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ABSTRACT 

A novel approach is proposed for studying the > Ur oscillation and detection 

of extragalactic neutrinos. Active Galactic Nuclei (AGN), Gamma Ray Bursters 

(GRB) and Topological Defects eire believed to be sources of ultrahigh energy i/^ 

ajid i/g. These astrophysiced sources provide a long baseline of lOOMpc, or more, 

for possible detection of ^ Vt oscillation with mixing parameter down to 

10"^^ eV^, many orders of magnitude below the current accelerator experiments. 

The propagation characteristics of upward going muon and tau neutrinos is 

studied to show that high energy tau neutrinos cascade down in energy as they prop

agates through the Earth, producing an enhancement of the incoming tau neutrino 

flux in the low energy region. This effect is illustrated by looking at the angular 

dependence of the upward Uf^ and flux from some typical extragalactic neutrino 

sources. We see that for an AGN quasar model, the flux is a factor of 2 to 2.5 

larger than the incoming flux in the energy range between 10^ GeV and 10'* GeV. 

In the case of the GRB flux, the enhzincement is 10%-27% in the same energy range 

for zero nadir angle. By contrast, high energy muon neutrinos get attenuated as 

they traverse the Earth. It is observed that the relative steepness of the incoming 

neutrino flux spectrum and the nadir angle of the Earth are two important factors 

that influence the enhancement and cascade of flux. 

This effect provides a novel way to search for tau neutrino appearance by 
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measuring the eingular dependence of tau neutrino induced upward muons and up

ward hadronic jmd electromagnetic showers. A significant signal to backgroimd ratio 

for the hadronic/electromagnetic showers is observed for energies above 10 TeV initi

ated by the extragalactic neutrinos. In case of an incoming flux that is not too steep, 

the signal for appeaxance of high-energy Ur is the enhanced production of lower en

ergy n and showers with their distinctive zmgular dependence. We observe that Ur 

from point sources also have the potential for discovery above a 10 TeV thresh

old. More importantly, a kilometer-size neutrino telescope has a very good chance 

of detecting the appearance of i/r when both muon and hadronic/electromagnetic 

showers are detected. 

However, at higher energies the tau energy losses are significant, hence re

ducing the survival probability of tau. Here, tau energy loss for energies up to 10® 

GeV have been calculated taking into consideration the decay of tau. A Monte 

Carlo evjiluation of tau siirvival probability and its range shows that at energies 

below 10^ — 10® GeV, depending on the material, only tau decays are important. 

The average range for tau is shorter than its decay length and reduces to 17 km 

in water for an incident tau energy of 10® GeV compared with its decay length 

of 49 km at that energy. In iron, the average tau range is 4.7 km for the same 

incident energy. An imderstanding of tau energy loss at very high energies coiUd 

help with the interpretation of long tracks produced by charged particles in large 

underground detectors. Future neutrino telescopes such as AMANDA, NESTOR, 

ANTARES, eind ICECUBE are aimed at detecting high energy events from extra-

galactic neutrino sources. The high energy behavior of n and r interactions with 

water or rock nuclei have implications for event rates and the eventual imfolding of 

their respective parent neutrino fiux. 
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CHAPTER 1 

Introduction 

In the Standard Model (SM) neutrinos are the only massless fennions. Recent 

underground and long-baseline experiments have provided plausible evidence for 

neutrino mass and evidence for "Physics beyond the Standard Model". Neutrinos 

are so abundant that even a tiny nonzero neutrino mass can make a significant 

contribution to the mass density of the Universe. Neutrino mixing or oscillation 

have long been anticipated as we observe a similar behavior in quarks but it is still 

quite exciting as it afi&rms the centred concept of the Standard Model and appears to 

point towards the most populeir extensions, the Grand Unified Theories. An effort 

to unify weak, electromagnetic, and strong interaction is the basis of the Gremd 

Unified Theory where leptons emd quarks within a family fall into one multiplet 

and will transform into each other through gauge particles associated with the local 

symmetry. 

Various questions need answers: Why are neutrinos so light? Are neutrinos 

Majorana particles? Do neutrino have a sterile relative? In an effort to understand 

this, the study of neutrino oscillation is being explored in great detail. The possible 

existence of neutrino oscillation is supported by the deficit of solar neutrinos and the 

anomalous ratio of atmospheric i/^ to observed by large imderground experiments. 
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A recent breakthrough in the study of neutrino oscillations came from the 

observation by the Super-Kamiokande (SuperK) experiment of a deficit of upward-

going atmospheric (Fukuda Y. et al. (SuperK Collaboration) 1998a). The ob

served Ve flux was found to be consistent with the theoretical expectation from mod

els of cosmic ray production of neutrinos. Furthermore, SuperK measurements Eire 

consistent with earlier experiments (Kamiokande Collaboration ajid S. HataJceyama 

et al. 1998; Kamiokande Collaboration emd S. Hirata et al. 1988; Kamiokande 

Collaboration £md S. Hirata et al. 1992; Casper et al. 1991; Becker-Szendy R. et ed. 

1992; Allison W. et al. 1997) which detected anomalous ratios of the to i/g flux. 

The new high-statistics data disfavor scenarios in which i/^'s oscillate into sterile 

neutrinos (t/,) (Fomengo et al. 2000), and the data are consistent with to i>r 

oscillation (99% CL) with a large mixing angle, sin^ 29 > 0.84 and a neutrino mass 

squared difference of 2 x 10"' eV^ < Am^ < 6 x 10"' eV^. Throughout my work, I 

have assiuned the Aw? and sin^ 29 parameters consistent with SuperK for -> Ur 

oscillation. 

The second chapter provides a brief description of oiur imderstanding of 

neutrino oscillation in vacuum. The current upper limits on the mass of i/g, and 

Ur are discussed in the next section. The experimental evidence for neutrino oscil

lation from various sources as obtained from neutrino telescopes is also discussed. 

Fincilly, the last section outlines cosmological implications for neutrino oscillation 

search. 
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The third chapter states the neutrino production models and fluxes from 

some extragalactic neutrino sources such as Active Galactic Nuclei, Gamma Ray 

Bursts, and Topological Defects that is consider as our incident neutrino flux. Fur

thermore, this section illustrates the interactions of extragalactic neutrinos and the 

density profile of the Earth used for propagating upward going neutrinos. The de

cay length of the tau as a function of its energy is compared with the dicimeter of 

the Earth in order to evaluate the threshold energy for tau decay. 

The fourth chapter shows a detailed study of propagation of muon neutrinos 

and tau neutrinos through the Earth as a function of incident neutrino energy emd 

the nadir angle of the Earth, for a variety of extragalactic neutrino fluxes. The 

propagation characteristics of muon neutrino flux show that it gets attenuated at 

higher energies while tau neutrinos undergo a cascade due to regeneration. This 

effect is studied for a variety of extragalactic neutrino sources. 

The fifth chapter discusses a novel approach in the detection methods 

for Ur oscillation from astronomical sources such as Active Galactic Nu

clei, Gamma Ray Bursts, and Topological Defects. The neutrino induced upward 

hadronic/electromagnetic showers and upward muons for and i/r are ceilculated 

for extragalactic neutrinos. Charged-current interactions of upward tau neutri

nos below eind in the detector, and the subsequent tau decay create muons or 

hadronic and electromagnetic showers. The quantitative results for specific models 

lead to model independent conclusions, which is summarized graphically. Tau neu

trino appearance would provide an independent confirmation of the SuperK results 

emd would point towjirds the better understanding of physics beyond the Standard 

Model. 
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In the sixth chapter, we probe higher energy thresholds where the energy 

loss of leptons becomes cnicieJ in determining the tau range. Therefore, we take 

into accoxmt the energy loss and decay of tau for energies up to 10® GeV. The 

survival probability and range of muon and tau is evaluated in different materials 

such as water, rock, and iron. A Monte Carlo evaluation of tau survival probability 

and range show that at energies below 10^ - 10® GeV, depending on the material, 

only tau decays are important. However, at higher energies the tau energy losses 

are significant, reducing the survival probability of the tau. 
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CHAPTER 2 

Neutrino Physics 

2.1 Neutrino Oscillations 

The "neutrino" was originally proposed by Wolfgang Pauli in 1930 as a very light 

particle with a small cross section for interaction, in order to explain the continu

ous beta decay spectriun (Pauli 1978). After 23 years the neutrino itself (strictly 

speaking the eintineutrino) was observed by Reines and Cowan (1953) through the 

interaction u + p e''' + nin the unprecedented antineutrino flux made avail

able by the nuclear reactors, first at Hanford emd later at Savannah River (Cowan 

and Reines F. et al. 1956). Although neutrino interactions are routinely observed 

in large numbers using tertiary beams of neutrinos at particle accelerators, all at

tempts to date at direct measurement of neutrino mass have failed. Experiments, 

however, have set rather stringent upper limits which will be discussed in this chap

ter. Nevertheless, there is convincing evidence that neutrinos have nonzero mass 

and this comes from the observation of neutrino oscillation (Fukuda Y. et al. (Su-

perK Collaboration) 1998a). The present work describes such a search for neutrino 

oscillation, the transformation of one neutrino species to another as it propagates, 

analogous to the well known phenomenon of mixing in the quark sector. The ob

servation of neutrino meiss is one of the primary goeils of contemporary neutrino 

research, as it would establish that at least one of the neutrino species is massive. 
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Such a result, although widely cinticipated, woiUd be a definite signature of physics 

beyond Standard Model and, depending on the neutrino mass involved, could have 

cosmological implications (Los Alamos Science 1997). 

The suggestion that the neutrino could convert from one flavor to another 

while traveling through space was first made in 1957 by Brtmo Pontecorvo (Pon-

tecorvo 1957). Neutrino oscillation or mixing occurs when the matter waves as

sociated with the meiss eigenstates of the neutrino interfere with each other. The 

weak eigenstates are mixtures of mass eigenstates, and the probability of finding a 

particular flavor of neutrino varies with distance between the detector and neutrino 

source for a fixed neutrino energy. 

In order to see the dependence of oscillation length on the mass of the 

neutrino, and the mixing angle between the lepton families, we write the neutrino 

weak eigenstate \ut >, as coherent superposition of mass eigenstates \h >. A neu

trino produced at the source at space-time (x,t) = (0,0) by some charged current 

interaction involving the charged lepton i can be represented as 

Wo,o)>=5:a t t | f t> .  (2 .1)  
h 

where, |/i > is the mass eigenstate with eigenvalue with definite energy Eh and 

momentum p. Uth is the 3x3 leptonic mixing matrix according to the electroweaik 

Standard Model (SM). 

If each neutrino is a coherent superposition of the mass eigenstates, then a 

neutrino of one flavor CtUi treinsfonn into another flavor as it propagates and this 

phenomenon is referred to as neutrino oscillation. To understeind how a neutrino 

evolves with time £ > 0 the final state of the neutrino is obtained by evaluating the 
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effect of the time translational operator U = on the initial state, 

>= i/li-KO.O) >= > . (2.2) 
h 

Frequently, the neutrino oscillation experiment is Jinalyzed using two-neutrino flavor 

oscillation in which case the mixing matrix U takes the form: 

cos 6 sin 9 

— sin 0 cos 9 
(2.3) 

The amplitude to detect a neutrino of flavor i' {i' ^ i) at space-time point 

L , t>  0  i s  obtained by the projection of |i/< > onto t )  > ,  

=< >= (2.4) 
h 

= sin9cos9{e-'^^^^-^^^ -

The probability of oscillation is the absolute square of eimplitude eind is given as 

P(£ ->•£') = I < > 1^ = siv?29siTi?{^^). (2.5) 

The object of interest is the phase difference A0 = ^Eut—ApL with = E1—E2 

and Ap = pi — P2 being the difference in the energy and momentum of the neutrino. 

The energy E^ of the neutrino is give as 

E l=p^+m\  (2 .6)  

and subsequently 
^ „ pAp Am^ _ 
AB. = + —. (2.7) 

Ijt/ 

If the neutrino of energy » m travels with velocity u, then using p = vE^ and 

L = vt, the phase difference in reduces to, 

Am^L Arn^L 
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and the probability for a two neutrino oscillation is then given as 

ArnhtL, TTL 
P{t I') = sin^29sin^{— ) = sir?2dsir?{-—) (2.9) 

4B. ' 'Ao.. 

where Aosc = 127Am' oscillation length for these probabilities which is the 

disteince between the two successive probability maxima or minima, Am^^, =m\ — 

m\, is the mass squared difference of the neutrinos measured in eV, L is in meters, 

Eu is the neutrino energy in MeV, 6 is the mixing angle and the factor 1.27 turns 

out from using these units. 

If it should turn out that the number of neutrino flavors N is more than 

three, even then the probability of oscillation will be given by the above expression 

but the mixing matrix would be an iV x iV matrix. Similarly in case of three neutrino 
2 2 2 

oscillation there axe three mass squared differences A77112, Ami3, Am23 and three 

independent mixing parameters given by the Maki-Nakagawa Scikata matrix (Maki 

et al. 1962) which is represented as, 

Ci S1C3 S1S3 

—S1C2 CiC2C3+e"^S253 C1C2S3 -

-S1S2 C1S2C3 - e'^C2S3 C1S253 + e*^C2C3 

Ue2 UeZ 

U^ l  U^2  Uf ,3  

Url Ut2 Ur3 

Here, we use the notation Cj = cos9i and 5,- = sind,-. The probability that a neutrino 

of flavor ct oscillates to a neutrino of flavor /3 after traveling a distance L in the above 

case is given as, 

where, 

>'«) = - 4 E UaiK^UsiU;^ sm\—) 
Ai,-

(2.10) 
i>i 

In a beam of neutrinos produced with flavor i, neutrinos oscillation can 

be sought in two ways: First, one may seek the appearamce of a different neutrino 



23 

flavor i' in the neutrino beam. Secondly, one may seek the disappeairance of some 

of the neutrinos of the original flavor or an E or L dependence of this flux. 

Clearly, no oscillation is expected if L/E of the experiment is suflSciently large that 

the phase factors in Eq. (2.5) differ appreciably from one another. Otherwise, the 

probability P{i i') = Upf^Uthl"^ = 5«/. A more direct way to search for 

massive neutrinos other than neutrino oscillation experiments, that put a stringent 

upper limit on mass over the years, is to look at the kinematic effects of decays that 

produce neutrinos. 

2.2 Neutrino Mass Limits 

In this section we discuss briefly the current upper limits on neutrino masses ob

tained in laboratory experiments. The weak eigenstates Ug, and Ur do not have 

definite mass if they are mixtures of mass eigenstates ui, 1/2 and 1/3. One should 

also note that various experiments measure different combinations of 7n(i/i), m(t/2] 

and m(i/3). The masses approximately represent weak eigenstate masses when all 

mixing angles are small. Laboratory experiment have tried to put an upper bound 

on neutrino mass by using weak decay processes with neutrinos as the final product. 

Electron neutrino mass: A nuclear beta decay process such as 

is used to set an upper limit on the electron neutrino mass. The most useful quantity 

for measuring neutrino mass is the K-factor obtained from decay rate, kinematics 

emd nuclear properties of the decay process as shown below (Kim and Pevsner 1993) 

Ni{Ay Z) Nf{A, ̂  + 1) + e + I'e, 

(2.11) 
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where, E is the total electron energy and Eo = Mi — Mf — is the total energy 

released during the decay process. Mi, Mf are initial, final nuclear masses ajid 

is the neutrino mass. The above function is called the Kurie plot 2ind, for = 0, 

the plot is a straight line ~ {Eo — E), intercepting the energy axis at Eo = E. This 

is one way of determining the Q value of the decay process, which is mziximum 

kinetic energy transferred {Q — Eo — rrie) to the electron. However, screening of 

nucleax chsirge by atomic electrons causes a deviation from a straight line plot. It 

is seen that if ^ 0, the spectrum nezir its end point E = Eo is modified and is 

more sensitive to when Eo is small (Lobashev 1999; Weinheimer et al. 1999). 

Among all known beta decay processes, the tritium beta decay He + e~ + Ve 

has the smallest Q value, namely Q = 18.6 KeV (Kim and Pevsner 1993). Hence, 

tritixmi beta decay is widely used to search for the mass of Fg. 

The first attempt to extract the electron neutrino mass using this method 

was made by Konopinski in 1947 with a result < 10 KeV. A subsequent effort for 

measuring of electron neutrino mass by fitting the tritivun beta decay spectrtun neeir 

its endpoint has proved to be limited by systematic errors not presently imderstood, 

setting the formal limit based on experiment. Low energy tritium beta decays 

delivering a high number of events near the endpoint are studied in a number of 

experiments and the most sensitive of these are reported in (Lobashev 1999) and 

(Weinheimer et al. 1999). The Particle Data Group has put a stringent average 

upper limit based on these results to be m„, < 3 eV (Groom et al. 2000). 

Muon neutrino mass: Meson decay, tt"*" takes place with 99.99% branch

ing ratio and has a two body final state with simple kinematics (Groom et al. 2000). 

The decay of these pions at rest is used to set an upper limit on muon neutrino 
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mass. Energy-momentimi conservation for this process leads to: 

m, = + mj + + mj (2.12) 

where p is the momentimi of fi or i/^. Solving the above equation for ml we obtain, 

The observed vjilue of momentum in experiments together with the current value of 

rrift and sets an upper limit of < 0.19 MeV/c^ at 90% confidence (Groom 

et al. 2000). One should note that this mass applies to which is the primary 

mass eigenstate of as obtained by Assamagan (Assamagan K.A. et al. 1996). 

They measure the muon momentum to be = 29.79200 ± 0.00011 MeV/c, = 

139.57022 ± 0.00014 MeV and = 105.6583568 ± 0.0000052 MeV. 

Tau neutrino mass: Owing to large tau lepton mass nir = 1.777.03 ± 0.03 MeV, 

there is a large phase space that makes the determination of extremely difficult. 

Most recent measurements for mass of tau neutrino in the three and five prong tau 

decays such as r~ 2t:'^ + Stt" + Ur sets an upper limit of < 18.2 MeV/c^ at 

95% confidence as listed by Barate (Barate R. et al. 1998). 

2.3 Neutrino Anomalies 

There are three reported indications that neutrinos actueilly oscillate ua nature and 

thus have mass (Fukuda Y. et al. (SuperK Collaboration) 1998a). There is strong 

evidence that solar neutrinos oscillate coming &om disappearance experiments, and 

there is convincing evidence that atmospheric neutrinos oscillate. Unconfirmed ev

idence suggests that neutrinos studied in the LSND (Athanassopoulos C. et al. 

(2.13) 
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1997) experiment oscillate. We begin our discussion with some of these interest

ing neutrino experiments and go on further to review anomalies associated with 

measurement of fluxes from specific neutrino soiirce. 

