.4)

In this expression for the differeptiai flux produced by the source, 7; is the injection
spectral mdex. The power law dependence of the differential flux is a fundamental
feature of measurements of the cosmic ray spectrum at high energies. Although ~;
is not directly measured, it is a feature of the models of acceleration process that
lead to the observed spectral index of EHE cosmic rays. Current measurements of

the EHE spectrum find the observed spectral index to be 7 = 3.0.

6.1.2 Spectrum Calculation

Once the local neutrino spectrum due to a standard source with » = 0 and
activity no, at a distance Ry, has been calculated then the total spectrum can ob-
tained by integration over all sources, This integration includes previously discussed
direct redshift and source activity effects. In addition the density of sources has

the following dependence on the redshift due to the expansion of the universe.

p(z) = (1+2)°pq (6.5)

In this expression pg is the density of sources at = = 0. The resulting unnormalized

total neutrino spectrum has a number of free parameters. These include Z, the
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maximum redshift, 4;. the injection spectral index. and m, the source activity
exponent. Current limits on = are set by astrophysical observations of quasars. =
is currently thought to be in the range of 2-4 [39] based on these observations. -;
1s expected to be near 2.0. This is a typical spectral index calculated by models of
EHE cosmic rayv acceleration from 1st order Fermi shock acceleration. This is also
consistent with the injection spectral index used in models [10, 13] which predict the
~ = 3. spectral index of EHE cosrﬁjc rays. Measurements of the radio luminosity of
highly redshifted sources indicate that there is an increase in the luminosity with
increasing redshift. At z near Z, it is unclear whether the luminosity of higher =
sources decreases or if the density of such sources decreases. Either scenario conld
account for the observations. In this model of neutrino production, it is assumed
that the source luminosity has the form given in 6.3 and that the cutoff in = is due
to effects other than a loss of luminesity in highly reshifted sources. At the time
this model was proposed, there was some evidence for 7 in the range of 4-5 [83].
More current measurements in the x—ray region suggest m is roughly 2.6.

The remaining task 1s to normalize the calculated spectrum. In the case of this
model, it is accomplished by tying the EHE cosmic ray particle spectrum calculated
by Hill and Schramm to an observed EHE spectrum. Because the particle and
neutrino spectra are directly related this provides the normalization for the neutrino
spectrum as well. The spectrum published by the Haverah Park collaboration [36]
was chosen given that is was the most statistically significant available at the time
of this paper.

Figure 6.1 shows the resulting EHE neutrino spectrum and illustrates the =
dependence of the model for ; = 2.0 and m = 4.5. The activity index does not
play a role in the asymptotic spectral slope but rather affects the flux levels for
the different z. v = 2.0 was found to give the best fit to the Haverah Park data,

which are consistent with previous models of the EHE particle spectrum. It should
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Figure 6.1. The predicted differential neutrino spectrum above 10'7 eV as a function
of %, the maximum redshift. % 15 2.0 and m is taken 1o be 4.5. From bottom to
top the different curves represent z= 2.4, 6, 8, and 10 respectivelv. This spectrum
1s normalized to the Haverah Park EHE cosmic ray particle spectrum.

be noted that the spectrum as presented in the original paper is incorrectly drawrn

and has been corrected here.,

6.1.3 Calculation of Expected FE Neutrino Events

The quantity that must be detemined in order to calculate the number of deeply
penetrating events is the energy dependent aperture function. Qualitatively, this
represents the detection efficiency for neutrinos that enter the fiducial volume of
the detector and meet the criterion for a deeply pepetrating event. This function,
denoted by Q(E), together with the detector on-time and the proposed neutrino

spectrum are used to calculate the expected number of detected events in some
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energy window. The consistency of this calculated value with the actual number of
detected events may then be evaluated. This portion of the dissertation will describe

the principal features of the calculation of the aperture function and the expected

number of detected events. The actual procedure by which this is accomplished

in terms of computer code, batch files, and plotting routines is documented in

i appendices to this document.

The process begins by generating a set of random EAS trajectories that isdtrop—
ically and homogeneously fill the space of possible arrival directions. These EAS
j are assigned a particular energy in the energy interval 10'" eV to 1(520 eV. The jow
end of this window is defined by the turn on of detector sensitivity and the high
end by a combination of atmospheric transparency and the rapidly falling cosmic
; ray or neutrino spectrum. Once the trajectories, or tracks, are generated, those
that meet the geometric criterion of a deeply penetrating event as established in
Chapter 4 are selected to be passed on to the next step in the process.