2.3.1 Solar Neutrino Problem 

One of the most exciting experiment in neutrino physics over the peist decade is 

meastirement of solar neutrino flux which is a means to probe into the solar core 

and to study intrinsic properties of neutrino. The Standard Solar Model (SSM) 

of Bahcall and collaborators describes the Sun, a main sequence star at a stage of 

stable hydrogen burning to be a neutrino factory (Bahcall J.N. et al. 1998). There 

are five main neutrino producing nuclear reactions referred to as pp, pep, Beryllium-

7 (^5e), Boron-8 (®B) and CNO cycle with energies ranging up to 18.7 MeV. Fig. 

2.1 shows predictions of SSM as given by Bahcall and Pinsonneault (Bahcall and 

Pinsonneault 1995) for the flux of electron neutrino at the Ecirth's surface. The 

neutrino flux is dominated by the pp nuclear reaction as given below, 

Neutrino flux from processes such as Berylliiun-7 (^Be) and Boron-8 (®B) reac

tions are many times smaller than the pp reaction but at a higher energy threshold 

compared to pp reaction and they are as shown below 

p + p —> + e"*" -f- i/e(< QAlQMeV). (2.14) 

e" + Be^ Lf + !/«(< 0.862Mey) (2.15) 

B® 2He^ + e-^+ u^{< l5MeV). (2.16) 
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Another process related to the pp reaction for neutrino production is pep nuclear 

reaction and there is a small contribution from the hep reaction: 

p  + e ~ + p D  +  i / g { <  1 . 4 ^ M e V )  (2-17) 

He^+p^ ife" + e+ + !/«(< 18.7MeV^).  (2.18) 

SuperK, SNO 
Gallium I Chlorine 

Neutrino Energy (MeV) 

Figure 2.1: Solar neutrino spectrum at the Earth in the Standard Solar Model as a 
function of neutrino energy. The continuous spectra are given in number per cm^ 
per second per MeV. The mono-energetic lines are given in units in nxunber per cm^ 
per second. 

The luminosity of the Sun cind SSM provide a rather straight forward prediction 

for the total flux of solar neutrino reaching the surface of the Earth. The flux rate 

of electron neutrinos arriving at the Earth's surface is about 6.57 x 10^^/cm^sec 
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(Kim 8ind Pevsner 1993). However, solar neutrino detectors on Earth detect a flux 

significzintly below theoretical prediction. 

So far, five solar neutrino experiments have published their results. Three 

of those are radiochemical experiments, one of them being the ^''Cl - Homestake 

in the USA (Cleveland B.T. et al. 1998). The other two experiments use -

GALLEX at Gran Sasso in Italy (Hampel W. et al. 1999) and SAGE at Baksan 

in Russia (Abdurashitov J.N. et al. 1999) to detect solar neutrinos. The 

experiment is sensitive to pep, BeryIUum-7 CBe) and Boron-8 (®5) reactions since 

neutrinos should have an energy threshold of at least 0.814il<feV for the following 

reaction to occur: 

Ar + e". (2.19) 

The ^Ga experiment is sensitive to almost all processes and has an energy threshold 

of 0.233 MeV. The reaction is: 

i/e Ga Ge + e~. (2.20) 

The and ^^Ge produced are radioactive emd decay recaptiiring an orbital elec

tron with half lives of 34.8 days and 11.43 days and characteristic X-rays are emitted 

that signal the decay process. 

The Kamiokande and SuperK experiments in Japan observe the u — e scat

tering reaction in a large water-Cerenkov detector (Fukuda Y. et al. 1999a; Fukuda 

Y. et al. 1999b). Neutrinos are detected in recil time after they undergo elastic 

scattering with electrons in the water target: 

i/e + e~-)• i/e+ e~. (2.21) 

The scattered electron is relativistic and streaks through the water emitting 



Cerenkov radiation which is detected by an array of photomultiplier tubes. The 

threshold for this experiment is very high, about 7 MeV for Kamiokande and 5.5 

MeV for SuperK, and therefore it is sensitive to solar neutrinos since the hep 

neutrinos have a negligible contribution according to the SSM. The experiments 

take advantage of directional correlation between incoming neutrino and recoil elec

tron which is not possible in radiochemical method of detecting solar neutrinos such 

as SAGE, GALLEX, and HOMESTAKE. This discrepancy of measured neutrino 

flux has been persistent over time and present over a range of experiments with 

different techniques. It is known as the Solar Neutrino Problem. 

The Sudbury Neutrino Observatory (SNO) (Fogli G.L. et al. 2001) started 

taking data in May 1999 and uses heavy water {D2O) to measure solar neutrinos 

through both inverse beta decay (i/gd -> e~pp) and neutral current interactions 

(:/xd -> Uxpn) in addition to u — e scattering events. Taking these sensitivities into 

account, the signal expected in these experiments may be predicted from the SSM. 

These predictions are shown in Table 2.1 for the SSM of BahcjiU zmd Pinsonneault 

(Bahcall and Pinsormeault 1995) compared with observations. We observe a deficit 

of about half the expected rate for the gallium experiment, 36% in SuperK, and a 

quarter of the expected rate for the chlorine experiment. 

Deficit in the predicted solar neutrino flux due to experimental error is 

highly imlikely since we obtain similar results using different techniques with agree

ment between two gallium experiments and two water-Cerenkov experiments. Since 

observed fluxes are inconsistent with solar luminosity, this would then suggest an 

error in the prediction of the solar neutrino flux. Niunerous models have been pro

posed varying some of the processes involved and changing rates of nuclear fusion 
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Table 2.1: Recent results from the solar neutrino experiments compared with the 
predictions of Bahcall amd Pinsonneault (1998). The chlorine and gallium results 
are in units of SNU (lG~^®s~^ captures per target atom) and the Kamiokande and 
SuperK results are in imits of 10®/cm^s. 

3701 ->37 Ar "Ga Ge 
(SNU) (SNU) 10® 

Homestake 2.5 ± 0.16 
GALLEX 77.5 ± 6.2 

SAGE 67.2 ± 7.2 
Kamiokande 2.80 ±0.19 

SuperK 2.43 ± 0.05 
Bahcall (Bahcall J.N. et al. 1998) 7.7 ±1 129 ±7 5.15 

Brun (Brim A.S. et al. 1998) 7.18 127.2 4.82 

reactions. Several authors have made elaborate analyses using constraint of ob

served solar luminosity regarding the suppression of ^ Be neutrino flux as measured 

in experiments. However, no astrophysical model has succeeded in suppressing ^Be 

neutrinos significantly more than neutrinos, mainly because is made from 

^Be. Therefore free variation of data seems extremely difficult. 

In order to explain the solar neutrino problem one can speculate the oscillation of 

electron neutrino to muon, tau or sterile neutrino on its way to the earth. The mech

anism of matter-enhanced oscillation or the Mikheyev, Smimov and Wolfenstein 

(MSW) effect is one of the most popular explanation for solar neutrino problem. 

In this case, the probability for oscillation to occur may be enhanced in the Sun in 

an energy-dependent resonance as neutrinos emerge form the dense core. Details of 

the solar neutrino problem, experiments and comparison between the results and 

theoretical predictions are discTissed in detail by K. Nakamtira (Groom et al. 2000). 
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Figure 2.2: The most important exclusion limits as well as preferred parameter re
gions from neutrino oscillation experiments in the context of two flavor oscillations. 
Beware that the plot shows oscillation modes on different pairs of neutrinos at the 
same time. All of them are 90% confidence limits unless otherwise noted. 
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Using only the total event rates from the solar neutrino experiments, there 

are about three MSW solutions [small mixing angle (SMA), large mixing angle 

(LMA), low mass squared (LOW)], and one vacuum-oscillation (VAC) solution at 

the 99% confidence level for oscillation into active neutrinos or Ur) (Bahcall 

et al. 1998). The allowed regions for which are as shown in Fig. 2.2. In the case of 

oscillations into sterile neutrinos, only the small mixing angle (SMA) and vacuum 

(VAC) solutions are allowed at 99% confidence level with the best fit parameters 

similar to the ones shown in Fig. 2.2. 

2.3.2 Atmospheric Neutrino Anomaly 

Neutrino production occurs when high energy cosmic rays, mostly protons but also 

heavy nuclei (9% alpha particle, 1% heavier nuclei), electron and neutrons, strike 

the upper atmosphere to produce muons and pions. The subsequent decay of these 

pions and muons produces muon and electron neutrino. Although the prediction 

for the absolute number of y. and e produced by interactions of neutrinos has a 

theoretical imcertainty of around 20%, it is believed that the ratio of N{fi)/N{e) 

can be predicted to within 5% to be about 2:1 (not distinguishing u and V) as shown 

below, 

n + A —> TT^ + X (2.22) 

TT"*" ->• fjL^ + TT y. 

i i 

e"*" + I/e + I'n e +l/^+Ue 
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Figure 2.3: Cosine of zenith angle distributions of the contained and partially con
tained event data for two different energy ranges (above and below 1.3 GeV), elec
tron and muon single ring events. 1144 live days of SuperK data (preliminary 
eincdysis) are indicated by dots with statistical error bars. The solid line shows 
no-oscillations simulation result, and the hatched line that for oscillations between 
muon and tau neutrinos with best fit Am^ = 0.0032 eV^ and maximd mixing. 
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Atmospheric neutrinos are orders of magnitude less abundant than solar 

neutrinos, but they can be readily detected since they are of a higher energy and 

the neutrino interaction cross sections increases with energy. These neutrinos, span

ning energies from about a few MeV to the highest energy cosmic rays, provide 

a huge background against which one must discriminate to detect extragalactic 

sources. However, the importance of atmospheric neutrino flux comes from the fact 

that recent Super Keuniokande results suggest oscillation of muon neutrinos to tau 

neutrinos, providing the first convincing evidence for neutrino mass (Fukuda Y. et 

al. 1999a; Fukuda Y. et al. (SuperK Collaboration) 1998a). SuperKamiokande is 

a cylindrical 50 kton water-Cerenkov detector located at a depth of 2700 meters 

water equivalent in the Kamioka Observatory in Japan. The ratio has been 

measmred in deep imderground experiments by observing final-state leptons pro

duced by charged current uiteractions of neutrinos on nuclei, i// + iV -> / + A'. The 

underground detectors designed to measure both types of neutrino fiux see a deficit 

in the ratio of muon to electron neutrinos and they observe an up-down asymmetry 

when observing muon neutrino events. 

The underground SuperK detector finds that for multi-GeV atmospheric 

muon neutrino the asymmetry R in the measurement of the flux (Fukuda Y. et al. 

(SuperK Collaboration) 1998b), 

R = ^j^^tq,(-l-0 < cosdz < -0.2) ^ ± 0.05 (2.23) 
FluXdown{+0.l < C0s9z < 1) 

to be low. We see from the zenith angle distribution for and Ue as shown in 

Fig. 2.3 that the i/g flux is compatible with the up-down symmetry. All of the 

detailed SuperK atmospheric neutrino data are well described by the hypothesis 

that 1/^ -> i/r is occturring with mixing angle parameter sin^26 and as shown 
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in Fig. 2.2 is sin^2e ~ 0.82 and 5 x IQ-'^eV^ < < 6 x IQ-^eV^. 

The possibility of oscillation of muon neutrino to sterile neutrino have been 

excluded by SuperK due to no reduction in the observed neutral current events 

providing a strong confirmation for -> oscillation consistent with other atmo

spheric neutrino experiments (Fukuda Y. et al. (SuperK Collaboration) 2000). 

2.3.3 Accelerator/Reactor Experiments 

The lone accelerator-based experiment with possible evidence for neutrino oscilla

tion is Liquid Scintillator Neutrino Detector (LSND), at LAMPF, at Los Alamos 

(New Mexico) which is designed to search for and oscillations with 

Am^ >0.1 eV^ (Athanassopoulos C. et  al .  1997).  The LSND detector is  a  167 

tonne tank of mineral oil with a 0.31 g/1 concentration of PBD-butyl. The detector 

is roughly cylindrical in shape, 8.3 m long and 5.7 m in dicimeter and is situated 

30 m downstream of the beam stop. The detector is lined by 1220 8" photomulti-

plier tubes which detect signals via Cerenkov hght and scintillator light. Protons 

of energy 800 MeV from the LA^IPF accelerator are directed onto a water target 

and 97% of the pions thus produced decay at rest in a copper beeim stop. The 

resiilting muons produced a beam of with a meiximum energy of 52.8 MeV. A 

mono-energetic i/^ line is produced by pion decay at rest. The LSND collaboration 

has published the results of a search for Fg oscillations using data collected 

between 1993 and 1995. The signature for oscillations is observation of positrons in 

the detector via the reaction V^p e^n. Positron candidates are defined as events 

with energies between 36 - 60 MeV correlated in space and time with a photon of 

2.2 MeV from the reaction np -> drf. The produced by pion decay in flight has 
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also been used to search for neutrino oscillation. The allowed pairameter space for 

> Fe for LSND at 90% confidence limit is as shown in Fig. 2.2. Here, we can 

see that the Prench-reactor-based experiment (BUGEY III) (Achkar et eil. 1995) 

essentially ruled out all of the LSND's preferred area except the narrow strip that 

stretched from Am^ = 0.2 — 20 eV^ and from sin^2d = 0.03 to around 0.01. 

Various reactor experiments that look at the phase-space relevant to atmo

spheric neutrino region Eire CHOOZ (ApoUonio 1999) a 1 Km baseline experiment at 

Ardennes in Prance and Palo Verde (Boehm 1999) at Arizona in the United States 

searching for Ux oscillation. The excluded region in the parameter space for 

the two experiment is shown in Fig. 2.2. 

KamLAND is a 1000 ton liqxiid scintillation detector ciurently under con

struction in the Kamioka mine in Japan. A measxurement of the flux and energy 

spectrum of the electron anti-neutrinos, emitted by the reactors, will allow to test 

the Large Mixing Angle (LMA) solution of the solar neutrino anomaly by perform

ing a disappearance search for anti-neutrino oscillations (KamLAND Collaboration 

2001). The anticipated results from 3 years of data taking can be seen in Pig 2.2. 

The reactor experiment KARMEN at Rutherford Appleton Laboratory in 

England investigates the oscillation channel -> I/g in the appearance mode. 

An analysis of data collected from February 1997 through March 2000 with the 

KARMEN2 (Eitel 2000) experimental setup gives no indication of an oscillation 

signal. A maximum likelihood analysis of the data leads to an upper limit (at 90% 

confidence level) for the nn'-ying angle of sm^(20) < 1.3 x 10"^ at laxge Am^ and 

< 0.049 eV^ for sin^26 = 1. Limits on oscillations based on 

a statistical separation of u^N charged current interactions in the CCFR detector 
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(Romosan 1997) at Fermilab are also shown in Fig. 2.2. Neutrino energies range 

from 30 to 600 GeV with a mean of 140 GeV, and flight lengths vary from 0.9 

km to 1.4 km. The lowest 90% confidence upper limit in sin^26 of 1.1 x 10"^ is 

obtained at Am^ ~ 300 eV^. BooNE detector (BooNE proposal 1997) at Fermilab 

investigating i/e would be able to cover the phase-space seen by LSND. 

Long baselines such as the K2K-362 (KEK to SuperK) (Boyd 2001; Aim 

S.H et al and K2K Collaboration 2001), and the MINOS (MINOS Collaboration and 

Abies E. et al. 1995) (from Fermilab to Soudan) experiment have been proposed to 

fully explore the region of peurjuneter space suggested by the atmospheric neutrino 

anomaly in the modes -» i/g. Their expected region of sensitivity to parameter 

space the Am^ and sin^29 is shown in Fig. 2.2. 

2.4 Cosmological Implications 

Next to the photons that compose the cosmic microwave backgroimd radiation, 

neutrinos are the second most abimdant species (Kim and Pevsner 1993). In this 

section, we highlight the impact neutrino mass would have on three central issues 

in modem Cosmology: dynamics of the Universe, structure formation, and dark 

matter. Relic neutrinos are a consequence of the Standard Hot Big Bang Model 

and evolution of the early Universe when neutrinos decoupled from the rest of the 

particles of the Universe and started their solitary journey up to the present epoch. 

The present density for each neutrino flavor is smaller by a factor of 3/11 of the 

Microwave Backgroimd Radiation photons. The relic neutrinos with a temperature 

of about 1.7K with a number density of 113 cm~^ per flavor contribute to a large 
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gravitational effect with neutrinos contributing a fraction (Groom et al. 2000): 

to the ^^criticar energy density required to close the universe. (Here is the 

siun of the neutrino masses for a = e, /z, r and h is the uncertainty in the the Hubble 

parameter {Ho = 100 h kms~^Mpc~^). In the limit of < 0.25 we get limit of 

rritot < 24eV for the neutrino masses. Studies from the rotational curves of a large 

number of spiral galaxies show that their mass distribution to be dominant by a 

non-luminous component, extending well beyond the optical radius of the galzixy. 

The dark matter constitute the bulk of galaxy's mass and is of the order ten times 

the visible mass (Los Aleunos Science 1997). 

Galaxy formation, growth and density perturbation is affected and damped 

by the collision-less damping or Landau damping which is caused by relativistic eind 

weakly interacting particles such as light neutrinos. We eire pzirticvilarly interested in 

collision-less damping because as long as the density fluctuations are stable against 

the Jeans instability, particles such as neutrinos which are relativistic and weakly 

interacting (Hot Dark Matter) can smooth the inhomogeneities. The Jeans insta

bility comes about because gravity attracts above a certain wavelength called the 

Jeans length, density fluctuations are unstable and grow exponentially. Regions 

separated by distances larger than the free neutrino streaming length siurvive this 

smoothing, so that on large scales, differences in density eire maintained and can 

grow. Unfortunately, hot dark matter models have been shown to be incompatible 

with observation. 