) For each trajectory generated the total amount of matter traversed by the
neutrino is calculated. Given the low cross section for neutrinos [82] interacting

with air the probability of given neutrino generating an EAS within the fiducial

S

Madess

volume of the FE is small. For the same reason, if the neutrino does initiate a

% shower, it will do so at any point along its track with equal probability. If a careful

it

statistical approach were folllowed in this process, a number of event trajectories
j would bave to be generated to find even a few that resulted in the initiation of an
EAS. This would hopelessly bog down the computational process. To improve the
efficiency of the calculation, the neutrino is ‘forced’ to interact at some random
point along its path. The event is then weighted by the probability that it would
have interacted somewhere along that track.

Once the point of initiation of the EAS is determined, this information along

with the shower trajectory and energy is passed to the detector simulation program.
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The simulator then determines whether each event would trigger the detector. In .
this case it is assumed that the EAS is initiated by an electron that leads to a
parameterization of the number of particles in the shower at a point along the
track given by Hillas [57). Events that trigger the detector are then passed to the
next stage.

The monoenergetic aperture, wg. is calculated as follows.

n | .

wg = {A- Z o, nNsG /N (6.6)

i=1
In this expression A is the detector fiducial volume that is given by 7 R?-2z m? —sr
where R is the maximum impact parameter with which the original {rajectories were
generated. N, is Avogadro’s number and G; is the column thickness (g/ cm?) along
the trajectory. N is the number of tracks generated in the first step of this process.
The sum is over the n simulated events that triggered the detector Monte Carlo,
were successfully reconstructed, and satisfied the criterion for deeply penetrating
events. The quantity being summed, o,y ¥4G;, is the probability that the neutrino
will interact with the atmosphere during its traversal of the fiducial volume of the
detector thereby initiating an EAS. The neutrino cross section. o,n. is from the
recent work of Reno and Quigg [82]. This o, is larger, especially at the highest
energies, than the cross section used in previous calculations of the UHE neutrino
fiux [4, 7). Once wg has been calculated for a number of energies a polynomial fit
to these monoenergetic apertures is performed to generate Q(E).

Predictably, Q(E) is dependent on the detector configuration which has evolved
with time as in any large experiment. The FE detector has experienced five major
optical and electronics changes over its current lifetime although only four are
covered by this dissertation. As a result, QU E) should more properly be written
as (1.(E) where e labels the epoch of detector performance between 1 and 4.

The specific dates and detector configurations associated with each epoch are well
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documented by K. Green [50] and will not be repeated here. The detector simulator
can be switched to any of the é_vstem configurations required to calculate all the
wg's needed to generate the different .(E)'s.

After all the Q.(E)’s are known. the number of deeply penetrating events ex-
Y pected due to any cosmological neutrino spectrum can be calculated. The number

of expected events in an energy window [E1, E»] is given by equation 6.7.

. 4 E>

2 N(Ey.Ey) =S r, /E QO (E)(E)E (6.7)
i e=1 1 .

i where

N(Ey, Ey) < expected events between E; and E,
5 Te ¢ detector on time for epoch ¢ (s)
y ‘ 2.(E) < aperture for epoch e (cm®sr)
n(E) < differential v flux ((cm*s-sr-GeV) ~1)

) Note that the sum over epoch dependent terms may be taken inside the integral.
i This sum is then a total time weighted aperture, Q(E), and is shown in Figure
6.2. Table 6.1 gives the expected number of deeply penetrating events over the
2.1-107 s of detector on time based on the neutrino spectrum of Hill and Schramm
) shown in Figure 6.1. As can be seen. the number of events expected depends on the
assumed 2. Even for Z greater than that suggested by current observations there
- is still no expectation of observed events from this source. The table shows that
nonobservation of deeply penetrating events by the FE experiment is consistent

with this mode] of the EHE neutrino flux.

6.2 AGN Model of F. Stecker et al.

This model [88] proposes Active Galactic Nuclei, AGN, as sources of a diffuse
EHE neutrino flux. The magnitude of this flux is of the same order as that predicted

by the model of Hill and Schramm. Although the bulk of the flux due to this

i proposed mechanism is at energies below the FE threshold the high energy tail is
f still plausibly detectable. The expected number of deeply penetrating events due to
Ry
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AGN peutrinos is obtained by employing the AGN neutrino spectrum in equation
6.7. All other features of the calculation arer identical. Before presenting this result
the salient features of the model of Stecker et al.will be discussed.

As the most powerful emitters of radiation known, AGN are candidate sources
for EHE particles of all types. There are two features of AGN that are pertinent
to this model of EHE neutrino production. These are the proposed accretion
shock at some distance from the massive black hole that powers the AGN and
the observed UV and x’-fay spectra. Fermi acceleration at the accretion shock is
expected to produce a significant number of EHE nuclei with a characteristic E-2
spectral dependence. These ultra-relativistic particles will interact with the local
radiation field and particle environment yielding extremely energetic secondaries.
Observations of the AGN x-ray spectra suggest that the column density of matter is
relatively low where the x-rays are produced. This sets upper limits en the amount
of matter available for pp interactions. The rapid time vanability of the x-rav
emission indicates that the x-ray production region is smaller than the preduction
region of the UV portion of the photon spectrum. The resulting large phéton
density at the core of the AGN leads to py interactions dominating pp interactions..
Using a standard model for AGN, this paper calulates a EHE proton spectrum
due to accretion shock acceleration. From this particle spectrum and the observed
photon density, a secondary neutrino spectrum is calculated for a standard AGN
source. As in the previous model, this standard source is then integrated over the
observed density of such sources in the universe with appropriate corrections for
cosmological effects. The result is the total diffuse differential neutrino spectrum

shown in Figure 6.3.
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Figure 6.3. AGN differential neutrino spectrum from diffuse AGN sources as
calculated by F. Stecker et al..

6.2.1 Expected AGN Events

The result is that 8.89:1073 eveats are expected with energics greater than
10'" eV. This is consistent with the nonobservation of candidate everts by the

FE experiment.

6.3 Conclusions

The fundamental conclusion of this portion of this dissertation is that the resulis
of a search for deeply penetrating events in the FE data lead to no contraints on
current models for the production of cosmological neutrinos. In the event the
aperture function can be increased by ~1000, thep there is a real possibility that
neutrino induced deeply penetrating events will be detected. This is not unrealistic

given the HiRes detector currently under construction [59).
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CHAPTER 7

CHARM QUARK MATTER

In Chapter 4 a qualitative argument was given for the consideration of charm
quark production as a mechanism for the production of deeply penetrating EAS.
In this chapter the nonobservation of deeply penetrating events will be. compared
to the number of deep events expected based on the predicted characteristics of
charm production at /5 > 15 TeV. Where possible the various parameters needed
to model the production and propagation of charm quark matter will be taken from
experimental results or theoretical predictions in the literature. In some cases this
is not possible so a "reasonable’ vaiue or form is assumed.

There are many steps between the pro‘ducnion of a charmed hadron or meson in
the interaction between a primary cosmic ray and the aimosphere and the detection
of a deéply penetrating EAS directly attributed to that charmed particle. Table
7.1 is a description of the discrete stages in that process. An observgtion of deeply
penetrating events due to charm production necessarily addresses the combined
effect of all these processes. Such aﬁ observation can not be used to directly
determine any single parameter of the charm production and propagation process.
Because a mode] of this process will be more sensitive to certain parameters than
others, it is to be hoped that useful constraints can be derived. It is the purpose
of this portion of the dissertation to determine these constraints.

Due to the significantly heavier masses of the bottom and top quarks, 4.7 GeV/c?
and ~ 100 GeV/c? respectively, relative to charm: 1.5 GeV/c?, the expectation from
QCD [9, 74] calculations is that the total hadronic production cross section for these

quarks will be substantially reduced from that of charm quarks. Bottom production



Table 7.1. Stages in charm quark production of deeply penetrating events.

1 production of charm quark matter depends on total
cross section for pN— cé + X
energy of charm matter produced depends on differentia]
cross section with respect to xp, Fevnman x
3 propagation of charm matter through the atmosphere
depends on several parameters. These are;
1) cross section of charm matter with air
i) elasticity distribution of interactions in i)
ili) charm matter lifetime _
4 energy deposited along event track in small EAS due to
recoil particle from 3ii) above must be tracked
charm matter decays and standard hadronic EAS is initiated
6 recoil shower from 4) together with EAS from 5) is (isn’t)
detected by FE

[}

[ob1]

is expected to be reduced by a factor of 10 relative to charm while top productien is
predicted to be a factor of 100 lower. An additional consequence of the mass of the
bottom is that the relativistic v for bottom matter is reduced by a approximately 3
from that of charm matter of equal energy. This reduces the lab fetime of bottom
matter and hence the probability of the particle’s decay energy being deposited
deep in the atmosphere. For these reasons, the question of detecﬁon of deeply
" Penetrating EAS initiated by bottom or top matter will be tabled until the same

question is resolved for charm matter.

7.1 Charm Matter Characteristics

There are two basic problems in establishing the nature of the parameters that
effect the production and propagation of charm matter at EHE energies. The first
is that there is no accelerator data at energies anywhere near the EHE range.
In recent years, the highest energy measurements of the total inclusive charm

production cross section (6'2') have been in the range /s = 60 GeV [37]. This
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1s nearly 3 orders of magnitude below the FE regime. This means predictions of

o2’ must be extrapolated a long way in the absence of constraining data.. The
other problem is that the mass of the charm quark at ~ 1.5 Ge\” is not large
enough to permit the application of perturbative QCD to the calculation of charn.l
properties. Unfortunately, there is no other choice of methodology, which means
that predictions of charm production are assumed to be fraught with uncertainty
[74]. As a result, the charm para.ﬁzeters in the literature must be considered as
qualitative rather than quantitative predictions.