Cold Dark Matter is believed to be composed mainly of particles that are 

massive enough to become non-relativistic shortly after their birth. Even though 
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there is no experimental evidence for such particles, because of its non-relativistic 

nature, cold, dark matter clumps together zmd leads to structure formation such as 

clusters, and superclusters. The cold, dark matter models lead to structure forma

tion at small scales and massive neutrinos generate very little structure at smcdl 

scales. This leads to a model enjojdng some populEurity at present: the mixed dark 

matter model - cold-hot dark matter models (Primack 1996). These models face tight 

constraints such that even a small admixture of hot deirk matter reduces structure 

formation on a small scale to the extent that a large cimount of cold dark matter is 

needed to compensate. The expected role of massive neutrinos in Cosmology is still 

not yet clear, and the information available form the neutrino oscillation searches 

in the high mass region is therefore of continuing cosmological interest. The cosmo-

logical consequence of massive neutrinos, would play a major role in dictating the 

djmamics of the Universe. 
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CHAPTER 3 

Neutrino Astrophysics 

3.1 Neutrino Astronomy 

Neutrino astronomy is the focus of the current and future detectors that venture to 

probe the edge of the imiverse amd the hearts of the most cataclysmic high energy 

processes. There are mziny issues that high-energy neutrino telescopes can address, 

such as the origin of cosmic rays, the mechanism of the engines that power the active 

galaxies, the natvure of gamma-ray bursts, search for annihilation products of halo 

cold dark matter (Weakly interacting massive particles (WIMPS), supersymmetric 

particles), galactic supemovae (HaJzen 1999). Neutrino telescopes also have the po

tential of doing particle physics by observing i/g and from Active Galactic Nuclei 

(AGN) and Gamma. Ray Bursts (GRB) over a long baseline of 1000 Megaparsecs 

or more. In addition, these detectors Ccin observe the penetration chciracteristics 

of Ur and thereby become an experimental signature for neutrino oscillations that 

indicate neutrino mixing with the sensitivity to as low as 10"^^, which is many 

orders below the current parameter space. 

Striking discoveries of astrophysical sources with extreme physical condi

tions have been made using photon astronomy. However, the range of gamma rays 

from very distzmt sources is reduced due to pair production euid interactions with 

low energy photons of the cosmic radiation beickgroimd (Leaimed cmd Mannheim 
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2000). Neutrino telescopes hold great promise, since at highest energies neutrino 

astronomy is preferred in order to probe the densest places in the vast expanse and 

to view the early Universe hidden to photon astronomy (Totsuka 1992; Gaisser et al. 

1995; Bahcall et al. 1995; Barwick et al. 1996). As highly stable neutral peurticles, 

neutrinos arrive at detectors on a direct line from theu: source, undeflected by in

tervening magnetic fields. While high-energy photons are completely absorbed by 

a few hundred grams/cm^ of materieil, the interaction length of a 1-TeV neutrino 

is about 250 kilotonnes/cm^, which corresponds to a column of water 2.5 million 

kilometers deep. The feebleness of neutrino interactions means that they can bring 

us astrophysical information that other radiations cannot, but it also means that 

vast detectors are required to receive this information. 

Prototypes such as the Baikal Neutrino Telescope (Spiering C. et al. and 

BAIKA.L Collaboration 1992; Wischnewski 1993b; Wischnewski 1993a), at a depth 

of 1 km in Lake Baikal in Siberia; NESTOR (Resvanis 1993b; Resvanis 1993a), 

3500 m deep in the Mediterranean near Pylos, Greece; eind AMANDA (Halzen 

1997; Wilkes 1994), in deep polar ice at the South Pole will aim for effective eir-

eas of about 0.02 km^ and an angular resolution for TeV muons of approximately 

1°. These detectors represent a giant step in instnmiented volume from their un

derground predecessors. To reach an effective volume of 1 km^ will require new 

efficiencies of scale for the water-Cerenkov technique or new means of detection. 

ICECUBE (Halzen 1997), in deep polar ice at the South Pole, a proposed kilometer-

size neutrino telescope is now in the limelight and has prospects to find celestial 

neutrino sources. 
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In this chapter, we review some extragalactic sources of neutrinos and the 

energy dependence of muon-neutrino and electron-neutrino fluxes as predicted by-

various astrophysical models. Representative fluxes from extragalactic sources are 

considered here in order to assess the feasibility of detection and examine the con

sequences of the neutrino-nucleon interactions and decay of leptons. To study the 

propagation characteristics of muon neutrino and tau neutrino as they interact with 

matter we compare the neutrino-nucleon cheurged-current and neutral-current inter

action length with the diameter of Earth in order to study the threshold energy for 

interaction. The decay length of r is determined since it leads to the important 

observation that Earth never becomes opaque to Ur. This is due to the fact that 

the T produced in the charged current interaction of decays back to Ur before 

losing significant energy. The consequences on the event rates from astrophysical 

sources in large-scale detectors due to various interactions of muon neutrinos and 

tau neutrinos as they traverse the Earth are studied here. 

3.2 Extragalactic Neutrino Sources 

Ideas about the flux of neutrinos from Active Galactic Nuclei (AGNs) and other 

extraterrestrial sources have evolved considerably. The observation (Hirata K. et 

al. 1987; Bionta 1987) of neutrinos correlated with supernova SN1987A and the 

detection of solcur neutrinos by observing the direction of recoil electrons from neu

trino interactions (Kamiokande Collaboration and S. Hirata et al. 1991) showed the 

promise of neutrino observatories for astrophysical studies. The detection of neutri

nos produced by cosmic-ray interactions in the Earth's atmosphere (Becker-Szendy 

R. et al. 1992; Kamiokande Collaboration and S. Hirata et al. 1992; Daum K. et 
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al. 1995; Ronga F. et al. 1993; Rhode W. et al. 1996) has emerged as a tool for 

investigating neutrino oscillations. 

A principal scientific goal of Icirge-scale neutrino telescopes is the detection 

of ultreihigh-energy (UHE: > 10^^ eV) cosmic neutrinos produced outside the at

mosphere: neutrinos produced by galactic cosmic rays interacting with interstellar 

gas, and extragalactic neutrinos. Plsms for neutrino observatories that will detect 

extragalactic neutrinos have matured to the point that it is now reasonable to con

template instrumenting a voliune of water or ice as large as km^. The ground array 

of the proposed Pierre Auger Cosmic Ray Observatory (Pryke 1998) would have 

an acceptance exceeding \km?sr of water for neutrino energies greater than 10^^ 

eV (Billoir 1997). The Orbiting Wide-angle Light collectors project OWL (Cline 

D.B. et al. 1997) would place in Earth orbit a lens to study air showers initiated 

by > 10^® eV particles, including neutrinos. 

3.2.1 Active Galactic Nuclei 

Active Gedactic Nuclei (AGN) are the most powerful radiation sources known, with 

typical luminosity in the range 10^^ to lO'^^erg/s (Halzen 1999). They have long 

thought to be sites of energetic particle production and considered potential sites 

for high energy neutrino production. X-ray variability, on time scales as short as 

100 seconds, indicate that most of this radiation comes from their central region 

and the energy radiation, most likely, comes from gravitational energy of matter 

in-falling into a super-massive black hole at the AGN center. Numerous models 

have been put forth in order to obtain the neutrino fluxes at the AGN core and 

most of these models asstune that the in-falling matter forms an accretion shock 
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at some distance from the black hole. Protons, within the AGN, may get acceler

ated via first order Fermi acceleration to very high energies at the shock site, thus 

converting a fraction of gravitational energy into highly relativistic particles with a 

characteristic power law spectnmi. They interact with protons and photons in the 

in-falling gas or they may exist in the jets along the rotation axis and interact with 

photons there. Photon-proton and proton-proton interactions produce pions which 

decay into charged leptons, neutrinos, and photons. Energetic photons, {E^ ~ 100 

MeV) from about 40 AGN, observed by the EGRET collaboration (Fichtel C.E. et 

al. 1994) and TeV photons have been detected from Mkn 421, Mkn 501 (Kerrick 

1995) and 1ES2344+514 (Ccuatanese M. et al. 1998). Although these photons are 

conventionally explained by inverse Compton scattering from energetic electrons 

this explanation is not without problems. A hadronic origin of gamma-ray photons 

from AGN is a viable alternative. If a large fraction of the observed energy in high 

energy photons from AGN are produced in hadronic interactions, then AGN are 

also powerful sources of ultrahigh-energy (UHE) neutrinos (Stecker and Salamon 

1996; Mannheim 1995; Gandhi et al. 1996; Gandhi et al. 1998). 

In Fig. 3.1 we show neutrino fluxes predicted in the AGN models of Stecker 

and Salamon (Stecker and Salamon 1996) and Mannheim Model A (Mannheim 

1995). Both of these models predict neutrinos fluxes that represent the upper 

bounds for their class of models. In particular, the Stecker-Salamon flux is an upper 

boxmd for AGN core emission, while Mannheim Model A is an upper bound for AGN 

jet emission models. Stecker-Salamon flux is bound by the diflfuse X-ray background, 

while Mannheim flux is bound by the extragalactic gamma ray background. The 

steep low-energy neutrino flux in Mannheim's model is the emission from the host 

galaxy via pp intereictions of the AGN protons in a geJactic gas disk. Since this 
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peirt of the flux is derived with the assumption that all protons end up in the disk, 

it should be regarded as em upper bound. Stecker-Salamon flux at energies above 

1 PeV may get reduced due to the cooling of pions and muons in strong magnetic 

fields of AGN cores (Rachen and Meszaros 1998). The fluxes plotted in Fig. 3.1 are 

for the sum of muon neutrino plus antineutrino at the source without accoimting 

for oscillation over astronomical distances. Here depicts fluxes in the absence 

of oscillations. 

3.2.2 Gamma Ray Bursts 

Gamma Ray Bursts (GRBs) have been observed for a period of more than 30 years 

and several models have been proposed to explain the origin to GRB's. BATSE 

detector on the COMPTON-GRO has observed an isotropic nature for these burst. 

A red-shift in the absorption lines in the optical afterglow of GRB970508 (Metzger 

M.R. et al. 1997), confirm the cosmological origin for these bursts. GRB's cire 

extragalactic sources with powerful radiation, and possibly associated with high 

energy neutrino flux. Suggested soiurces for GRB origin may be binary neutron 

star mergers - NS^Ms (Eichler et al. 1989), failed supernova (Woosley S.E. 1993), 

or white dwarf collapse (Usov V.V. 1992). However, they face the difficulty of 

channeling energy of ~ 10®^ ergs to a relativistic flow ui the internal shock that 

take place at a distance of ~ 10^® cm from the center as suggested in the fireball 

model (Piran 1999). 

In the fireball model (Piran 1999), the ganuna ray bursts are produced 

by the dissipation of the kinetic energy of the relativistic expanding fireball with a 

large fraction (> 10%) of fireball energy being converted by photopion production to 



46 

-8  

-10 

-12 

-14 

-16 

+ — TD (WMB. pLSC) 

AON (M95. 00) 

— ATMOS. ORB_WB 

-18 

-20 -a 

-22 

9 10 6 8 5 7 3 4 

E,(GeV) 

Figure 3.1: Muon neutrino plus antineutrino fluxes for AGN models (solid lines, 
upper curve at low energy corresponds to AGN_M95, while the lower curve is 
for AGNJSS model), GRB (dotted line), topological defects models (dash-dotted 
lines, upper ciurve corresponds to TD .(Model A) WMB, while the lower curve is for 
TDJSLSC), E~^ flux (lower dashed line at low energy) and (upper dashed line 
at low energy) cind angle-dependent atmospheric (ATM) flux (shaded area). 

high energy neutrinos (Waxman and Bahcall 1997). Photomeson production takes 

place when extremely energetic protons accelerated at high energies, in the ultra-

relativistic shocks, interact with synchrotron photons inside the fireball. The decay 

of these charged pions and subsequently produced muons then produce electron and 

muon neutrinos. 
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Contributions from proton-proton collision can be neglected in this model. 

In Fig. 3.1 we show the neutrino fluxes for gamma ray burst model of Waxman 

and Beihcall {GRB_WB)(Waxman and Bahcall 1999), in which they parameterize 

the flux by 

= 4.0 X 

where, 

a = 13, n = 1 for E < 10® GeV 

a = 8, n = 2 for 10® < £ < 10^ GeV 

a = 1, n = 3 for E > 10^ GeV. 

Theoretical work has been done to set upper bovmds on high energy neutrino fluxes 

from AGN jets and GRB (Waxman and Bahcall 1999; Mannheim et al. 2001). The 

bounds are based on the theoretical correlations between the cosmic ray flux and/or 

the extragalactic gamma ray flux and the neutrino flux. These bounds have some 

model dependence and they tend to be weaker in the range of energies considered 

here {E < 10^ GeV). The AGN and GRB neutrino fluxes used here satisfy these 

bounds. 

3.2.3 Topological Defects 

Cosmic topological defects (TD) such as magnetic monopoles, cosmic strings, and 

domain walls are predicted to be formed in the Ezirly Universe as a result of sym

metry brejiking and phase transition in Grzmd Unified Theories (GUTs) of particle 
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interactions. In the TD models, 7-rays, electrons (positrons), and neutrinos are pro

duced directly at ultra-high energies via cascades initiated by the decay of a super-

massive elementciry "X" particle associated with some Grand Unified Theory, rather 

than being produced in high energy hadronic interactions. The X particle is usually 

thought to be released from topological monopoles left over from GUT phase tran

sition. It decays into qucirks, gluons, leptons. The neutrino fluxes from topological 

defects sure considered from models of Sigl-Lee-Schramm-Coppi (TDJSLSC) (Sigl 

et al. 1997) cind the model of Wichosld-MacGibbon-Brandenberger (TD.WMB) 

(Wichoski et al. 1998). The primary difference between these two models is the 

main channel for energy loss of the string network. In the former it is the gravita

tional radiation, while in the later it is the particle production. Both of these fluxes 

should be regarded as upper limits for TD models because they have been con

structed in a way so that they satisfy the boimd imposed by the measured cosmic 

ray and gamma ray fluxes (Protheroe eind Stanev 1996). These fluxes cire shown 

in Fig. 3.1 where the representative flux of WMB model with the string mass pa-

rjimeter gives the largest neutrino flux consistent with cosmic ray data. This flux 

is also below the Prejus (Rhode W. et al. 1996) and Fly's Eye (Baltrusaitis R. et 

al. 1985) experimental limits on the neutrino flux. 

3.2.4 Generic and Atmospheric Fluxes 

We also consider two generic fluxes that have a power law behavior. The flux 

F^+i,{E) = 10-''(£;/GeV)-2(cm-V^sr-^GeV-^) (3.1) 
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gives numerically stable results, however, our calculations with a flux with F' ~ E~^ 

is unstable at very high energies. Consequently, we use 

K*,(.E) = (cm-'s-'sr-'GeV-'), (3.2) 

as a way to cutoff the high energy behavior and show results for attenuated fluxes 

for neutrino energies up to 10® GeV. The multiplicative factors in E~^ and 

fluxes is chosen in such a way that they exceed the atmospheric flux at neutrino 

energies between 10 TeV £ind 100 TeV. The upper bound for strong source evolution 

discussed recently by Waxman and Bcihcall (Waxmzin and Bahcall 1999; Maimheim 

et al. 2001) would correspond to a limit of 2 x 10~®£~^, a factor of 5 smaller than 

the choice of normalization used here. 

In Pig. 3.1 the atmospheric neutrino flux is shown as a function of zenith 

angle from 0° to the horizontal flux. In the evaluation of atmospheric backgrounds, 

we use the atmospheric muon and electron neutrino(antineutrinos) fluxes as a func

tion of zenith Jingle (Agrawal et al. 1996) and the generic energy dependence of the 

atmospheric neutrino flux: 

~ (£;/GeV)-3®(cm-2s-^sr-'GeV-^). (3.3) 

The atmospheric neutrinos dominate over extragalactic neutrinos at energies below 

1 TeV. Therefore, for the detection of extraterrestrial neutrinos one should focus on 

neutrino energies above 1 TeV. The neutrino flux from cosmic ray interactions with 

the microwave background have been neglected here. This is because the diffuse 

neutrino flux is typicailly present at energies higher than that consider here (Hill and 

Schramm 1985; Yoshida and Teshima 1993), and it gives low event rates (Gandhi 

et al. 1996). Furthermore, the cosmic ray interactions with the solar atmosphere are 
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another soxirce of neutrinos. However, for energies above a TeV, the flux scales as 

E~^ or steeper (Ingelman and Thunman 1996; Hettlage et al. 2000). Tau neutrino 

regeneration will not be a very important feature in fluxes with such Icirge spectral 

indices as one will see in later chapters. 

3.3 Neutrino Interactions 

Ultrahigh-energy neutrinos can be detected by observing long-range muons or show

ers produced in various neutrino-nucleon interactions and decay. In the case of 

muon events, to reduce the background from muons produced in the atmosphere, 

it is eidvantageous to site a neutrino telescope at a depth of several kilometers (wa

ter equivalent) or to observe upward-going muons. High neutrino energy brings a 

nimiber of advantages. First, the charged-current cross section increases, as cr ~ 

for Eu < 10^^ eV, then as a ~ for E^ > 10^® eV. Second, the background of 

atmospheric neutrinos falls away compared to the flux from extragalactic sources, 

approximately as E~^-^. Cosmic neutrinos reflect the cosmic-ray spectrvmi near the 

source {dN/dE cc E~^), whereas the atmospheric neutrino spectrum (a E~^-^ above 

100 GeV) is about one power of energy steeper than the cosmic-ray spectrum at the 

Earth (oc which is steeper than the source spectrum (Gaisser et al. 1995). 

The signal of interest for neutrino astronomy should emerge from the atmospheric-

neutrino background at ~ 1 TeV. Third, the muon range grows with energy, 

increasing as E^ for Ef^< I TeV, then increasing roughly as log Ef^ at higher ener

gies. For upward-going muons, the effective volume of a neutrino telescope is thus 

equal to the instnunented area times the muon range. Estimates of the fluxes of 

UHE neutrinos from AGNs and other astrophysical sources suggest that a surface 
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area exceeding O.I km^ is required (Halzen 1999). If the muons are detected by 

observing the Cerenkov light they produce when traversing a transparent medium 

of water or ice, huge target volumes are conceivable (Learned and Mannheim 2000). 

The charged current reactions (i/«, i/t)N {£~,i'^)+X and neutral current reaction 

(ut, ui)N -> (i/<, j>i) + X are the major sources of both the desired signal and the 

attenuation of the neutrino "beam" as they pass through the Earth en route to the 

detector. 

For this work the cross sections for charged-current zmd neutral current 

interactions of neutrinos with nucleons is obtained using the CTEQ5-DIS parton 

distributions (Lai H.L. et al. 2000). For neutrino energies up to 10^®eV, all the stan

dard sets of parton distribution functions yield very simileir cross sections (Gandhi 

et al. 1998). At higher energies, the predictions rely on incompletely tested as

sumptions about the behavior of parton distributions at very small values of the 

momentum frac t ion  x .  