With this in mind, the predicted charm parameters affecting the production and

detection of charm initated EAS will now be individually discussed.

7.1.1 Total Charm Production Cross Section, o2

Included in the question of %% is also the issue of the differential cross seciion
with respect to zr, do**/dzr. In both cases the experimental data and the
theoretical predictions have not yet been reconciled.

tot

In the case of /2, the empirical result is that the cross section rises much more

quickly with energy than theoreticallv predicted [37]. Because these results must be
extrapolated from /s = 60 GeV to /s = 15 TeV, the ability to accﬁrat_e!y predict
the results at lower energies is very important. Barger et al[9] have proposed a
model for charm production that vields a prediction (Figure 7.1) for the total cross
section given m, = 1.5 GeV. In cases where the models of charm production do
not agree with the empirical data the model typically underestimates the cross
section at high energies. In the case of the model of Barger et al.. if the model is
extrapolated from /s = 2 GeV to /5 = 20 GeV it is estimated that 2t is 1 mb
which 1s roughly 1% of the p-air cross section [23]. Because of the uncertainty of

this extrapolation the total charm production cross section is taken to be a free
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Figure 7.1. Total inclusive charm production cross section from the model of Barger
et al.(solid line). Points indicate experimental results. Dotted line is extrapolation
to higher energies.
parameter of the process with a value in the neighborhood of 1% of the p-air cross
section. As will be seen later, the results of this chapter simply scale with o'2'.

The question of the differential cross section do/dzp is a good deal more
uncertain from an experimental point of view. Historically this issue was brought to
light when early measurements of the production and decay of the D* meson found
unexpectedly large cross sections for the production of D at large z7 [61, 1, 2, 27].
Subsequently, other experiments {43, 3] found much lower cross sections for charm
production at large zx. To date, the empirical evidence in this rnattef 1s still mixed
leading to two distinct sets of models. The first, characterized by the work of Barger
et al[9], predicts a ‘hard’ zF distribution (Figure 7.2). The second, characterized
by the recent work of P. Nason [74], predicts a very ‘soft’ zr distribution (Figure

7.3). Quantitatively these models of do/dzr are normally represented as having
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Figure 7.2. do/dzp from Barger et alfor the production of charm at center of mass
energy equal 2 TeV.

the same functional form but with distinctly different power law dependence. As
can be seen from equation 7.1 the soft zf distribution is very soft,

(7.1)

. _ (1 -zp)* 1<n <2*‘hard’ distribution
do/dzplzr 2 0.1) o« { (1—zp)* 5<n <8 ‘soft’ distribution

This question of the power law dependence of the differential cross section is
potentially one of the more testable features of models of charm production in
the context of deeply penetrating events in the FE data set. As will be seen later,
a hard zr distribution leads to a charm matter flux that is much more detectable
than that resulting from a soft distribution.

The basic feature of models that predict a hard zp distribution is the inclusion of
a diffractive component to the charm production process. Diffractive production of
charm has been much discussed in the literature [49, 54, 12, 71, 76, 11]. Diffractive

processes such as gc(sea) — gc{valence) and gc — gc are distinct from central
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motibn of the constituent quarks of the hadron is the same the bulk of the total
hadronic momentum will be carried. on average, by the heaviest quark. When
this intrinsic charm state is excited and dissociated from the incoming hadron the
resulting leading charm particle will have a rather hard zp distribution. It has
been proposed that if ~ 1% of pp interactions resulted in production of charm via
this mechanism then the hard zp empirical data could be explained. Fortuitously,
the predicted contribution to the proton structure functions from intrinsic charm
states is also at the 1% level. Until the empirical evidence converges, the question
of diffractive production of charm in the context of production of charm at large xp
will continue to be considerably confused. Because the FE experiment is sensitive
only to charm production at large zp, there is an opportunity to provide some

important empirical input into the whole discussion.

7.1.2 Cross Section of Charm Matter with the Atmosphere

Once again there are two inportant issues contained in this topic. The first is the
question of the inelastic cross section of charm matter with nucleons. Specifically,
the cross section with air is of interest. The second question is the elasticity
distribution of such interactions.” The literature is sparse and not lvery definitive
with regard to these questions. The following discussion attempts to place the
assumed o22°%%* and elasticity distribution into context.