We use the neutrino-nucleon interactions and decay properties of leptons to 

study the propagation characteristics of muon neutrinos and tau neutrinos through 

the Earth. An interesting feature of tau neutrino cascades is studied for various 

astrophysical sources of ultrahigh-energy (UHE) neutrinos to estimate event rates 

in neutrino observatories. The diffuse flux of neutrinos from AGN and the flux of 

neutrinos that may accompany GRB, as well as neutrinos from cosmological sources 

such as the decay of topological defects formed in the early universe are some of the 

astronomical sources considered here. We evaluate rates for upward-going muons 

and hadronic showers produced in or beneath large underwater/ice detectors and 

compute rates for contciined neutrino interactions in a km^ volume. 
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3.3.1 Neutrino-nucleon Cross-section 

While the neutral-current cross section contributes to the attenuation of neutrinos 

as they pass through the Earth, it is the charged current interaction followed by 

leptonic decay that is of interest here. The cross sections for the chaxged-current 

reaction, i/^N -> + X, as a function of the neutrino energy are shown in 

Fig. 3.2 (dashed line). At low energies the charged-cxirrent cross section(«7cc) rises 

linearly with E„. AJso shown are the neutral-current cross section((TNc) for the 

reaction, i/^iV (dotdashed line), together with atot, the sum of charged-

current and neutral-current cross sections (solid line). For the range of neutrino 

energies of interest here, the charged-current results apply equally to the reaction 

UcN e~ + X, eind ^-iV -> r~ -H X. The neutral-current cross sections for the 

reaction u^N -> i/g + X, and UrN + X are identical to ctnc for 

In addition, it is importeint to have the neutrino-electron cross sections in 

mind when assessing the capabilities of neutrino telescopes. There is one exceptional 

case: resonant formation of the intermediate boson W~ in i/gC interactions at 6.3 

PeV. We ignore this effect as our upper bound in calculating the event rates is 1 

PeV. In the energy range we consider, because of the electron's small mass, neutrino-

electron interactions can generally be neglected with respect to neutrino-nucleon 

interactions (Geindhi et al. 1996). Similarly, the neutral-cxirrent (dotdashed line), 

charged-current (dashed line), and total (solid line) i/N cross sections are shown in 

Fig. 3.3. At low energies, where the contributions of valence quarks dominate £ind 

the PN cross sections are smadler thEui the corresponding i/N cross sections, because 

of the familiar (1 — y)^ behavior of the i/q cross sections. Above « 10® GeV, the 

valence contribution is negligible eind the uN and i/N cross sections become equal. 
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Figure 3.2: Cross sections for utN interactions at high energies, obtained using 
CTEQ5-DIS parton distributions: dotdashed line, a{u(N i/^ + X); dashed line, 
a{u(N + X); solid line, total (charged-cmrent plus neutral-current) cross 
section. 
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Figiire 3.3: Cross sections for i/<iV interactions at high energies, obtained the 
CTEQ5-DIS pzirton distributions: dotdashed line, a{utN —>• ut + X); dashed line, 
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3.3.2 Interaction Length and the Earth 

The rise of the charged-current and neutral-current cross sections with energy is 

mirrored in the decrease of the (water-equivalent) interaction length (Gandhi et al. 

1998), 

where iVyv = 6.022x10^^ mol~^ = 6.022x10^^ cm"^ (water equivalent) is Avogadro's 

number. The energy dependence of the charged-current interaction lengths for 

neutrinos on nucleons is shown in Fig. 3.4 as compared to the chord subtended by 

the Earth at various nadir angles. The cross section and interaction length behave in 

the same way for emtineutrinos and above about 10^® eV, the two sets of interaction 

lengths coincide. These results apply equally to UgN (or PgiV) collisions as to i/^iV 

(or PpiV) collisions and UrN (or Pt^)-

Over the energy range of interest for neutrino astronomy, the interactions of 

i/g, Uft, and Pft with electrons in the Earth can generally be neglected, as mentioned 

earlier, in comparison to interactions with nucleons. The case of Uge interactions 

is exceptional because of the intermediate-boson resonance formed hi the neighbor

hood of  JBJf® =  M^/2m « 6.3  x  10^®eV.  The  resonj in t  reac t ions  Uet  ->  W~ -> 

and PeC -> W~ -> hadrons may offer a detectable signal. At resonance, the re

action PeC W~ X significantly attenuates a Pe beam propagating through 

the Earth. The water-equivalent interaction lengths corresponding to the neutrino-

electron cross sections are evaluated as (Gandhi et al. 1998), 

/»(") _ (" I  t:\ 

where (10/18)iVA, is the number of electrons in a mole of water. 
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Figure 3.4: Charged current interaction length for neutrino interaction on nucleon 
targets compcired to the chord subtended by the Earth (where top horizontal line 
corresponds to 0°) at various nadir angles. 
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To good approxunation, the Earth may be regarded as a spherically sym

metric ball with a complex internal structure consisting of a dense inner and outer 

core and a lower mantle of medium density, covered by a treinsition zone, lid, crust, 

and oceeins (Bolt 1993). A convenient representation of the density profile of the 

Earth is given by the Preliminary Earth Model (Dziewonski 1989), 

13.0885 - 8.8381x2, r  < 1221.5 

12.5815 - 1.2638s - 3.6426x2 - 5.5281x3, 1221.5 < r < 3480 

7.9565 - 6.4761X + 5.5283x2 -- 3.0807x3, 3480 < r < 5701 

5.3197 - 1.4836X, 5701 < r < 5771 

11.2494 - 8.0298X, 5771 < r < 5971 

7.1089 - 3.8045X, 5971 < r < 6151 

2.691 + 0.6924X, 6151 < r < 6346.6 

2.9, 6346.6 < r < 6356 

2.6, 6356 < r < 6368 

1.02, r  <R® ,  

A 

where the density is measured in g/cm , the distzmce r from the center of the Earth 

is measured in km and the sc£ded radial variable x = r/i?©, with the Earth's radius 

Rq = 6371 km. The density of a spherically symmetric Earth is plotted in Fig. 3.5. 

The eimoimt of material encountered by sm upward-going neutrino in its passage 

through the Earth is shown in Fig. 3.6 as a function of the neutrino direction. 

The influence of the core is clearly visible at angles below about 0.2ir. A neutrino 

emerging from the nadir has traversed a colxmm whose depth is 11 kilotonnes/cm^ 

or 1.1 X 10^° cmwe. The Earth's dicuneter exceeds the charged-current interaction 

length of neutrinos with energy greater than 40 TeV. 
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Figure 3.5: Density profile of the Eaxth according to the Preliminary Earth Model, 
Ref. (Dziewonski 1989) 
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Patin(^) — 

The atmosphere is more than a thousand times less dense than the Earth's 

interior, so it makes a negligible contribution to the attenuation of the incident 

neutrino flux. The US Standard Atmosphere (1976) (CRC Handbook 1994) can be 

reproduced to 3% approximation by the following simple parameterization: 

1.225 X 10"' g/cm^ exp (-/i/9.l92 km), < 10 km, ^ 

1.944 X 10~® g/cw? exp (-/i/6.452 km) /i > 10 km. 

For the standard atmosphere, a neutrino normally incident on a surface 

detector passes through a column density of 1033 glcrr^ = 1033 cmwe, while a 

neutrino arriving along the horizon passes through a column of about 36,000 cmwe. 

Both amoimts of matter are orders of magnitude smaller than the neutrino inter

action lengths at the energies under study (Fig. 3.4). The atmosphere is thus 

essentially transparent to neutrinos. 

Horizontal Paths through Atmosphere 

10 15 20 25 30 
Altitude [i<m] 

Figure 3.7: Coliunn depth encoimtered by a horizontal neutrino traversing Earth's 
a tmosphere  a t  an  a l t i tude  h.  

On the other hand, the amount of material encountered by a neutrino 

passing horizontally through the atmosphere is not small compared with the depth 
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available for the production of contained events in a water-Cerenkov detector. Fig. 

3.7 shows the column depth traversed by a horizontal neutrino as a function of 

altitude. (The values shown are for the full passage through the atmosphere, not just 

inbound to the point of closest approach to the surface.) An air shower detector like 

the Fly's Eye (Baltrusaitis R. et al. 1985), which detects light produced by nitrogen 

fluorescence along the path of a high-energy particle traversing the atmosphere, 

could detect neutrino-induced cascades and perhaps identify their shower profiles. 

Indeed Halzen (Halzen F. et al. 1995) has argued that the 3 x 10^° eV cosmic ray 

shower observed by Fly's Eye (Bird D. J et al. 1993), the highest energy cosmic-ray 

event, might have been initiated by a neutrino. 

3.3.3 Tau Decay Length 

The detectability of produced from oscillation depends on the decay modes 

of tau produced by tau neutrino charged current interactions and the tau decay 

length. The decay length of tau lepton depends on the material density and the tau 

lepton energy 

Adec = icrp{X), (3.8) 

where 7 = is the Lorentz gamma factor, cr = 86.93 /xm is the tau decay 

length and p{X)  is the material density. In section 5.2 and 5.3, the muon and shower 

events are obtained by teiking into account the branching fraction for r 

The decay formulae are shown in Table 3.1 (Pasquali and Reno 1999). The decay 

distribution of the tau neutrinos from tau decay has the following form, in terms of 

Z = Etf/Er' 

^ = EWo + ^si)- (3-9) 
az  ^ 



61 

Table 3.1: Functions qq and g\ in the tau neutrino energy {E^) distribution from r 
decays, in terms of z = E^IEr. Note, X indicates hadrons, with X p, ai. 

Process BR 9o 9 i  

r -> 
T ->• VRSUE 

T —>• I/RTT 

T ^ U R P  

T L/RUI 

T L/RX 

0.18 

0.12 

0.26 

0.13 

0.13 

l -Zz^  + lz^  

ii/(l r, z )  

^9 i l - rp-z )  

ra,  z )  

03^(0-3 - 2) 

i - 3z2 + 1^3 

0 

The polarization of the decajring tau lepton is P, taken to be P = — 1. The branch

ing fraction into decay channel i is indicated by Bj. The distribution is normalized 

such that 

= = (3.10) 

In Table 3.1, we show the ftmctions and gi for each decay mode, written in 

terms of z and = mf/ml. Details of the calculational procedure cam be found in 

Ref. (Gaisser 1990) or in Ref. (Lipari 1993). For the multiprong tau decays, we 

approximate the distribution by a theta function, as indicated in the table. 

Fig. 3.8 illustrates that the decay length of tau depends on the energy of 

tau lepton and nadir angle of the Earth. For energies below ~ 10® GeV the chances 

of tau decay are more probable than tau energy loss except at higher energies which 

will be studied in later chapters. 
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At low energies the decay length of the tau is identical to the range. At 

energies above ~ 10® GeV tau interactions become important and the range becomes 

significantly shorter. We expect that the spectrum of the upward tau neutrino fiux 

at detectors obtained from the cascade of tau neutrinos will be modified due to 

the energy loss that precede the decay of tau at very high energies. However, the 

high energy tail of the spectnmi, where the tau energy loss is dominant process, 

will become steeper. The size of the eflFect will depend on the spectral index of the 

initial flux. 
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CHAPTER 4 

Neutrino Transport 

The propagation of ultrahigh energy neutrinos (antineutrinos) through the Earth 

is of significeince for its detection in the underground neutrino telescopes. The 

neutral cxirrent and charged ciurent interaction rises strongly with energy, thus it 

is necessary to look at the attenuation of neutrinos as they traverse the Earth. Due 

to the energy loss and the strong energy dependence of the total cross sections 

for neutrino interactions, the neutrino "depth-intensity relation" does not follow a 

simple absorption law smd the magnitude of the effect grows with energy and depth. 

The main focus of this work is to look at the energy spectra of high-energy 

neutrinos after their propagation through the Earth. The propagation length de

pends on the nadir angle of the Earth and hence encompasses several neutrino 

interaction lengths. Therefore, one needs to look at the effect of attenuation of 

neutrino flux due to interactions of neutrinos in the Earth. Muon neutrinos are ab

sorbed by charged current interactions, while tau neutrinos are regenerated by tau 

decays. Hence, the Earth never becomes opaque to U^, through the effect OIUR T 

interaction and T UR decay processes is to degrade the energy of the incident 

Ur. The identical spectra of and iv incident on the Earth emerge after passage 

through the Earth with distinctly different spectra. Such mechanism, must be taken 

into accoimt in data processing from many future experiments detecting tv events 



from astrophysical neutrino oscillations at energies above 1 TeV. The preferential 

penetration of Ur through the Earth is of great importance for high energy neutrino 

telescopes such as OWL/EUSO (Cline D.B. et al. 1997), AMANDA (HaJzen 1997), 

NESTOR (Resvanis 1993a) and ANTARES (Feinstein 2000). 

The propagation of and Ur through the Earth is studied on the basis 

of a procedure similar to the one outlined for in Ref. (Naumov and Perrone 

1999). The short decay length of the tau lepton produced in the charged current 

interaction of the tau neutrino gives an interesting result due to its contribution to 

the regeneration term. As a result the energy spectrum of the Ur becomes enhanced 

at low energy, providing a distinctive signature for its detection. The degree of 

enhancement depends on two main factors, the steepness of the incoming neutrino 

flux and the nadir angle of the Earth. In the following sections, the propagation 

characteristics of muon and tau neutrino flux is studied by solving the coupled 

transport equations for lepton and neutrino fluxes as they pass through various 

nadir angles of the Earth. The modified upward neutrino flux is calculated for 

two generic initial fluxes such as ~ for n = 1,2 and 3.6, a Gamma Ray 

Burst flux (Waxman and Bahcall 1997), two Active Galactic Nuclei fluxes (Stecker 

and Salamon 1996) (Mannheim 1995), two topological defect fluxes (Wichoski et al. 

1998) (Sigl et al. 1997). 

4.1 Muon Neutrino Propagation 

The effective muon neutrino spectrum, as it traverses the Earth, is obtained by 

solving the transport equation as shown below. Let F^^{E,X) be the differentijil 
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energy spectrum of muon neutrinos at a column depth X in the mediimi defined by 

X= f%{L')dL ' ,  
Jo 

where p{L)  is the density of the mediiun at a distance L from the boimdary mea

sured along the neutrino beam path. One can derive the following ceiscade equation 

for muon neutrinos as 

dF. , ( .E ,X)  

~~dX KSB) *Jb 
K. iE, .X)  

KAE,)  

df i  
—{u^N-^u ,X ' ,Ey ,E) .{A. l )  

The first term in Eq. 4.1 is the loss due to the neutrino interactions, the second 

is the regeneration term due to the neutral current. Here X{E) is the interaction 

length defined as 

^ = (4-2> 

where NT is the number of scatterers T in 1 g of the mediiun, is the total 

cross section for the vT interactions and the sum is over all scatterer types (T = 

JV,e,...). Scatterings of neutrinos with nucleons (N) are most important, so we 

approximate. 

K(E)  

where NQ is Avogadro's number. The charged and neutral current energy distri

butions, dn/dE, and the toted cross section, <T*^{E) have been evaluated using the 

CTEQ5 (Lai H.L. et al. 2000) parton distribution functions. This takes into ac

count recent improvements in our knowledge of the small-x behavior of the structure 

fimctions (Gandhi et al. 1998). 

The eflfective absorption length A^(J?, X)  is defined as 

X 
F^^{E,X)=FUE)eKp 

. K{E,X)  
(4.3) 
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It is convenient to define 

where X) is a positive function (call it Z factor in anjilogy with the hadronic 

cascade theory) which contains the complete information about neutrino interaction 

and regeneration in matter. 

Using the above equation one can find an implicit equation for Z from the 

transport equation (Naumov jmd Perrone 1999), 

"1 _ q-XDU{E,B^ ,X)-
Z , iE ,X)= f \ , {y ,E)^: ' ^{y ,E)  

Jo . XD,{E,Ey ,X)  . 
dy ,  (4.5) 

where, 

r ) ( W P  l-Z,{Ey,X) 1-Z,(JS,X) 
"( ," ,  ) K[Ey,X)  Au{E,X)  

r iAy ,  E)  = 
F'AEy) 

FSimi  -  y)  

da ,N^,x{y ,Ey)  ^  E)a '^ ' ^{E)  
ay  

and dau[ir-yvx{yiE)/dy is the differential cross section for the inclusive reaction 

uN -> i/X, with Ey the incoming neutrino energy and y the fraction of energy lost 

i :e  Ey  =  E/{ l -y) .  

Naumov and Perrone (Naumov and Perrone 1999) have shown that by iter-

atively evaluating Eq. 4.5, starting with = 0, the solution for muon neutrinos 

quickly converges for a wide range of starting fluxes. 
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4.2 Tau Neutrino Propagation 

In case of tau neutrinos the charged current interaction term, initiates a cascade 

VrN -> rX, r u^X. Therefore one needs to incorporate the tau decay term and 

the tau lepton flux into the transport equation. Let Fu^{E,X) and Fr{E,X) be 

the differential energy spectrum of tau neutrinos and tau respectively at a column 

depth X. Then, one can derive the following cascade equation for tau neutrinos as, 

dF,^{E,X)  F,^{E,X)  

dx  KiE)  
+ f JE 

dE^ 

l*00 
+ 1^ dEy 

FriEy ,X)  
[ P^- ' iEy)  

f i f i  
—{T^UrX- ,Ey ,E)  

+ r JE 
dE^ 

Fr{Ey,X)  

K{Ey)  

ti/n 
^(TN ^ i>rX-,E„E) (4.6) 

and for taus lepton as. 

dFr{E,X)  Fr{E,X)  Fr{E,X)  
dx  K(E)  p f (E,x ,e )  

+ 
r .  

dE^ Et/r{Ey,X)  f AT ,  t-Y-P P' ^  (4.7) 

The first term in Eq. 4.6 is a loss due to the neutrino interactions, the 

second is the regeneration term due to the neutreil current interaction, the third 

term is a contribution due to the tau decay, and the last term is the contribution 

due to tau interactions. 

In Eq. 4.7, the first term is a loss due to tau interactions, the second term 

is a loss due to the tau decay, while the last term is a contribution &om neutrino 
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charged current interactions. As a practical matter, tau decays are more important 

thjin tau interactions at the energies below considered here, below 10® GeV (Dutta 

et al. 2001). Tau charged current interaction length becomes comparable to the 

tau decay length and the photo-nuclear interaction length at energies above 10® 

GeV. The tau energy loss, in principle, affects the shape of the tau neutrino energy 

spectrum by enhancing the lower energy part. However, for fluxes considered here, 

which are quite steep at energies above 10® GeV, this effect is negligible. Thus, the 

tau interaction terms in Eqs. 4.6 and 4.7 Ccua be neglected in what follows. 