In regard to the charm-air cross section, the statements from theorists run from
those who expect .-_n to be the same as op-n [63] to those who expect it to
be substantially reduced relative to o,_y [72]. In both cases the expectations are
unsubstantiated. A naive use of a bag model suggests that charm matter is slightly
more localized than normal hadronic matter, which would result in a slight lowering

of 0cz—v but this would not be more than a factor of more than 9-4 [38, 18],
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As can be seen there is no clear concensus on the question of ¢.:_x and as a result
this parameter has been left essentially free for the purposes of this dissertation.
.There 1s 110 Teason to expect it to be greater than o,_y, which is used as an upper
bound. Because it is more useful in conceptuallizing the experimental situation,
the actual free parameter in the calculation is A., the charm-air interaction length,
which is given by Ac(g/cm? = 23.6/0._n(barns)).

The literature regarding the elasticity distribution for charm-air interactions
is extremely limited and there is no experimental work addressing this question.
On one hand there seems to be no obvieus reason why the elasticity distribution
would be dramatically different from that of protons at EHE energies. In this
energy regime, protons have an average elasticity on the order of .8 [75]. On the
other hand, if the charm quark of the leading charmed hadron participates in a
‘spectator’ fashion then it is reasonable that the leading particle carries off most
of the energy. This is due to the hard z distribution of the charm quarks in the
structure functions. Perhaps this is the reason for the unsupported statement by
Khodjamirian [63] that the expected elasticity distribution for charm interactions
would have a mean value of 0.1. In the absence of any clear direction from
the literature, the elasticity distribution is also taken to be a freé distribution.
For the purposes of this dissertation elasticity distributions were constructed that
had a given mean value. Bimodal distributions were not considered. A typical

distribution with a low mean value is shown in Figure 7.4.

7.1.3 Charm Particle Lifetimes

The lifetimes of the various charmed particles are well known, and are given
in Table 7.1.3. There are other charm particles that are surely produced in the
interactions under investigation in this dissertation but their lifetimes are all roughly

six orders of magnitude smaller. These particles decay so quickly that showers con-
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Table 7.2. Charm particle lifetimes for potentially detectable hadrons.
Particle | Lifetime (s)

A, 2.10°13
D* 9-10"13
D° 41071

F=* 3.10713
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taining them are indistinguishable from normal EAS. In some cases. the principal
decay products of these short lived charmed particles are themselveg D mesons and
as such will contribute to the development of deeply peneirating EAS.

The question that arises once the lifetimes are known is what are the branching
ratios in the production of charm? Because this effect is so simple to factor in after
the fact no a priori assumptions about branching ratios are made. The particle
lifetime is taken as a free parameter between .1 and 1 ps and branching ratio effects

may be taken into account after the detection efficiencies have been calculated.

7.2 Charm Propagation Model

‘The following is an overview of the process by which the propagation of charm
matter through the atmosphere was modelled. It is intended to make apparent the
effects of the various free parameters on the model. These parameters are adjustable
to allow for different a priori assumptions. The process by which the combined
effects of the recoil showers, generated by interactions of the charm matter with
the atmosphere before charm decay, and the charm decay shower are included is
also described. No attempt is made to be exhaustive in this discussion. Additional
information about how to actually run the programs to generate the desired results
is contained in the appendices. Details of the code for this model must be sought

in the code itself, which is well-documented internally.

7.2.1 Basic Monte Carlo

Much of the process of modeling the propagation of charm particles is similiar
to the process already described for neutrinos. It begins with the generation of
a set of random EAS trajectories that isotropically and homogeneously fill the
available arrival directions. Those event trajectories that meet the criterion for a

deeply penetrating shower are identified. For these tracks, the point at which the
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primary cosmic ray, assumed for now to be a proton. interacts with the atmosphere
15 identified. It is assumed that 2 leading charm particle is produced in the initial
mteraction. The charm particle is assumed to have a particular energy and its
lifetime is selected from an exponential distribution with a predetermined mean.
Each event is then passed to an atmospheric propagation routine.

A’c‘this point an interative procesé is begun. Based on a preselected charm
interaction length, the depth penetrated before the next charm-air interaction is
generated. The depth in the atmosphere of this interaction is saved and the energy
deposited in the recoil shower is selected from a specified elasticity distribution.
The particle is checked to see if it has decayed and if not the current charm particle
energy is saved and the process returns to calculate the depth penetrated to the
next charm-air interaction. The iterations continue until the charm particle decays,
at which point the energy dumped into the decay shower is stored. If the particle
‘hits’ the ground before decaying, the recoil data are still saved.

Following the interative propagation of the charm particle, an event shower
profile that includes the recoil showers as well as the decay shower is calculated.
At each collision point producing a recoil shower, a standard hadronic shower of
appropriate energy is begun. A standard hadronic shower is also beguﬁ at the charm
particle decay point. The accumulated number of shower particles at discrete points
along the track is then found and the resulting total shower profile is saved. This
shower profile is then passed, along with the trajectory information, to the detector
simulator decribed in the previous chapter.

Once the number of detected particles is known, the detection efficiency for
charm particles with a given energy, mean lifetime, interaction length, and elasticity
distibution is determined. The detected showers also meet the previously defined
criterion for deeply penetrating events. There only remains to rerun the calculation

for all the desired choices of parameters and distributions. It should be noted that
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not all thg free parameters in the production and propagation of charm matter turn
} up in this portion of the calculation. The result of all theses calculations is a matrix
\ of trigger efficiencies that depend on a number of free parameters. The aperture
. function, Q.(E). as defined in the previous case for neutrino induced events, is the
5 fiducial volume multiplied by the trigger efficiency; that is, the primary particle
flux multiplied by the charmed hadron production rate and the aperture function

gives the actual detection rate.

7.3 Expected Charm Events

) The calculation of the expected number of deeply penetrating charm events

proceeds in a similiar fashion to that for the neutrino case. Equation 7.2 gives

i the expression that must be evaluated. It should be noted that the dependence of
} the aperture function on the free parameters previously mentioned is not exphicitly
’ displayed.

j .

j N(ELE}) = ; T, / L . hc”.m — z7)"n(E,)0(E.)dE, dE. (7.2)
§ where

N(E:,E2) <& expected events between E! and E?

T. < detector on time for epoch e

) Q.(E)y <& aperture for epoch e

) n(E;) <+ differential EHE cosmic ray flux

) & fractional leading charm production
Cer{l —2F)" ¢ normalized zp distribution

The physical interpretation is easier to see if it is noted that the integration shown
in equation 7.3 is just the differential spectrum for detectable charm matter. That is
to say, charm matter with zz > .1, which is variously labelled leading or diffractive

charm production.

3 El

n(E) = [ 7 kCep(l - 2p)"n(E,)dE, (73)
J 7

/ Given the aperture function that is calculated for charm matter with a range of

mean lifetimes, interaction lengths, and elasticity distributions, this integral is
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numerically evaluated. Different choices for the index of the power law dependence
of the zr distribution. . and the EHE cosmic ray spectrum will affect the number
of events expected. In this work, the EHE cosmic Tay spectrum is taken to be a
known quantity based on current work of the FE group [50] and the Akeno group
[64]. Because of the number of loosely constrained parameters, t]_;e results form a
matrix of dimension five. The five ‘free’ parameters are the mean charm lifetime.
the charm air cross section or interaction length, the elasticity distribution for
charm-air interactions, the functional form of the differential cross section relative
to xF for the production of charm, and the fraction leading charm production. which
is the total cross section for the production of leading charm, as previoﬁsly' defined,
relative to the p-air cross section. Because the expected number of events scales
directly with & the results presented will all include an explicit & = .01 dei)ehdence.
The results of the calculation are presented in the following series of plots.

The general features of the plots can be summarized in a number of statements.
First, the detectability of charm increases with longer charm interaction length
and longer charm particle lifetime. Second, differential charm production cross
sections with harder zx distributions result in an increased probability for detection.
Because preliminary calculations showed that inelasticity distributions with means
larger than .1 had even fewer expected events than those shown in the Figures 7.5
and 7.6 these data are not shown. It must be noted that even for the most optimistic
choice of parameters, we find that no deeply penetrating events are expected to be

seen.

7.4 Conclusions

We conclude that the limits that can be set on parameters that affect the
production and propagation of charm matter at EHE energies from this work do not

constrain existing models of these processes. Although this is unfortunate, there are
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Figure 7.5. Expected charm events from a hard zz distribution as a function of
charm particle lifetime and charm interaction length. An elasticity distribution
with mean equal .1 is assumed.

xf=(1—x{)**n n B.00

Epoch 2—4

0.04

expected avis

0.02

0.00

hmbda (g 300
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a number of usefu] points to be made. The first is that although no charm events
were seen or expected, an improvement of 10 to 100 in the aperture function for this
process would lead to the expectation of observing events in some scéxlarios. This 1s
ot an unreasonable expectation in view of detectors currently under construction
[59]. Secondly, for detectors with improved resolution the longitudinal shower
profile of charm events may be distinguishable from that of standard events. This
is the classic search for bumpy shower profiles that are characteristic of a significant
subset of the charm events. It provides an additional means of investigating charm
in EHE EAS. Finally this result does not suggest that current models of charm
production are way off base. Thete is no dramatic turn on of a new and unsuspected

charm production mechanism at EHE energies.
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CHAPTER 8

EVENT SOURCE DISCRIMINATION

In the event that a deeply penetrating EAS should be detected, the question
of the source of the deeply penetrating event is this immediately brought to the
fore. The possibility that at some time an event mayv be detected that meets the
established requirement of #,, < 18° must be considered. The outline of a method,
resulting from the work in this dessertation, for evaluating the possible source of

an observed deeply pnetrating event is presented.