Here, X { E )  is the interaction length as defined previously in Eq. 4.2 and X ,  6 )  

is the decay length for tau defined as, 

p^(E,x,e) = 7c(,e{j)f,9) 

Cr is the mecm lifetime of tau and g is the density of matter in the Earth. To simplify 

the solution to the equation for the tau flux, the X and 9 dependent density of the 

Eeirth is approximated by the average of the density along the column depth of 

angle 6: 

q{x ,9)  ̂  ,  

Following Ref. (Navmaov and Perrone 1999), the effective absorption length 

Ay{E, X) is defined by 

X 
F^(E,X)  = I^(E)exp  

It is convenient to define 

Au(B,X)_  '  
(4.8) 

= (4.9) 

where the Ztrr{E, X) factor contains the complete information about neutrino in

teraction and regeneration in matter smd contribution from the decay of tau lepton. 
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Initially, assuming that there is no significant contribution to the neutrino 

flux from decaying particles (as would be the case for muon neutrinos), using the 

above equation the implicit equation for Z factor from the transport equation is 

obtained as (Naumov and Perrone 1999), 

"l _ g-xo.,(£:.£„,x)-

Jo XDuiE,Ey ,X)  
dy, (4.10) 

By a similar procedure, the coupled differential equations for tau neutrinos including 

tau production and decay can be iteratively solved. The tau flux generated by 

charged current interactions including the loss term due to its decay is 

FAE,X)  
F^{E)  

= exp 
X 

/7' JO JQ 0 Jq  K{E)  
Vu(y ,  E)  

X exp 
X'  

K{Ey,X ' )  
exp 

X'  

[p^W) 
dX'dy  (4.11) 

The Z factor for the tau neutrino flux is then given as 

Zt,̂  = + Zr (4.12) 

where Z^, is given by Eq. 4.5 and 

exp 
X'  

K{Ey,X ' )  
Fr{Ey,X ' )  

FSiEy)  
dX 'dy .  (4.13) 

The decay modes included in $^'^(y, E)  are shown in Table 3.1 (Pasquali 

and Reno 1999) and constant energy distribution is sissiuned for the remaining 
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branching fraction not included there. In Eqs. 4.10 and 4.13, the Z factors implicit 

in are + Zr- In the iterative solution of the equation for Z, one has 

the option of picking the initial value Z^^K The solution to the cascade equation 

for the flux has X and E dependence, namely the solution to Eq. 4.10. 

4.3 Upward Neutrino Spectrum 

To demonstrate the importance of regeneration of tau neutrinos from tau decays, 

we evaluate the tau neutrino flux for several input neutrino spectra and compare to 

the attenuated t/^ flux. For the incoming neutrino spectrum we use (Naumov and 

Perrone 1999) 

where K,  n ,  EQ and ^cut are parameters and 0(f) is a function equal to 0 at t > 1 

and 1 at i 1. We use ((>{t) = 1/ [1 + tan (7rt/2)] (f < 1) and E^at = 3 x 10^° GeV 

and EQ = 1 PeV. For n = 1, a smooth cutoff is introduced by multiplying Eq. 4.14 

by a factor {1 + EQ/E)~^ and by setting EQ = 100 PeV. To evaluate the depth as a 

function of nadir angle the density profile of the Earth described in Ref. (Gandhi 

et al. 1998) is used. 

Fig. 4.1 shows the nadir angle dependence of the ratios of the fluxes cal-

cvilated by solving the transport equation to the input flux F^{E). All fluxes are 

evaluated as a function of nadir angle, at the X value for the surface of the Earth 

and for energies 10'' GeV, 10® GeV and 10® GeV for and tv assuming F°{E) 

given by Eq. 4.14. For an incoming flux, n = 1, the iv flux is enhanced (relative to 

the incoming flux) for all nadir angles for E^^ = 10'* GeV and 10® GeV, and for 

9 > 20° for Eu^ = 10® GeV. The peak of the enhancement gets shifted toward the 
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Figure 4.1: The nadir angle dependence of the ratio of fluxes for energies 10'' 
GeV, 10® GeV and 10® GeV for the (dashed line) and Ur (solid line) assum
ing F^{E) ~ with n = 1,2 and 3.6. 

higher nadir angles as the energy increases. This is due to the fact that high energy 

z/r can remain high energy if the column depth is small, i.e. for large nadir angles. 

In case of the steeper incoming flux, n = 2, we find that i/^'s aire less attenuated 

than the i/^'s, and the expected enhancement at low energy is not evident due to 

the steepness of the flux. For even steeper flux, n = 3.6, which behaves like the 

atmospheric neutrino flu* the difference between Ut and flux is very small. 

Fig. 4.2 shows the energy dependence of the the ratio of fluxes for nadir 

angles 6 = 0, 6 = 30°, and 9 — 60° for and tv with F^{E) given by Eq. 4.14. 

For small nadir angles, 6 = 0 and 30° and F^{E) ~ 1/^ the enhancement of tau 

neutrinos is in the energy range of 10^ GeV and 10® GeV, while for d = 60°, the 

enhancement extends up to 10® GeV. In contrast, the flux is attenuated for all 

the nadir angles. When the incoming flux is steeper, n = 2, the Vr flux appears 

to be attenuated at high energies, although less than the flux. For n = 3.6, the 

energy dependence of these two fluxes is very similar, they are both reduced at high 

energies, and the effect is stronger for smaller nadir angle, since in this case the 

column depth is larger and there are more charged current interactions possible. 
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Figure 4.3: The energy dependence of the ratio of fluxes for (dashed line) and 
Ur (solid line) for Stecker-Solomon AGN model. 

In case of the AGN quasar model (Stecker and Salcimon 1996), the flux 

is a factor of 2 to 2.5 times larger than the input flux, for nadir angle, d = 0. This 

is shown in Fig. 4.3 For larger angles, the effect is smaller. Detection of AGN 

neutrinos would be optimal for small nadir angles and for i/r with energy of 10^ 

GeV to 10'' GeV. 

In case of Ur flux for the case of GRB flrebzill model (Wiaxman and Bahcall 

1997) because of the steepness of the input flux for > 100 TeV, the flux is 

enhanced only by about 10 — 27%, depending on the energy and nadir angle. The 

energy spectrum of the ratio of i/r flux to the input flux F° is as shown in Fig. 4.4 

ORB [WB] ORB [WB] ORB [WB] 

10* 10* 10* 10* 10* lo" 10* 10* 10* 10* lo' 10* 10* 10* 10* 
B,(GeV) B,(GeV) B,(GeV) 

Figure 4.4: The energy dependence of the ratio of the fluxes for (dashed line) 
and Ur (solid line) for a Waxman-Bahcall GRB model 
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Figure 4.5: The energy dependence of the muon neutrino flux (solid line) and the tau 
neutrino flux (dashed line) for nadir angle 5 = 0°, 0 = 30° and 6 = 60° normalized 
to the initial flux for the AGN3iI95. 

The angular dependence of the upward flux is also distinct. As an 

example, in Fig. 4.5, for the AGN model of Mannheim (Model A) (Mannheim 

1995), we show the ratio of the neutrino flux scaled by the flux at X = 0 for two 

nadir angles, 0 = 0° and 6 = 30°, as a fimction of neutrino energy. Because of 

the shape of the initial flux, steep for energies below 10® GeV, and flat for higher 
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energies, the enhancement of the tau neutrino flux becomes significant only for 

energies above 10® GeV. At fixed energies of 10'', 10®, and 10® GeV, Fig. 4.5 shows 

the same fiux ratios as a function of nadir angle. 

Fig. 4.6 and 4.7 represents the case for attenuated tau neutrino plus an-

tineutrino flux (dotted line) and attenuated muon neutrino plus antineutrino flux 

(dashed line), scaled by a factor of the neutrino energy E, assuming the equal fluxes 

of tau neutrinos and muon neutrinos incident on the surface of the Earth at a nadir 

angle of 0° for F®^5(^„) = 0.5 x ^ the Stecker-

Salaunon AGN model, the Mannheim AGN (Model A), the two topologiceil defects 

models, the Waxmein-Bahcall GRB model, and the atmospheric flux. We note that 

the enheincement of the tau neutrino flux relative to the initial flux and also to 

the muon neutrino flux is prominent for the flat fluxes such as F°{Eu) ~ E~^, 

the Stecker-Salamon AGN, model and the topological defects model of Sigl et al 

as discussed in earlier chapters. In case of the atmospheric fliix, which represents 

the background, the enhancement is very small due to the steepness of the initial 

neutrino flux. 

4.4 Discussion 

The enhanced rates of muons come firom muonic decays of the r produced by i/r 

charged current interactions in or near the instrxunented detector volvmie. The 

muon rates would be enhanced at low energy (~ 10 —100 TeV) and for small nadir 

angles. In case of eui AGN quaseur model, the Ur flux enhancement is very distinct, 

while for a GRB fireball model the effect is only 10 — 27%. This is because the 

GRB input flux is much steeper due to which, there are not many high-energy 
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i/r's that would contribute to the enhancement at low energy. As a result the low 

energy pile up is significant only for incoming fluxes that are less steep than 

in the high energy region. For an incoming flux which is proportional to 1/E, we 

find the angular distribution of i/^'s to be significantly different than for the f^'s. 

We expect that the next generation of neutrino telescopes will be able to de

tect the high energy neutrinos from AGN and GRB's. It has been previously shown 

that most of the extragalactic neutrino fluxes exceed the atmospheric neutrino back

ground for neutrino energy greater than ~ 10 TeV which may enable the detection 

of the extragalactic neutrinos (Gandhi et al. 1998). A search for high-energy 

appearance would look for enhanced muon rates or hadronic and electromagnetic 

showers. A detailed calculation of the event rates for a kilometer-size detector is 

discussed ui the next chapter 
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CHAPTER 5 

Neutrino Detection 

Direct detection of Ur appearance is extremely difficult because at low energies, 

the charged-current cross section for producing a tau is small and the tau has 

a very short lifetime. Several long-baseline experiments with accelerator sources 

of (MINOS Collaboration and Abies E. et al. 1995; K2K Collaboration and 

Nishikawa K. et al. 1997; ICARUS Collaboration and Rubbia A. et al. 1996; NOE 

Collaboration and Scapparone E. et al. 1999) have been proposed with the goal 

of detecting tau neutrinos &om oscillations, thus confirming the SuperK results. 

The only convincing evidence of neutrino oscillations to date involves astrophysical 

soiurces, neutrinos from the sim and atmospheric neutrinos. These observations 

involve indirect measurements, namely the disappearance of the expected neutrino 

fluxes. 

This chapter discusses the possibility of using a kilometer-size neutrino 

telescope to detect tau neutrinos from extragalactic soiurces of high-energy neutrinos 

such as Active Galactic Nuclei (AGN) and Gamma Ray Bursts (GRB), assuming 

VT with the oscillation parameters of the SuperK experiment (Iyer et al. 2000). 

Assuming two flavor oscillations, muon neutrinos produced in AGN or GRB would 

oscillate to tau neutrinos as they travel to the Earth. Over astronomical distances in 

the range of a megaparsec to thousands of megaparsecs, by measuring tau neutrino 
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fluxes, one could, in principle, probe oscillations down to ~ 10"^^ eV^, nine 

orders of magnitude below current neutrino experiments (Halzen and Saltzberg 

1998; Weiler et al. 1994). On the other hand, for the SuperK parameter range, 

with Am^ on the order of 10"^ eV^ and sin^ 20 ~ 1, the oscillation probability is 

0.5. It is this latter possibility that is explored. 

The simplest assumption for the flavor content of extragalactic sources of 

neutrinos, in the absence of oscillations, for the ratio Ugi : Ur would be 1: 2 : 0. 

This is based on a counting argimient applied to tt —^ and fx Ufiev^ processes. 

With the two-flavor oscillations suggested by the SuperK experiment, the flavor 

ratio becomes 1:1:1 after the neutrinos have traveled over astronomical distances. 

Even in the three-flavor oscillation scenario, the ratio is still 1:1:1, because the 

path length of high energy extragalactic neutrinos is much larger than any neutrino 

oscillation length supported by the solar, atmospheric or accelerator data (Athar 

et al. 2000; Yasuda 2000). 

The ratio for !/« : Uy. might get modified at high energies due to muon 

cooling (Rachen and Meszaros 1998). In addition, from neutron decay might 

give significant contribution, resulting in neutrino fiuxes dominated by electron 

neutrinos as in the case of diffuse neutrino fiuxes firom propagating cosmic rays 

(Stanev et sd. 2000). A qualitative comment is made in the discussion section 

on how the results are altered with more realistic, flavor-dependent neutrino energy 

cutofis. Regardless of flavor content of the source, the maximal mixing suggrated by 

the SuperK experimental results mean that there will be an appreciable tau neutrino 

component at the Earth, so one is interested in tau neutrino detection in high 

energy neutrino telescopes such as ANTARES (Feinstein 2000), NESTOR (ResvEinis 



1993a), AMANDA (Halzen 1997) and the next generation of large underground 

detectors. 

Tau neutrino detection requires an understanding of the effect of propa

gating through the Earth on the tau neutrino flux. The propagation of ultra-high 

energy tau neutrinos through the Earth is quite different from muon and elec

tron neutrinos. As seen in the previous chapter the Earth never becomes opaque 

to tau neutrinos, while muon and electron neutrinos aie absorbed via charged-

current interactions before reaching the opposite surface (Halzen and Saltzberg 

1998). Ultrahigh-energy tau neutrinos interact in the Earth producing taus which, 

due to the short lifetime, decay back into tau neutrinos with lower energy. This 

cascade continues until the tau neutrinos reach the detector on the opposite side of 

the Earth or until the energy of the neutrinos is small enough that the interaction 

length of the neutrino is longer than the path length through the Earth. For certain 

fluxes, those that do not decrease too steeply with energy, there are significant en

hancements of the tau neutrino flux relative to the muon neutrino flux at energies 

below 10® GeV. 

An enhancement of the tau neutrino flux does not necessarily translate to 

dramatic modifications of the standard model (no-oscillation) rates for upward-going 

muons especiedly in view of uncertainties in the normalization of the extragalactic 

fluxes. However, by comparing rates for upward-going muons with rates for upward 

hadronic/electromagnetic (EM) showers, the signature of tau neutrino interactions 

is unambiguous for a large range of neutrino fluxes. The i/r signatures explored 

for upward extragalactic fluxes have a range of energy behaviors. Even if the nor

malizations of the neutrino fluxes are uncertain, and in some cases optimistic, it is 
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useful to maJce quantitative comparisons of the event rates for upward muons and 

upward hadronic/EM showers, with and without neutrino oscillations. The quan

titative results for specific models lead to model independent conclusions, which is 

summarized graphically in the later sections. Tau neutrino appearance would pro

vide an independent confirmation of the SuperK results eind would point towards 

the better understanding of physics beyond the Standard Model. 

5.1 Detection of Vr appearance 

Detection of muon neutrinos, in general, is via their charged-current interactions. 

The muons produced eventually have very large average range making the effective 

volume of an underground detector significantly larger them the instrumented vol

ume. On the other hand, tau neutrino charged-current interactions produce tau, 

which has a very short lifetime, are extremely difficult to detect. Only at very high 

energies, Ev > PeV, the production and decay vertices of tau are sepeirated by 

a measurable distance providing a distinctive signature of tau neutrinos ("double-

bang" events) (Learned and Pakvasa 1995; Athar et al. 2000; Alvarez-Mxmiz and 

Halzen 2000; Hussain 2000). However, the predicted neutrino fluxes are low at these 

energies. For in the energy range of 10^ — 10® GeV considered here, the pro

duced tau decays after a very short path-length back to plus leptons or hadrons. 

Tau neutrinos will interact via neutreil currents producing a hadronic signal. There

fore, the signals of tau neutrino interactions below the double-bang threshold are 

muons firom tau decay, or hadronic/EM showers from the tau production and/or 

decay. In the first case the background to tau production of high energy muons is 

chaxged-current interactions. In the latter case, the backgrounds are a) neutral 
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current, b) charged-current and neutral current interactions. The background 

rates shown below are with the assumption that the electromagnetic shower from 

Vf. e charged current interactions cannot be distinguished from hadronic show

ers. As a consequence, the hadronic/electromagnetic (EM) shower rates have been 

evaluated here. 

The analysis presented below shows that the charged-current events and 

UR T -)• events can be rejected from the contained hadronic/electromagnetic 

shower signal as they can be used as a veto. In both cases there is a hadronic 

shower which includes muons however, the muons in the hadronic showers from 

pion and kaon decays are significantly less energetic than the muons from n 

and i/r T (I. In the latter case, the energy of the shower is ~ 1/2 the 

incident neutrino energy and the energy of the muon is ~ 1/6 — 1/2 E^. On 

the other hand, muons coming from particle decays in the hadronic shower are 

considerably less energetic because of large particle multiplicities. The average 

chcurged particle multiplicities for hadronic interactions at v's > 40 GeV are larger 

than ~ 10 particles (Breakstone A. et al. 1984), so individual muon energies from 

charged pion and kaon decays are less them ~ 5% of the uicident neutrino energy. 

The hadronic shower and very energetic muon of the "muon signal" should stand 

out in comparison to the hadronic/EM shower signal in a detector with good energy 

resolution like the proposed kilometer-cubed detector IceCube (Halzen 1997). 

The next section explciins the evaluation of the muon and hadronic/EM 

shower event rates. The event rates for r ^ and fi are evalu

ated and compared with the no oscillation rates. In addition, the hadronic/EM 

shower rates for signal and background have been calculated and compeared with 



85 

the hadronic/EM shower rates assuming no oscillations of i/^. The relative rates 

of muons and hadronic/EM showers prove to be the most effective diagnostic to 

neutrino oscillations with the SuperK parcimeters. 

5.2 Muon Signal 

The standard evaluation of the muon event rate per solid angle for neutrino inter

actions with isoscalar nucleons N {Uf^N -> fiX) follows from the formula (Gandhi 

et al. 1996), 

Rate = ANi f - y),  (5.1) 

xF„(B„,X)6(f!.(l-y)-Bf)-

where y is the neutrino energy loss, y = (£?„ — and d(Tec{Ev,y)ldy is the 

charged current differential cross section. Fu{E^,X) is the upward neutrino or 

antineutrino flux which depends on angle implicitly through the pathlength X. 

The initial fluxes of muon neutrinos and antineutrinos that reach the Earth are 

equal, their svun in the oscillation scenario being half of the muon neutrino plus 

antineutrino flux produced at the source. The fluxes of neutrinos and antineutrinos 

at the detector are different because of the difference in charged and neutral current 

cross sections below energies of 10® GeV (Gandhi et al. 1996; Gandhi et al. 1998). 

The average range of a muon, (i2^(E^, E^)), is the range of a muon produced in a 

chaxged-oirrent int^action with energy Ef^ which, as it passes through the medium, 

looses its energy via bremsstreihlung, ionization, pair production, and photo-nuclear 

interaction and arrives in a detector with cin energy above E^. Avogadro's number 

is Na and A is the effective area of the detector. AH of the event rates calculated 

are for the sum of neutrino plus antineutrino contributions to + yr production. 
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The rate for muons produced by the tau neutrino charged current interac

tions followed by the tau leptonic decays is given by a modified equation, taking 

into account the branching fraction for r —)• and the decay distribution of the 

muon via dn{Er)/dz, where z = E^/Er. The decay formulae used here are listed 

in the Table 3.1. The differential event rate is 

Figure 5.1: Diagrams for neutrino interactions contributing to the muon production. 