8.1 Decoupling Neutrino and Charm Apertures

As can be seen from Figures 8.1 and 8.2, the aperture functions for neutrino
and cﬁarm induced deeply penetrating EAS have different 4, dependences. Quali-
tatively this is a due to the fact that neutrino initiated E-AS are equally probable
at all atmospheric depths while charm EAS are more probable at shallower depths.
It is proposed that this difference in 6, dependence can be exploited to address
the question of the source of deeply penetrating events. Based on a more
careful calculation of the differential -apertﬁres, which are also strongly dependent
on shower energy, the probability that an event with a measured 6, is due to a
particular source can be calculated. Armed with this information and the discussion
1n the two previous chapters, the most probable interpretation of the event(s) can
be made. It will also be appropriate to consider the implications if the event is
due to a source other than the most probable one. It will be very important to
check the self-consistency of the various possible interpretations. This in 1tself is

an important source of information. As an example, if an event is observed with a
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8, of 17.5° then it is mo_s£ plausible in the current view of the possible sources to
ascribe it to a deeply penetrating charm particle. If this is true then there should
also be a number of similiar events whose 4., is slightly greater that 18°. If these
almost-candidate events do not occur in the data set, then there is a potential lack
of self-consistency. Perhaps such an event would be more plausible when viewed as
a neutriﬁo event.

Issues such as these will require a careful probabilistic treatment in the event

that a deeply penetrating event is seen.



CHAPTER 9

SUMMARY

In summary, this dissertation describes the search for deeply penetrating events
m EAS initia.teci by EHE cosmic rays. Fundamental to this search is the design of a
robust a priori signature of such an event. This was accomplished by identifying an
essential characteristic of events which are convincingly not due to standard hadron
initiated EAS. The resulting signature of a deeply penetrating event is stated as
follows: Candidate deeply penetrating events are those whose 0. is less than 18°.
In the process of verifying this criterion, significant modifications in the detector
simulator were needed. These modifications were required to achieve consistency
bwteen the Monte Carlo output and the real data. A search of the monocular
FE data set spanning 2 - 107s of detector on-time yielded no events that met the
criterion for candidate events.

The implications of the nonobservation of deeply penetrating events Wa,s. exam-
ined in the context of predicted fluxes of astrophysical neutrinos as well as models of
charm production in EHE hadronic interactions. Models of astrophysical neutrino
flux due to Hill and Schramm [38] and Stecker et al.[88] were evaluated. The
neutrino flux due to the interaction of EHE cosmic rays with the 2.7° microwave
background as calculated by Hill and Schramm is completely consistent with the
nonobservation of events reported here. The nonobservation of deep events is also
consistent with the neutrino flux from AGN’s predicted by Stecker et al.

The characteristics of charm production at EHE energies (/s = 153TeV) were
extrapolated from lower energies and used to model charm production in EHE EAS.

The nonobservation of deep events was examined in the context of a variety of charm
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production scenarios. Even for the most extreme choices of charm production and

interaction parameters no deep events were predicted to occur in the FE data set.

This is consistent with the result obtained.

The overall conclusion is that the nonobservation of candidate deeply penetrating
events is completely consistent with all proposed mechanisms for the production of
such events. It does not appear that any proposed models can be ruled out on the
basis of this study.

For the future, there is room for some hope that deeply penetrating events may
be observed when the HIRES detector is completed. This improved version of the
FE experiment will have a substantially enhanced aperture for deeply penetrating
events. In addition, the imi)roved angular resolution of the instrument may make

effective searches for upward and downward going neutrino events possible.



APPENDIX A

REPRODUCTION OF RESULTS

In the interest of facilitating the possible recalculation of these results, large
batch files have been created. These batch files can be submitted to the sysfem
and run in the background. In some cases it may take days to complete the job. An
important consideration is the amount of available disk space. I have tried to be
efficient in the coding process the number of events that are generated to accurately
model the response of the Fly’s Eye to rare events and geometries is enourmous. 40
Mb files were not uncommon in this process. I will not describe any of the anaysis
code and will rely on documentation in the code to lead future users through the
algorithmns.