The processes that contribute to the muon production is as shown in Fig. 

5.1. In our evaluation of the muon event rates the densities of the Earth eire used 

from the Preliminary Earth Model (PREM) as described in Ref. (Dziewonski 1989). 

In what follows, the PREM is used to determine an average density for a given nadir 

angle in order to evaluate the attenuated fluxes. The muon range used is as evalu

ated by Lipari and Stanev (Stanev and Lipari 1991). The neutrino and amtineutrino 

cross sections have been evaluated using the CTEQ5 parton distribution functions 

(Lai H.L. et al. 2000). The effective area of the detector A is taken to be 1 km^. 

Rate = AN A dE^ j dy J dz{R^{Euil -  y)z,  Ef")) 

X X)eiE,{l  -  y)z -  Ef^).  

dnjE^jl  -  y)z) 

dz 

(5.2) 

Ey (1-y) 
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5.2.1 Muon event rate 

Figs. 5.2-5.5 shows muon event rates for ~ E~^, ~ E~'^, AGN^S, 

AGN3t95, TD_WMB, TD^LSC, and GRB.WB for = 1, 10, 100 TeV. SoUd 

lines correspond to the upward events from Ur+ur+u^+i>ft charged-current 

interactions (including T ^ decay), while the dashed lines are the backgroimd 

contribution from charged-current interaction only. The muon enhancement 

due to the tau neutrino contribution for E~^ flux is almost a factor of 2 for small 

angles and 25% for large angles with E^ — 1 TeV. The enhancement is less 

pronounced at small nadir angles for increasing threshold energies, for example, the 

solid line is about 60% enhanced relative to the dashed line for E^ = 10 TeV for 

the E~^ flux in Fig. 5.2. A similar enhancement is present for the TDJSLSC. For 

steeper fluxes, such as AGN^S, AGN_M95 and E~'^, the enhancement due to tau 

neutrino contribution is much smaiUer, of the order of 20-25%. 

The muon event rates from the atmospheric neutrino background are shown 

in Fig. 5.6a. The input flux is the angle dependent muon neutrino flux of Agrawal 

(Agrawal et al. 1996). The atmospheric tau neutrino flux is very low, as the tau 

neutrinos are produced hi the atmosphere by comic ray interactions with nuclei 

in the atmosphere, which produce D, whose leptonic decay, D, -¥ TUr, gives 

(Pasquali and Reno 1999). The rates for the atmospheric tau neutrinos are shown 

in Fig. 5.6b. In the evaluation of the event rates, one can neglect oscillations 

of atmospheric neutrinos as they travel to the Earth and the oscillations through 

Earth since the oscillation probabilities are negligible above our minimum energy 

of 1 TeV. 

The atmospheric neutrino events represent a backgroxmd for detection of 
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extragalactic neutrinos. For a muon energy threshold of 1 TeV, the background is 

large, 400—2000 events per year per steradian for 1 km^ effective area detector. For 

a muon threshold of = 10 TeV, the event rates range between 6 — 80 events 

per year per steradian. A comparison of the event rates from Figs. 5.2 - 5.5 with 

the atmospheric muon neutrino background indicates that detection of neutrinos 

from AGN might be possible with = 10 TeV or 100 TeV. 

The rates for muon events shown in Figs. 5.2-5.5 come from assiuning that 

the tau neutrino and muon neutrino fluxes are equal and are half the flux of muon 

neutrinos produced at the source. Testing the oscillation hs^pothesis with muon 

neutrinos alone will be difficult. We see that with the exception of the E~^ and 

TD-SLSC fluxes, the observed muon rate is about half of what one would expect 

in the absence of oscillations. Given the uncertainties in the nonncdizations of the 

predicted fluxes, this factor would not unambiguously signal the presence of tau 

neutrinos from oscillations. The situation with the E~^ and TD_SLSC fluxes is 

only slightly better. In the oscillation scenario, the measured muon event rate is 

about 80% of the no oscillation prediction at 0 = 0°, but less theui 70% of the 

prediction for horizonteil events. Testing the oscillation hypothesis by measuring 

upward muons only will be very difficult. 

The relatively small contribution to the muon rate from iv's, despite the fact 

that the attenuated flux of tau neutrinos is larger than that of the muon neutrinos, 

is due to the fact that the muon carries a small fraction of the initial tau neutrino 

energy. Consequently, for a muon of a given energy, if it comes from a tau neutrino 

(which interacted producing a tau that subsequently decayed to a muon), the initial 

tau neutrino heis a much higher energy than a muon neutrino which produces a 
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muon directly via the charged ciurrent i/^JV —> fiX process. All predicted neutrino 

fluxes decrease with energy. Even with some "pileup," the tau neutrino fluxes are 

decreasing fast enough that the muon energy fraction results in SeimpUng a much 

smaller tau neutrino flux them the corresponding muon neutrino flux. It is this 

observation that leads one to consider signals that carry a much larger fraction of 

the incident tau neutrino energy. 
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Figure 5.2: Muon event rate as a function of nadir angle for energies 1 TeV, 10 TeV 
and 100 TeV. Muon rates including the contribution from tau decay (solid line) 
compared with the background from muon neutrinos (dashed line) for a) E~^ flux 
and b) E~^ flux. 
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Figure 5.5: Muon event rate as a function of nadir angle for energies 1 TeV, 10 TeV 
and 100 TeV. Muon rates including the contribution from tau decay (solid line) 
compared with the background from muon neutrinos (dashed line) for GRB.WB. 
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5.3 Shower Signal 

The hadronic/EM shower signal of Ur interactions is a much more promising final 

state &om the theoretical point of view than the muon signal. The benefit is that 

the hadronic showers include both production hadrons and tau decay hadrons, so 

there is a much higher fi-action of the incident tau neutrino energy visible in the 

detector. The next generation of neutrino telescopes may not be able to distinguish 

between hadronic and electromagnetic showers. Hence, we add in the signal and 

background, processes that include hadrons and electron. As mentioned above, the 

high energy muon associated with the target jet in charged current interactions 

will be used to veto the process i/^N iiX. Distinguishing electromagnetic from 

hadronic showers might be possible by looking at the difference between the front 

to back ratio of the cascade Cerenkov light, and perhaps by the number of residual 

n e decay, although this is considered to be experimentally difficult. The 

processes that go into our evaluation of tv hadrons are 

UrN -^T + hadrons, r + hadrons , 

URN T + hadrons, r -)• i/^ + e + i/g , 

UrN Ur + hadrons . 

For charged-current interactions, the hadronic/electromagnetic energy is the sum of 

energy carried by hadrons in tau production, as well as tau decay hadronic energy or 

tau decay electron energy. The background for hadronic/electromagnetic showers 

is due to Ufi and Ue neutrcil current interactions, and Ue charged-current interactions 

are 
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•¥ N u^e + hadrons , 

Ue + N e + hadrons . 

For the flux, we assume it is equal to flux in the SuperK oscillation scenario. 

All of the processes that contribute to hadronic/EM showers are shown in Fig. 5.7 

Figure 5.7: Diagrams for neutrino interactions contributing to the shower events. 

The tau neutrino shower event rate per unit solid angle from charged-

current interactions followed by the tau hadronic decay is given by 

Rate = dE„ Jdy j(5.3) 
•br ^ 

x0(£..(y + (l-y)(l-z))-£^). 

The hadronic energy from the broken nucleon = E„y and the hadronic energy 

from the decay = £^{1 — y)(l — z) are added to get the total shower energy. 
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Again, y — (E^ — Er)/E„ for incident neutrino energy E^, while z = E'^jE^.^ where 

E'„ is the energy of the neutrino from the tau decay. The differential distributions 

for the hadronic decay modes are shown in the Table 3.1. For the electronic decay 

of the tau, the differential distribution rfn/dz is replaced by the purely leptonic 

distribution in terms of z' = E^IEr. The theta function is replaced by 

Q{E,^{y + (1 - y)(l - z)) -  E^)  ̂  Q{E,^{y + (1 - y)z')  -  E^) . (5.4) 

The neutral cxurent background event rate is given by 

Rate = dE, J X)Q{E,y -  E^) , (5.5) 

while the electron neutrino charged current background rate is given by 

Rate = VNAI^,^ dE, JX)Q{E, - E^).  (5.6) 
thf ^ 

5.3.1 Hadronic and electromagnetic event rates 

Figs. 5.8-5.11 shows the upward hadronic/EM shower event rates as a function of 

the nadir angle for Eabi > E^ where E^ = 1 TeV, 10 TeV and 100 TeV for input 

fluxes: ~ E-\ ~ E'^ AGN^S, AGN-M95, TD.WMB, TD^LSC, and 

GRB_WB, all assuming that V = 1 km®. The solid lines correspond to the event 

rates from Ur+Ur+i'e+^e charged-current interactions (and r -i- i/r+ hadrons decay) 

and from Ur+ Vr + Uft + Uft + Ue + Ve neutral current interactions. The dashed lines 

are the contributions from neutral current interaction and i/g + Vg charged 

and neutral current interactions. The contribution from charged-cturent 

interactions is not included in our calculation because these events can be vetoed 

by the high energy muons produced in the intCTactions. All of the rates shown in 
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these figures assume equal neutrino and antineutrino fluxes. They are performed in 

the oscillation scenario where the ratios of the fluxes i/g: are 1:1:1. 

From Fig. 5.8 a) the tau neutrino contribution from E~^ flux is huge and a 

factor of 4 times larger than the muon neutrino plus electron neutrino contribution 

at zero nadir angle. For horizontal showers, the enhancement factor is smaller, 

about 2 for all the energy thresholds considered here. Similarly, for flux, the 

tau neutrino contribution is a factor of 1.7 times larger than the muon neutrino plus 

electron neutrino contributions for upward showers. 

Similar conclusions can be drawn from the plots of the other fluxes. The 

shower event rates including + i't + I'm + significantly enhanced 

relative to the rates from i/^ + + i/g + i^e in the oscillation scenario. The AGNJSS 

rates at zero nadir angle are comprised of 60% tau neutrino induced, decreasing 

to about 40% tau neutrino induced for horizontal showers, as shown in Fig. 5.9 

a). AGNJSS flux gives 25-80 shower events for = 10 TeV and 6-45 events for 

= 100 TeV with negligible atmospheric backgrovmd. 
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Fig. 5.9 b) shows event rates for AGN_M95 model where there are 3-6 

shower events per year per steradian for — 10 TeV, with atmospheric back

ground of 2-16 events. Detection of events with higher energy threshold would 

require looking at almost horizontal showers, where the background is smeill. 
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The TD-WMB model in Fig. 5.10 a) shows an enhancement of between 

2.1-2.3 for zero nadir angle, and a factor of 1.7 for almost horizontal showers. Fig. 

5.10 b) shows the more striking enhcmcement in the TD_SLSC model, where the 

enhancement is a factor between 3.7 to 6.2 at zero nadir angle, to a factor of 2 

for leirge nadir angles. However, due to the particularly low normalization of the 

TDJSLSC flux, the kilometer-size detector would not be sufficient for its detection. 

Fig. 5.11 shows the GRB.WB model in which the enhancement factor is between 1.5 

to 2, depending on energy threshold and angle. The event rates for showers with 

energies above 10 TeV are compeirable with the background, but higher energy 

threshold of 100 TeV would still give a few events per year for large nadir angle 

with neghgible background. 

Fig. 5.12 a) and 5.12 b) show the shower event rates for the atmospheric 

+ + + Ue emd Vr + Pt fluxes, respectively. For showers with energies above 10 

TeV, the event rates are twice as large as for the E~^ flux at small nadir angle. For 

= 10 TeV, the event rates for the showers is found to be about &-18 per km^ 

per yeeir per steradian for the E~^ flux, compared with the atmospheric background 

of 2-16. 

The AGN rates will stand out above the atmospheric background for E^ ~ 

10 TeV. The GRB_WB rates are more than hedf of the atmospheric neutrino rates 

at the 10 TeV shower threshold at small nadir angles. The TD rates are all quite 

low in comparison to the atmospheric background rates. 

Since one does not measure the tau neutrino induced shower rates and the 

muon eind electron induced shower rates separately, given a particular model, one 

can compare the rates with the oscillation hypothesis to the predicted rates without 
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oscillations. The rates for specific models are discussed here, following a more model 

independent analysis that is made in the next section. To illustrate the effect of 

oscillations the plot in Figs. 5.13-5.16 shows ratio of the shower event rates from 

1/7-) and Vg in the oscillation scenario to the shower rates from and i/g in the 

standard model, with no oscillations. 
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Figure 5.16: Ratio of Hadronic/EM event rate of Ur plus plus i/g assuming os
cillation scenario and plus i/^ in the standard model as a function of nadir angle 
for energies 1 TeV, 10 TeV and 100 TeV for GRB.WB. 

From Fig. 5.13 a) in case of E~^ flux the shower event rates in the oscillation 

scenario are a factor of 3.3-3.7 larger than in the no oscillation case for = 1—100 

TeV for 6 = 0°. They are a factor of 1.6 enhanced for the horizonted shower rate. 

For the E~^ flux, the enhancement is a factor of 1.4-1.6 relative to the no oscillation 

case for = 1 — 100 TeV, shown in Fig. 5.13 b). In the case of AGN models, 

if one assumes oscillations, the shower event rates are factor of 1.8-2.1 larger for 

AGN-SS at zero nadir eingle, decreasing to 1.5 for nearly horizontal showers, as 

shown in Fig. 5.14 a). Fig. 5.14 b) shows a ratio ranging between 1.4-1.9 for 

AGN_M95 for small nadir angles. 

From Fig. 5.15 a), the shower event rates for TD.WMB are factor of 1.8-

2.1 enhanced for energy thresholds of 1-100 TeV for the upward neutrinos, while 

the enhancement is a factor of 1.5 for almost horizontal showers. In the TDJSLSC 

model, Fig. 5.15 b), the shower event rate is a factor of 3-3.6 enhanced at small 
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nadir angles, cuid a factor of 1.6 enhanced for horizontal showers. In the case of 

GRB-WB model, Fig. 5.16 shows an enhancement of 1.4-1.7 for = 1 — 100 

TeV. 

5.4 Relative Rates 

The comparison of the muon and shower rates serves as a diagnostic for 

oscillations over astronomical distances. For example, for the flux. 

Ratio [(i/r + + shower)o8c/(i',i + I'e ->• shower)no-osc] - 1-5 (5.7) 

while 

Ratio [(i/r + m)o.c/(i'm ->• /i)no-o«c] ^ 0.5 . (5.8) 

The ratios include contributions to showers and muons &om antineutrinos. This 

feature of a deficit of muon rates and an excess of shower rates in the oscillation sce

nario compared to the no-oscillation scenario is a generic feature of all the neutrino 

spectra in Fig. 3.1. To demonstrate this point quantitatively, we define a ratio of 

ratios, 

^ _ Ratio [(i/r + + shower)o»c/(i'/i + I'e -»• shower)no-osc] 

Ratio[(l/r + At)o«c/(l'M M)no-oac] 

As Figs. 5.2 - 5.5 and 5.13 - 5.16 illustrate for individual fluxes, R depends 

on energy threshold and Eingle. In Fig. 5.17 the band of R spaimed by the repre

sentative models of Fig. 3.1 for three thresholds in muon or shower energy: a) 1 

TeV, b) 10 TeV and c) 100 TeV. The R value depends on nadir angle and thresh

old energy, however, R ^ 2.4 independent of the initieil flux. For a given model, 

measured rates will be very distinct firom predicted rates if the SuperK results for 
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oscillation parameters are correct. Determining 

^ _ Ratio [(shower rate):nea8ured/(M rate)„^ J 
Rexp = F T (5.10) 

Ratio [(i/^ + i/e ^ shower)„o_o8c/(fM ^ Ai)no-oscJ 

nevertheless relies on theoretical input for the "no-oscillation" flux. Different en

ergy behaviors of incident fluxes will have implications for the angular and energy 

dependence of the event rates of upward muons and upward hadronic/EM showers, 

allowing for an uidirect characterization of the energy dependence of the source. 

A more model independent test of the oscillation scenario would be to com

pare the measinred ratio of showers to muons with the no-oscillation predictions, on 

an absolute scale. This requires a crude separation of the different energy behaviors 

of the fluxes of Fig. 3.1. By only looking at the ratio of shower to muon events, 

one could confuse the AGN_M95 no-oscillation ratio with the similar GRB.WB os

cillation ratio. However, experimentally, the energy and angular dependence of the 

muon event rates for the two fluxes are quite different, and GRB neutrinos would 

reveal themselves by time correlations to observed GRB events. One category of 

fluxes, with not too steep energy behavior {E~^, AGNJSS, TD_WMB, TD_SLSC 

and GRB_WB), have a reduction in the event rates from a muon threshold of 1 

TeV to 10 TeV at nadir angle of 0° by a factor of less than 4, whereas for the other 

two steeper fluxes and AGN_M95), the reduction is by more than a factor of 

6. These reduction factors are independent of whether or not oscillations occur. 

The steeper fluxes are also distinguished by muon event rates with a less marked 

dependence on nadir angle. If one separates the fluxes according to steepness, then 

at all three threshold energies, the band of oscillation shower to muon ratios does 

not overlap with the band of no-osciUation ratios. This is shown graphically in Figs. 

5.18 (a-f) for 1 TeV, 10 TeV and 100 TeV thresholds, respectively. In fact, for the 
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100 TeV threshold, one does not need £iny mformation about the energy dependence 

of the initial flux, but in this case, the event rates are expected to be low. 

I TeV 

0^ t.o 
9 (radiani) 

10 TeV 

0.5 1.0 
$ (radiani) 

100 TeV 

0.6 1.0 
$ (radiani) 

Figure 5.17: Ratio of Hadronic/EM event rate of plus plus assuming os
cillation scenario and plus i/e in the standard model relative to the ratio of the 
muon event rate of Ur plus assuming oscillation scensurio and in the standard 
model (see Eq. (15)) as a function of nadir angle for threshold energies 1 TeV, 10 
TeV and 100 TeV. 



113 

0.6 
S (radlaoa) S (radlana) 

OA 
$ (rBdtana) 

0^ 
8 (radlsna) 

8 (radlsna) 8 (radluia) 

Figure 5.18: Ratio of Hadronic/EM event rate to muon event rate for the oscillation 
(upper shaded area) and no-oscillation (lower shaded area) scenarios as a function 
of nadir angle for threshold energies (a-b) 1 TeV, (c-d) 10 TeV and (e-f) 100 TeV 
for the indicated fluxes. 

5.5 Discussion 

The study of signals for -> u^. oscillations with extragedactic high energy muon 

neutrinos has provided us with some interesting results. Assuming SuperK oscil

lation parameters, muon neutrinos convert into tau neutrinos as they travel mega-

parsec distances, with both fluxes being equal at the surface of the Earth. High 
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energy muon neutrinos get absorbed as they pass through the Earth, while tau 

neutrinos cascade down to lower energies. The enhancement of the Ur flux in the 

low energy region is found to be prominent for flat initial spectrum, such as E~^, 

the AGN model of Stecker and Salamon, and the topological model of Sigl et ai 

For steeper spectra, the enhjincement is small because the number of higher energy 

neutrinos that contributes to the lower energy flux via tau decay is relatively smadl 

compared to the low energy flux of neutrinos. 

Once the upward tau neutrinos reach the detector, they interact producing 

tau leptons which decay with very short lifetimes. The signal obtained eire muons 

&om tau decay as well as its hadronic decay mode. Since the planned detectors 

are unable to distingmsh between hadronic emd electromagnetic showers, all the 

processes that give both hadronic and electromagnetic showers have been included. 

The upward muons alone would not be sufficient to separate the tau neutrinos 

contribution, due to the large background from charged-current interactions, the 

small branching fraction for r /x decay mode and the model uncertainty for the 

incident neutrino flux. 

In case of upward hadronic/EM showers, the tau neutrinos give signifl-

Ccmt contributions, signeding the appearance. Given the uncertainties in the 

normalizations of the extragalactic neutrino fluxes, combining muon rates and 

hadronic/EM rates offer the best chance to test the Ur oscillation hypoth

esis. As concluded in earlier work (Gandhi et al. 1996; Gandhi et al. 1998), in 

general, an energy threshold between 10 TeV zmd 100 TeV for upward muons and 

showers is needed in order to reduce the background from atmospheric neutrinos. 

We find that diffuse AGN neutrino fluxes, as described by the Stecker-Scilamon 
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and Mannheim models, as well as neutrinos from GRBs can be used to detect tau 

appearance. By measuring upward showers with energy threshold of 10 TeV, and 

upward muons, the event rates exceed the atmospheric background and are about 

a factor of 1.5-2 larger than in the no-oscillation scenario. 

With reference to the effect of muon and pion cooling to the flavor ratio, 

Athar et al. in Ref. (Athar et al. 2000; Yasuda 2000) have shown that with a neg

ligible electron neutrino content at the source, the electron neutrino content at the 

Earth (in the three-flavor model) is reduced if not negligible compared to the nearly 

equal muon and tau neutrino fluxes. Keeping the energy spectrum unchanged, this 

means that the hadronic/electromagnetic shower background, which has significant 

contributions from i/giV -> eX with i/g > would be reduced. Electron (anti-) 

neutrinos from processes in the propagation of cosmic rays may dominate at some 

energies (Stanev et al. 2000). We have not considered that possibility here because 

of the low rates below 1 PeV. 

Steepening of the energy spectra displayed in Fig. 3.1 due to a neutrino 

energy cutoff from pion and muon cooling will have implications for the tau neutrino 

'pileup', especially for the flatter spectra where the pileup is more pronounced. As 

an estimate of the lower bound on the relative enhancement of the hadronic/EM 

signal compared to the muon signsil, one can compare the rates for horizontEil events, 

where tau neutrino pileup is small. For example, Figures 22 (a-f) show clear dis

tinction between oscillation and no-oscillation scenarios, even in directions near 

horizontal, where there is no pile up. Furthermore, for E~^ flux, where the pileup 

is very small (Iyer et al. 2000), the ratio of ratios R discussed above ranges from 

2.5 to 2.8. Thus, even without the tau neutrino pileup, the oscillation scenario can 
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be distinguished from the no-oscillation scencirio. 

The detection of Vr oscillations with a point source might also be pos

sible. With the resolution for the planned neutrino telescopes of 2°, the atmospheric 

backgroimd is reduced by 3.8 x 10~®. For upward showers, this gives less than 1 

event per year for = 1 TeV, and even less for higher energy thresholds. Thiis, 

if the point source has a flat spectrum, Fu+a = one would be able to 

detect tau neutrinos by measuring upward showers with = 1 TeV. In the more 

realistic case, when the point source has a steeper spectrum such as Sgr A* 

(Markoff et al. 1999), a normalization of 10~^/cm^/s/sr/GeV would be sufficient 

for the detection of tau neutrinos with threshold of 1 TeV. Time correlations with 

variable point sources would further enhance the signal relative to the background. 

Thus, extragalactic sources of neutrinos can be used as a very-long baseline experi

ment, providing a source of tau neutrinos and opening up a new frontier in studying 

neutrinos oscillations. 
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CHAPTER 6 

Muon and Tau Energy Losses 

6.1 Introduction 

An understanding of tau energy loss at very high energies could help with the 

interpretation of long tracks produced by charged particles in Izirge underground 

detectors. Future neutrino telescopes such as AMANDA (Halzen 1997), NESTOR 

(Resvanis 1993a), ANTARES (Feinsteua 2000) and ICECUBE (Halzen 1997) axe 

aimed at detecting high energy events from extragalactic neutrino sources. The high 

energy behavior of muon and tau interactions with water or rock nuclei have impli

cations for event rates and the eventual unfolding of their respective parent neutrino 

flux. In addition, muons as well as neutrinos are produced in the atmosphere by 

cosmic ray interactions with air nuclei. Underground detector measurements of 

muon fluxes as a function zenith angle are one way to determine the atmospheric 

muon flux as a function of energy. At high energies, one expects the muon flux to 

reflect the onset of contributions from the production of charm ui the atmosphere 

(Thimman et al. 1996; Pasquali and Reno 1999; Gelmini et al. 2000a; Gelmini 

et al. 2000b). A good understanding of the muon energy loss at high energies is an 

essential ingredient in the anzdysis of the high energy atmospheric muon flux. 

Recent SuperK measxurements of atmospheric neutrinos strongly suggest 

Vt oscillation (Fukuda Y. et al. (SuperK Collaboration) 2000) with large 
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Tniving angle of sin^ 2d > 0.84 zind a neutrino mass squared difference of 2 x 10"^ 

eV^ < Am^ < 6 X 10"^ eV^ (Fukuda Y. et al. (SuperK Collaboration) 1998a). 

Assuming i/^ i/r oscillation of extragalactic neutrinos with SuperK pareuneters, 

about half of the muon neutrinos are converted to tau neutrinos on the way to 

the Earth. This leads to comparable fluxes of ultrahigh energy tau neutrinos and 

muon neutrinos at the Earth. Tau energy loss affects tau neutrino propagation 

in the Earth, where tau neutrinos interact with nucleons to produce taus which 

subsequently decay (Halzen and Saltzberg 1998; Dutta et al. 2000; Becattini and 

Bottai 2001). 

One way to characterize the energy loss of charged leptons is to consider 

the average lepton energy loss per distance traveled (X in units of g/cm^), which 

can be expressed in the form 

where E is the lepton energy, a is nearly constant, determined by the ionization en

ergy loss, and P = Yli 13* is weakly dependent on energy due to radiative energy loss 

through bremsstrahlung, parr production and photonuclear scattering. Generically, 

where y is the fraction of lepton energy loss in the radiative interaction: 

for final lepton energy E. The superscript 'i' denotes bremsstrahlung (brem), pair 

production (pair) and photonuclear (nuc) processes. Avogadro's number is N and 

the atomic mass number of the target nucleus is A. For rock, typiceil vsdues for 

(^) = q + /3B, (6.1) 

Vmin 

(6.2) 
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initial muons of energy ~ 100 GeV are a ~ 2.4 MeV/(g cm~^) and ~ 3 x 10~®/(g 

cm~^) (Lohmann et al. 1985). 

At low energies, continuous energy loss by ionization dominates muon prop

agation, but at higher energies (above ~ 10^ GeV), losses through pair production, 

bremsstrahlung emd photonuclear interactions dominate. In case of muon, psur pro

duction is the most important mechanism, but for taus, the photonuclear process is 

at least as important as pair production. The high energy extrapolation of the pho

tonuclear cross section has the largest theoretical imcertainty in the contributions 

to energy loss. 

The experimental interest in high energy muons and taus make it useful 

to reanalyze the high energy photonuclear differential cross section. Bottai and 

Perrone (Bottai and Perrone 2001) have reevaluated the photonuclear contributions 

using the HERA results for a{'yN). The photonuclear differential cross section using 

HERA results for real and virtual photon-nucleon scattering is evsiluated here and 

a parameterization of the measured electromagnetic structure function F2 is used 

which agrees well with data over the full range of from real photon interactions 

with nucleons to highly virtual photon uiteractions with nucleons. 

One expects that the inclusion of the » 0 part of the photonuclear cross 

section will contribute to larger muon energy losses at high energy. Indeed, this is 

what the results indicate at the highest muon energies considered here. Same ex

pression as for muon is used for photonuclear interactions of taus with the correction 

for the different lepton mass. The formulas for evaluating charged lepton energy 

loss, emd the standeird treatment of the photonuclear cross section as discussed in 

Ref. (Bezrukov and Bugaev 1981) are shown in the next section and Appendix A. 
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An outline of the Monte Carlo progrjun for energy loss (and decay, for the tau) is 

made in the following section and details of the treatment of the photonuclear cross 

section using F2 is made in Appendix B. The energy loss calculation for muons are 

calculated cind compared with the standard treatment for muons. The range 

and survival probability for taus are obtained taking into consideration the decay 

probability. Finally, the results are discussed with some implications of the new 

high energy photonuclear contributions to charged lepton energy loss. 

6.2 Charged Lepton Energy Loss 

A standeird compilation of the energy loss parameters for muon energy loss was 

performed by Lohmann, Kopp and Voss (LKV) (Lohmann et al. 1985). The stan

dard formulas are reproduced in Appendix A. In evaluating the energy loss due 

to ionization, the Bethe-Bloch formula (Rossi 1952) is used with parameters listed 

in Table 6.1 (Stemheimer 1984). Bremsstrahlung energy losses are computed via 

the di£Eierential cross section of Petrukhin and Shestakov (Petrukhin and Shestakov 

1968). Improvements of the bremsstrahlung calculation (Kelner et al. 1997) affect 

the muon intensity-depth relationship by only a few percent (Antonioli et al. 1997) 

and should affect the tau energy loss even less. The peiir production differential 

cross section is parameterized by Kokoiilin and Petrukhin (Kokoulin and Petrukhin 

1971). 

The standard photonuclear differential distribution used in muon energy 

loss calcvdations is by Bezrukov and Bugaev (BB) (Bezrukov and Bugaev 1981). 

The differential cross section is based on a generalized vector domineince model 

with off-diagonal contributions. Nuclear shadowing is evaluated using an opticcd 
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Table 6.1: Parameter values in ionization energy loss. 

Material I 
(eV) 

-C Xo a m Z A 
(g/cm^) 

Water 75.0 3.502 0.240 2.800 0.091 3.477 6.6 11.89 1.00 
Std. Rock 136.4 3.774 0.049 3.055 0.083 3.412 11 22 2.65 
Iron 286.0 4.291 -0.0012 3.153 0.147 2.963 26 55.84 7.87 

model. The BB parameterization of the photonuclear cross section is a function of 

as ediibited in Eqs. (A12) and (Al3). 

An alternative to the BB differential cross section is described in detail in 

the next section. For quantitative comparisons of the two approaches to photonu

clear energy loss, a one-dimensional Monte Carlo propagation program is used to 

evaluate survival probabilities of muons and taus as a function of energy and depth 

X. By using the dE/dX formula £md integrating, one can find the "range of average 

energy loss" R{ae)- Lipari and Stanev (LS) have shown that this is different than 

the average range {R{E)) (Stanev and Lipari 1991). With a stochastic treatment of 

bremsstrahlimg, pair production and photonuclear interactions, fluctuations have 

the effect of decreasing the average range relative to the range of average energy 

loss. Accounting for fluctuations has implications for the downward muon rates 

where the tails of the survival probabilities are important (Stanev and Lipeiri 1991). 

The Lipari-Stanev evaluation of the muon range relies on the Bezrukov-Bugaev 

photonuclear contribution. 

The one-dimensional approximation, where the outgoing charged lepton 

travels in the same direction as the incident lepton, should be adequate for the high 
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energies considered here. More elaborate (three-dimensional) evaluations have been 

performed by other authors, for example, in the progreim MUSIC (Antonioli et al. 

1997). The MUSIC program compares well with the one-dimensional Lipari-Stanev 

survival probabilities, both of which use the differenticd cross sections as outlined 

by Lohmcinn, Kopp emd Voss (LKV) (Lohmann et al. 1985). 

In constructing the Monte Carlo program, a standard treatment is adopted 

by splitting the radiative energy loss into two terms, a continuous "soft" term for 

y < Vcut, and a stochastic "hard" term for t/cut < y < 1 in 

while the ionization is treated continuously and a limit on t/cut = 10"^ is made 

following Ref. (Antonioli et al. 1997). For taus, a stochastic term for tau decay has 

been incorporated. 

6.3 Photonuclear Cross Section using F2 

The photonuclear cross section describes the interactions of charged leptons(/) with 

nuclei via virtual photon exchange. The dominant part of the cross section is 

from nearly real photons (negative four-momentmn squared ->• 0), however, 

this is the limit where energy loss is negligible. The approach here is to treat 

the IN —IX using the deep-inelastic scattering formalism, and to use a nucleon 

structure function F2 consistent with data over the full range of Q^. 

In this approach, both soft physics at low and hard perturbative physics 

at high are incorporated. The inclusion of the perturbative physics at non-zero 

has an effect on the very high energy behavior of 

(6.4) 
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The standard variables used for l{k)N{p) -> l{k')X scattering include 

=  { k - k ' f  =  - Q ^  (6.5) 

^ 

The differential cross section can be written in the form (Badelek and Kwiecinski 

1996) 

da{x, Q^) 47ra^ F2{x, Q^) 
(6.3) 

dQ^dx Q* X 

( 2mny2(n-4MV/Q2)j 
Q ^ j  2 { 1  + R { x , Q ^ ) )  •  

The quantity R is written in terms of and Fi where, 

FL{x,Q^) = (I + ^^^]F2{X,Q^)-2xF,{X,Q^) . (6.10) 
Q2 

In all of the expressions above, mi is the lepton mass and M is the nucleon mass 

and the differential cross section is converted to a dependence on y and and used 

the following limits of integration: 

QLn < Q^<2MEy-{{M + rTw)^-M^) (6.11) 

ymin < y < 1 - rni/E, (6.12) 

where ~ m f y ^ / { l  -  y )  and yniin — { { M  + m^)"^ - M^)/{2ME). Infact, this is 

the inelastic formalism, so the minimnTn hadronic invariant mass is M -bm^. 

The structure function Fi(x, Q^) is proportional to the longitudinal photon-

nucleon cross section. In the > 0 limit, Fl ~ while Fx so i? -> 0. The 
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term i2(x, was used as modeled in Ref. (Badelek et al. 1997) for 10"^ < x < 0.1 

and 0.01 GeV^ < < 50 GeV^. For x > 0.1, the parameterization of Whitlow et 

al. (Whitlow L.W. et cd. 1990) is used. There is no evidence for ttirget dependence 

of R. The photonuclear for muons differs only by a few percent from 0°"'̂  

calculated with R = 0. Consequently, in what follows, it is set as il = 0. 

The nucleax structure function depends on the particular target. The at

tenuation of quark density in a nucleus has been observed in deep inelastic lepton 

scattering (DIS) from nuclei at CERN (Amaudruz P. et al. and NMC Collabora

tion 1991; Amaudruz P. et al. and NMC Collaboration 1992; Ameodo and NMC 

Collaboration 1995) and Fennilab (Adams 1992a; Adams 1992b; Fermilab E665 

Collaboration 1995) energies in the region of small values of x and Q^. The data, 

taken over a wide kinematic range 10~® < x < 0.1 and 0.05 GeV^ < Q"^ < 100 

GeV^, show a systematic reduction of nuclear structure fimction F^(x, Q^)/A with 

respect to the free nucleon structure function F^{x,Q^). The shadowing ratio is 

defined by 

/J Q ^ )  If' 

The origin of nuclear shadowing ^ect is coherent scattering of the virtual photon 

off the nucleons inside the nucleus in the small x region. The coherent midtiple scat

tering can be most conveniently handled by the Glauber diffiractive approximation 

model (Glauber and Matthiae 1970; Glauber 1959). The interactions of the virtual 

photons with nucleons is modeled differently for high amd low Q^. At low 

(< 1 GeV^), calculations of shadowing (Brodslqr and Lu 1990) have often used the 

vector-meson-dominance (VMD) model (Filler et al. 1995; Bauer et al. 1978), in 

which the virtual photon interacts with the nucleons via its hadronic fluctuations, 

namely the p, u; and 0 mesons. At higher the picture is instead that the virtual 
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photon interacts with partonic components of the nucleons via its quark-antiquark 

pair (gg) color-singlet fluctuation (Huang et al. 1998). 

Given the high nucleon and parton densities, the quarks and gluons that 

belong to different nucleons in the nucleus will recombine and annihilate, leading 

to the so-C£dled recombination effect first suggested by Gribov, Levin and Ryskin 

(Gribov et al. 1983; Laenen and Levin 1995) and later proven by Mueller emd 

Qiu (Mueller and Qiu 1986; Qiu 1987). The net effect of either mechanism is 

that F/ is lower than one would expect by naive superposition {AF^) and weakly 

dependent on in the range of interest for the photonuclear cross section. Here, 

a independent function of x and A is consistent with the Fermilab E665 data 

taken in the kinematic range of 0.0001 < z < 0.56 and 0.1 < < 80 GeV^ (Adams 

1992a; Adams 1992b; Fermilab E665 Collaboration 1995): 

a; <0.0014, 

a(i4,x ,Q^) ~ a(A, ar) = ' 1+0.097 0.0014 < a: < 0.04 , (6.14) 

> 1 0.04 < X . 

The structure function is approximated by 

f/ = + (6.15) 

assuming Z = A/2. Here P{x) = 1 —1.85x + 2.45x^ —2.35a;^+x'* describes the ratio 

F2/F2, parameterized by the BCDMS experiment (Benvenuti A.C. et al. 1990). 

The quantity i^(x,Q^) is extracted in a variety of experiments in a reinge of 0 < 

< 5000 GeV^ and 5 x 10~® < x < 1, though kinematic limits restrict the range 

of and x in a given experiment. The differential cross section must be integrated 

from Q'^ = 0, where the pertmrbative QCD description of F2 is not valid, to values of 

Q"^ where QCD is valid. Consequently, a parameterization of F^ consistent with all 
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the data is most useful for our purposes. The parameterization of used here is the 

one by Abramowicz, Levin, Levy and Maor (ALLM) (Abramowicz and Levy 1997). 