To recalculate the expected neutrino events from the model of Hill and Schramm
as well as that of Stecker et al. the first step 1s to locate the directory named
/u/emerson /thesis/ndown. In this directory is an executable file called doneutall.
As the name implies, this batch file does it all over a period of days. The output
of this batch file will be found in the directory ...ndown/aperture in a file called
ecalclogall. This file contains the expected events as a function of = from the model
of Hill and Schramm and the expected events from the AGN model of Stecker
et al.. If these models change or modification is desired the routine etcalc.f in
/u/emerson/thesis/expected will need to be suitibly modified. For more specifics
of the processing pipeline, one should refer to the many batch jobs contained in
doneutall. The various ploting routines that might be of use are found in the

appropriate directories with names that are indicative of their purpose.
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The reproduction of the charm results is a bit less smooth. The process begins by
moving to the /u/emerson/thesis/charm directory and linking the desired charm
elasticity distribution to !ela.st.dat. As an example. the results presented in this
dissertation linked elast.11.dat to elast.dat to model charm propagation with a
mean elasticity of .1. Once the desired distribution has been selected, then char-
mmec must be recompiled. After recompiling charmmc then the process shifts to
the .../charm/analysis directory where the innocuous batch file called doallcharm
resides. This file is then submitted to the syvstem 1n a disk system with more than
50 Mb of free space. It may take as long as 5 days for this job to complete the task
of determining the trigger efficiencies. When this task is completed, the next step is
to execute the file called maketeffdat which uses an awk script to sort through the
outputs from doallcharm and extract the trigger efficiencies in a useful format. The
output of maketeffdat is a file teff.dat which is concatenated with other files using
the maketeffblock command to produce a file called teffdataf. Once again it is time
to change directories to /u/emerson/thesis/charm/expected. In this directory the
teffdata.f file must be compiled into the cecalc program. The final step is to execute
the hardcalc and softcalc files that produce plots of the expected number of charm
events for the different xz models as seen in Chapter 7. -

The last task that may need to be reproduced is the selection of the 8, cut. This
was accomplished by running 100 times the number of cosmic rays expected in the
current operating lifetime of the detector through the standard steruhcr simulator
and examining in detail those events in the tail of the 6, distribution. This may be
accomplished by moving to the /u/emerson/thesis/ndown/thetancut directory. In
this directory are three executable files called runcutap? where the 7 is replaced
by the detector epoch of interest. The data files output by this batch file must be
concatenated by hand and a line count performed. The first entry in the file must be

the number of lines in the file. After this global data file is created, typically called
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cue?all.dat, the contents may be usefully plotted with plotallcu?. Only the tail of

the 8, distribution is contained in these data files due to disk space limitations.
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APPENDIX B

MONTE CARLO

The principal modifications to the detector Monte Carlo will be documented
here without explicitly presenting the code changes. Previous versions of the code
may, in some cases, be found in the directory /1/fdat/source/ mc/stev2.

The first important change was to include the 3-tube local coincidence in the
ring 5 mirrors into the Ictest subroutine. This modification has already been made
in the group version of the Ictest code. The specific implementation of this change
i1s slightly different in my local version, found in Ju/emerson /uhcr, but the effect is
identical.

The other significant modification was to the attenn subroutine. This routine
calculates the attennuation of light as it passes through the atmosphere due to both
aerosol (Mie) scattering and Rayleigh scattering. The model of the distribution of
atmospheric aerosols was rewritten to roughly conform to a more recent model
of desert aerosols due to Spinhirne et al[85]. The modified version of attenn js
called attennl and the calls to attenn were appropriately changed throughout the
steruhcr code. There several important features in this new model. A nuxing
layer with constant extinction coefficient lies at the bottom of the atmosphere.
The thickness of this mixing layer is adjustable as needed. Data indicate that
the mixing layer is between 500 m and 2000 m in thickness. Above the mixing
layer, an exponential model of aerosol concentration is used. The scale height of
the aerosols is a controllable parameter of the model. Above the troposphére, the
aerosol extinction length is taken to be constant. Measurements actually indicate

an increase in the extinction length up to altitudes of 20 km but the effects of



93

taking it to be constant are negligible. The height of the tropopause. which varies
seasonally, Is an important parameter of the model. In addition. the model contains
the potential of including a layer of clouds with arbitrary extinction length at any
desired altitude. For the purposes of this dissertation no such cloud layer was used.

It is important to note that the subroutine for calculating the scattering of
Cerenkov light, aerp, contains its own model of atmospheric aerosols. whi_ch was
modified to be consistent with the attennl subroutine.

The remaining modifications to the code come under the general heading of
updates to the data structures. It was found that the noise generation routine
was based on 2 photoelectrons/ns as opposed to .2 photoelectrons/ns which is the
most recent measured value. The noise routine was updated to reflect this more
current number. The quantum efficiency of the PMTs as a function of wavelength
1s a factor that affects a variety of calculations in many subroutines. These data
statements were updated to relect the most recent measurements. The net effect of
this change was negligible for the events studied in this dissertation. Recent work by
Luo [68] suggests that the dependence of the intensity of the scattered Cerenkov on
the scattering direction may be different than that currently in use. The proposed
change is a result of assuming a different size distribution of the -a.erosols. Luo
found that a lognormal size distribution provided a better fit to the scatterin g data
from laser shots than the currently used power law distribution. This change was
implemented in the cherlpl subroutine where intensity of the scattered Cerenkov

light is calculated.
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