The ALLM parameterization involves two terms: a pomeron contribution and a 

reggeon contribution. Parameters are used to fit all data available &om the pre-

HERA era as well as HI and ZEUS data published through 1997. The specific form 

with parameters is detailed in the Appendix B. Eq. 6.8 shows the alternative to 

the BB formula for dafdy which appears in Appendix A. As an initial comparison 

of the two approaches, Fig. 6.1 shows the cross section for real photon-nucleon 

scattering, as a function of incident photon energy, 

indicated by the solid line, and the Bezrukov-Bugaev cross section (dashed line). 

Photon-proton data collected in Ref. (Caso C. et al. 1998) are also shown. The 

calculated cross section agrees with the BB parameterization at energies below 

10^ GeV, however the BB cross section increases more quickly with energy. 

At = 10® GeV ,the cross section obtained here is 0.40 mb, while the BB cross 

section is 0.58 mb. 

For the calculation of the lepton propagation in rock, it is useful to compare 

the 7i4 cross section for standard rock (A = 22). The nuclear shadowing effects are 

included and the results are shown in Fig. 6.2 with the solid line. The BB cross sec

tion is the dashed line. The results are in agreement with the BB parameterization 

for 7A, namely 

o-(7A) = Aa{'rN)[0.75G{X) + 0.25] , (6.17) 

where x, G { x )  and <r(7iV) appear in Eq. (A13), over a wide energy. The leirgest 
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Figure 6.1: The photon-nucleon cross section as a function of incident photon en
ergy for the BB (dashed) and ALLM (solid) parameterizations. Also shown are 
photon-proton data collected in (Abramowicz and Levy 1997). 
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Figure 6.2: The photon-nucleus cross section standard rock (A = 22), as a function 
of incident photon energy E using the ALLM parameterization and Eqs. 6.13 and 
6.14 for the shadow factor and conversion to nucleon structure function. 
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deviation occurs at the lowest photon energy shown, where the photo-nuclear con

tribution is least important for charged lepton energy loss. 

6.4 Muon Energy loss, Survival Probability, and Range 

The expected average muon energy loss in traversing a material of depth AX 

is characterized by (dE/dX), indicated in Eq. 6.1 The results for the standard 

bremsstrahlung, pair production and photonuclear (BB) differential cross sections 

summarized by LKV, and our results of using the ALLM differential cross section 

are shown in Fig. 6.3. Our result for begins to diverge from the standard values 

at £7 ~ 10® GeV, and is a factor of about 1.6 higher a.t E = 10® GeV. In terms of 

the total /?, the total with ALLM contributions is a factor of 1.15 larger than with 

the BB photonuclear contribution at £? = 10® GeV. To explore the effect of the 

slightly larger value of 0°^'^ for muons, the muon survival probability in standard 

rock has been evaluated here. 

The smrvival probability P { E ,  X )  for a muon to survive to a depth X  given 

incident energy E incorporates the effects of fluctuations due to radiation. Fig. 

6.4, shows our muon survival probabilities (solid lines) for E = 10^ — 10® GeV, in 

decades of energy, versus survival depth X (in km.w.e.) for standard rock (A = 22 

and p = 2.65 g/cm®) and Ermn — 1 GeV in the Monte Carlo. Using the LKV 

defaults in the Monte Carlo program yields the dashed lines, which agree with the 

Lipari-Stanev restilt in Ref. (Stcinev and Lipari 1991). 

The two sets of survival probabilities translate to average muon ranges with 

incident energy E and final energy Emin = 1 GeV. The average range {R{E)) is 
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Figure 6.3: The ^ value for muon in standard rock {A = 22), including 
bremsstraMung (solid line), peiir production (dashed) and photonuclear (dotted) 
interactions. 

Uuon Survival ProbabUltjr - Std. Rock 

doshad: LKV. laUd; DIS-ALUl 
E-tO* CeV. n-3-9 

X (km.w.e) 

Figure 6.4: Muon survival probabilities in rock using BB differential cross section 
for the photonuclear term (dashed) and the ALLM differential cross section (solid). 
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Figure 6.5: Average muon range in steindard rock (km.w.e. depth), for incident 
muon energy final muon energy £?/ > 1 GeV, using the standard LKV treatment 
of energy loss, including the BB differential cross section (dashed) and substituting 
the ALLM photonuclear calculation (solid). 

defined by 

{ R { E ) )  = r d X P { E , X )  .  (6.18) 
Jo 

The average ranges as a result eire shown in Fig. 6.5 by the solid lines. 

The standard LKV ranges calculated using the same muon transport Monte Cailo 

simulation are shown with dashed lines. At E = 10® GeV, the two calculations differ 

by only 5%. The deviation firom the standard calcvilation increases with energy. The 

inclusion of weak interactions will not affect muon energy loss until energies above 

IQio _ 10" GeV. 
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Figure 6.6: The /? value for tau in standard rock (^4 = 22), including bremsstrahlung 
(solid line), pair production (dashed) and photonuclear (ALLM) (dotted) interac
tions. 

6.5 Tau energy loss, Survival Probability, and Range 

Essentially the same procedure for calculating muon energy loss can be applied in 

the tau case, with the important modification that the tau has a decay length consid

erably shorter them the muon decay length. The pair production, bremsstraMung 

and ionization energy loss have been evaluated according to the formulas in Ap

pendix A for tau leptons, and we have evaluated the tau photonuclear differenticil 

cross section using the ALLM expression in Eq. 6.8. Fig. 6.6 shows the tau energy 

loss contributions to 0 for standard rock. In this figure, /? is plotted on a loga

rithmic scale because the bremsstrahlung is very suppressed relative to the other 

contributions, due to the much heavier lepton mass. The photonuclear contribution 

to 13 dominates above E ~ 10® GeV. 

In the absence of energy loss, the tau survival probability corresponding to 
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the curves m Fig. 6.4 are exponentials of the form: 

(6.19) 

where 7 = E/trir is the Lorentz gamma factor, cr = 86.93 ^m is the tau decay 

length and p is the material density. The average range with no energy loss, as 

defined by Eq. 6.18, is just 

For incident energies between 10^ GeV and 10® GeV, a Monte Carlo evalua

tion of tau energy loss is made including the electromagnetic energy loss mechanisms 

as described in the Appendix A. As with the muon, the weak interactions have been 

neglected compared to electromagnetic interactions. This is valid below 10^° GeV. 

At low energies, the energy loss of the tau is smeill, so the survival proba

bility is just the exponential in Eq. 6.19. The survival probabiUty is increased at 

fixed depth as the energy of the tau increases. The survival probability curves can 

be put on the same plot by using P{E,X) versus X/E as shown in Fig. 6.7 for 

water. In Fig. 6.7, the decay distribution Eq. 6.19 is indicated by a dashed line. 

A solid line overlays it, which is the probability distribution, as computed by our 

Monte Carlo, with incoming tau energy E = 10^ GeV. The lower solid line is the 

survival probability for incident tau energy E = 10® GeV. 

The probabilities are evaluated with a minimnTn tau energy of 50 GeV. By 

changing the minimum energy to 100 GeV, no change in the probability distributions 

is observed for incident tau energies ^ = 10^ — 10® GeV. In Fig. 6.8, the tau decay 

length is compared with the range of tau with incident energy E and final energy 

Emin = 50 GeV. The dashed line shows the tau decay length (Eq. 6.20), while the 

(i2(£?))<fccoy — 'ycrp . (6.20) 
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Figure 6.7: Decay distribution(dashed line) and survival probability curve for in
coming tau energy E = 10^ GeV (upper solid line) and E = 10® GeV (lower solid 
line) in water (p = 1 g/cm®). 

00 

E [GeV] 

Figure 6.8: Tau decay length (dashed line) and the average tau range in water (solid 
l i n e ) ,  i n  r o c k  ( d o t - d a s h e d  l i n e )  a n d  i n  i r o n  ( d o t t e d  l i n e ) ,  f o r  i n c i d e n t  t a u  e n e r g y  E ,  
final tau energy larger than Emin = 50 GeV including electromagnetic energy loss. 
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solid line shows the evaluation of Eq. 6.18 including electromagnetic energy loss 

(p = 1 g/cm^ for water). The deviation from the simple gamma factor scaled decay 

length starts at about 10® GeV, and by 10® GeV, the average range is 35% lower. 

The results shown here differ from the estimate of the range by Fargion in 

Ref. (Fargion 1997), mainly because of the inclusion of the photonuclear and pair 

production processes in electromagnetic energy loss. The estimate in Ref. (Fargion 

1997) relies on an approximate solution to Eq. 6.1, where a and /? are assumed to 

be energy independent, and (3 is approximated numerically by rescaling the muon 

pair production /?. The resulting 0 is more than an order of magnitude smaller than 

the P values obtained here , for example, in Fig. 6.6 for rock. As a consequence, 

whereas in Ref. (Fargion 1997), electromagnetic energy loss is never relevant, and 

after accounting for photonuclear, bremsstrahlung and pair production energy loss 

mechanisms, the tau range is reduced beginning at E ~ 10® GeV. 

6.6 Discussion 

The muon energy loss due to photonucleeir interactions has been re-evaluated using 

the recent HERA results for the real and virtual photon-nucleon scattering. ALLM 

parsuneterization of the electromagnetic structure function F2(x, Q^) is used to eval

uate the photonuclear cross section including th » 0 region. The approach used 

here agrees with earlier evaluations of muon energy loss at high energies. The muon 

survival probabilities and average muon ranges are obtained from the one dimen

sional Monte Carlo approximation. The resxilts obtained are found to be within 5% 

from the standard LKV value with incident energy E and final energy Emin = 1 

GeV. 
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The results presented here are not significantly modified by the Landau-

Pomercinchuk-Migdal (LPM) effect (Migdal 1956). The LPM effect arises from low-

momentimi transfer lepton scattering, where bremsstrahlmig should, in principle, 

be evaluated including coherence effects due to scattering in the medimn. The 

effect has been measured in the case of electron scattering (Anthony P. et aJ. 1999) 

and siunmarized in Ref. (Klein 1999), but is suppressed for heavier leptons. The 

suppression factor can be written crudely in terms of the photon energy = y • E 

as (Klein 1999) 

when the argument of the square root is positive (y <  E / { E  +  E I, PM) ) ,  where 

ELPM = 1.38 X 10"—Xo. (6.22) 
cm 

The radiation length XQ is 36.1 cm for water and 10.0 cm for rock. For the 

lepton energies of interest here, E < 10® GeV, this means that LPM suppression 

for muons occurs for y < 7 x 10~®(cm/Xo). In practice, this affects the continuous 

"soft" term in Eq. 6.4. The approximation for 5(y, E) leads to a decrease in the soft 

term by at most 0.1% at the highest energies considered here. This is consistent 

with, for example, the more detailed evjiluation of in Ref. (Polityko et al. 

2001), where deviations from standard /J''"™ evaluations occur above E — 10" 

GeV. The LPM effect is even further suppressed for taus, since EIPM scales like 

the lepton mass to the fourth power. 

The tau energy loss has been evaluated including the photonuclear pro

cesses as well as the ionization, peiir production and bremsstrahlung energy loss. 

At low energies, the decay length of the tau is identiceil to the rsuige. At energies 
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above ~ 10® GeV, tau interactions become important and the range becomes sig

nificantly shorter. One should expect the spectrum of the upward tau neutrino flux 

at detectors obtained from the cascade of tau neutrinos to be modified due to the 

energy loss that precede the decay of tau at very high energies. The cascade of tau 

neutrinos gives significjint pile up at the lower energy spectrum of the neutrino flux, 

which will not be affected by the tau energy losses. However, the high energy tail of 

the spectrum, where the tau energy loss is dominant process, will become steeper. 

The size of the effect will depend on the spectral index of the initial flux. 

The photonuclear contribution to charged lepton energy loss has been re

evaluated taking into account HERA resxilts on real and virtual photon interactions 

with nucleons. With large processes incorporated, the average muon range 

in rock for muon energies of 10® GeV is reduced by only 5% compared with the 

standard treatment. The tau energy loss is calculated for energies up to 10® GeV 

taking uito consideration the decay of tau. A Monte Carlo evaluation of tau survival 

probability and range show that at energies below 10® GeV, only tau decays are 

importeint. At higher energies the tau energy losses zire significant, reducing the 

siirvival probability of the tau. For energies above 10® GeV, the average range for 

tau is shorter than its decay length and reduces to 17 km in water for an incident 

tau energy of 10® GeV, as compared with its decay length of 49 km at that energy. 
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APPENDIX A 

Lepton Energy Loss 

A.l Energy Loss Formulas 

For completeness, we reproduce the standard formulas for ionization, pair produc

tion and bremsstrahlimg energy loss. These are also collected in the vmpublished 

work of Lohmann, Kopp and Voss (Lohmann et al. 1985). The Bezrukov and 

Bugaev (BB) parameterization of photonuclear energy loss is also included below. 

The constants are defined as follows: 

a = 1/137 (A.l) 

Na = 6.023 X 10^, Avogadro's number 

Z = atomic number, A = atomic weight of medimn 

rrie, mi = rest masses of electron and muon or tau respectively 

Ae = 3.8616 X 10"^^ cm, Compton wavelength of the electron 

e = 2.718 

To account for energy loss on atomic electrons, the factor in the bremsstrahlung 

and pair production formulas below should be replaced by Z(Z + 1). 
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A.1.1 Ionization Energy Loss 

The ionization loss for a incident muon or tau of energy E and momentum p is 

given by the Bethe-BIoch formula (Rossi 1952): 

— -a + 415" ~ 

where 

0  =  P / E ,  

7 = E/mi . 

EL = f—-—- (A.3) 
"* ml + mf + 2meE ^ ' 

The quantity E'^ is the maximum energy that can be transfered to the electron. 

A density correction is parameterized by S(X) for X = logioijdj) is given in Ref. 

(Stemheimer 1984) as: 

S(X) =4.6052X + A(XI-X)"' + C XQ < X < XI (A.4) 

S(X) =4.6052X + C X>XI. 

The values of Xq, Xi, a, m, C  and the mean ionization potential I { Z ) ,  for rock 

and water are given in Table 6.1. 
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A.1.2 Bremsstrahlung Energy Loss 

Following Petnikhin and Shestakov's evaluation of the form factors in the Bethe-

Heitler bremsstrahlung differentieil cross section (Petnikhin and Shestakov 1968), 

the differential cross section used here is; 

where 

(A.5) 

^(S) = In 
ISOmt ̂ -1/3 
me 

1 + 18£S^5^-1/3 J ' 
m. 

Z < 10 (A.6) 

0(5) = In 
2 189mi ^-2/3 
3 Trie 

(5 = 

1 + • " H i e  

m^y 

Z> 10 

25(1-y) • 

The rsinge of y integration is 

(A.7) 
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A.1.3 Pair Production Energy Loss 

Pair production energy loss depends on the asymmetry parameter p  given as 

P = 
E + - E -

E +  +  E  
4me 

E y  
(A.8) 

given and E  ,  the energies of the positron and electron pair. The differential 

cross section is parameterized by (Kokoulin and Petmkhin 1971) 

cPa 
d y d p  

where the functions <l>i as follows: 

(f>e = (2 + p̂ )(l +P) +̂ (3 + p̂ ) )ln(l + -) 

+ ̂ ^-(3 + p') 
1 + e  

L. 

<t>i = !(• ( 1 + + \0) - i(i+2m - V(i+0 

?(1 - 1 ^ - 0 )  
i + e  

+ (H-2|l3)(l-p') 

(A.9) 

(A. 10) 

L. 
BZ-i^̂ (l+?)(l + n) 1 

= In J In 
1 . 2m.x/eBir-t(l+g)(l+y.) 2 L mi 

= In 
RZ-H^ 

J ffle 

1 + 

n = 

By(i-P») 

5-p2 + 4^(l + p2) 

2(1 + 3/3) HI(3 + I) - P2 - 2;0(2 - P2) 
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 ̂  ̂ 4 + p2 + 3̂ (l + ̂2) 

(l + p2)(| + 2/3)ln(3 + 0 + l-|p2 

. . /m,yy(l-p^) 

^  2 ( l - y ) '  ^  { 2 m J  ( l - y )  '  

The value o f  R i s  R  =  189. The range of y  integration is 

(A.11) 
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A.1.4 Photonuclear Energy Loss 

The parzimeterization of the Beznikov eind Bugaev photonuclear energy loss is 

(Bezrukov and Bugaev 1981) 

d a  a  .  3^, v/ , T U i ,  K m ?  2mf ) + (A.12) 

4 i" +t' - -r j ̂  2? (4'''^';;^+if + — 2 )  
TTlj 

where 

G { x )  

K 

m; 

»r,2 TTlj 

= 0.00282>l5((7-^jv(£7/GeV)/^b) 

a ^N{ E )  = 114.3 + 1.647hi2(0.0213 E / G e V )  /zb 

t  =  m f y ^  
(1-y) 
, 2 2 

= 1 1- -J 
y 

= 0.54 GeV̂  

= 1.8 GeV^ 

(A.13) 
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APPENDIX B 

ALLM Parameterization of F2 

The ALLM phenomenological parameterization of i^(x, Q^) has a pomeron emd 

reggeon contribution (Abramowicz and Levy 1997): 

Q') = Q') + F^{x, Q')), (B.l) 

where the two terms have the form 

(B.2) 

F«(i,0=) = CR(t)iS'<'l(l-x)'«W. (B.3) 

The functions cp(f), etc., are parameterized in terms of 

The form for f = CTI and a-ji is 

f  =  A  +  h f ' ,  (B.5) 

for g = cp and a-p, 

9  =  9 i  +  { 9 i -  9 7 )  

and finally, = 67̂  and bp, 

' -I 
l + t» 

(B.6) 

h = hl + . (B.7) 
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Table B.l: Parameter values for ALLM parameterization of i^(x, Q^). 

c-pi 0.28067 Cm 0.80107 
Cp2 0.22291 C-R2 0.97307 
Opz 2.1979 C-RS 3.4942 
a-pi -0.0808 0.58400 
a-p2 -0.44812 an2 0.37888 
a-pz 1.1709 an3 2.6063 
bvi 0.60243 bui 0.10711 
bp2 1.3754 1.9386 
67*3 1.8439 ha 0.49338 

mliGeV^) 0.31985 r4(GeV2) 49.457 
mUGeV^) 0.15052 <3§(GeV2) 0.46017 
A2(GeV2) 0.06527 

In the expressions for Ff and F^, 

g2 + r4 + Pr2-M2 ^ • ' 

The parameters satisfying the fits described in Ref. (Abramowicz and Levy 1997) 

are shown in Table B.l. 
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