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Abstract

The IceCube is an underground neutrino obsenatory now under construction at
the south pole. The advantages of the obsenation of the universeby neutrinos are
that they can arrive on the earth directly from the sourceswithout de ection by
magnetic elds, and that they penetrate stars, gasand galaxiesbecausethey rarely
interact with matters and radiations during their journey. Therefore the neutrinos
can propagate without losing the information of their sources.

In order to determine the energyand direction of extremely high energy (EHE) neu-
trinos with energiesup to  10°%eV, the energy deposit as Cherenkov light emission
from electromagneticand hadronic cascadedn ice must be measured. However, the
energy deposit behavior has the stochastic nature in ultra high energy range which
can not be properly calculated by analytic calculations, becausethe interactions and
decay giverise to not a cortinuous energylossbut a stochastic loss.

Therefore we developed the Monte-Carlo/Numerical simulator named JULleT  {
Java-based Ultra high energy Leptons IntEgral Transp ortor . It provides
two featuresto simulate the EHE particle propagation. The numerical calculations
are used to study the propagation of neutrinos and charged leptons in Earth over
long courses. Secondary produced EHE cosmic neutrinos and charged leptons are
alsofollowed by our numerical calculation. The Monte-Carlo simulations are usedto
obtain the distributions of energy deposit in the deep-icedetector. By convoluting
the propagation in the earth and the energy deposit in the detector, we can evaluate
the IceCube sensitivity on EHE neutrino detection.

The 90% C.L. IceCube sensitivity for primary EHE neutrino ux has beenfound
to be placedat E?dF=dE"' 2:1 10 8 [GeV cm 2 sec ! sr 1] for the primary
and  with 10° GeV in absenceof signalswith energydeposit of 10 PeV or greater.
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Chapter 1

In tro duction

1.1 Intro duction of EHE Neutrino Astroph ysics

The obsenation of high energy neutrinos provides a new window to seard for high energy phenomena
in universe. Neutrinos can arrive on the earth directly from the sources,becausethey have no charge
and they are not de ected by magnetic elds. Additionally , neutrinos interact only weakly, sothey rarely
interact in their journey.

The extremely high energy (EHE) neutrinos with energiesup to 10°° eV may be produced by med-
anisms sud as the Greisen-Zatsepin-Kuzmin (GZK) medanism [1]. The GZK neutrinos via decgs of
charged pions produced by photo-pion production of EHE cosmic rays (EHECRS) colliding cosmic mi-
crowave badkground (CMB) photons. In this production mechanism no s are generated becausethe
pion-muon deca chain,

p ! + anything
! + ()

e+ e(at ()

doesnot have any channelto produce . By the interaction of EHECRs and CMBs, EHECRs losetheir
own energy during their propagation. Therefore the spectrum of EHECRs should have a cut-o feature
at around 5 10 eV. This \GZK cut-o " hasnot clearly seenin the obsened data. Whether the GZK
mechanism, the most solid model of EHE neutrino radiation, takes place in the present universe still

remains a mystery.
There are a lot of other hypothesesto predict EHE neutrinos. The obsenation of EHE neutrinos and

the seard of their sourceslead to new understanding of high energy universe.

1.2 Detection Metho d : Overview

Becausethe crosssectionsof the neutrino interactions in this energyrange are enhanced,they interact
with the nuclei of medium in the earth and produce neutrinos or charged leptons via neutral current
interaction (NC) or charged current interaction (CC);

i+ N ! i(1)+ X (NC);
|(|)+N ! | + X (CC),



where N is a nucleon of the medium, | is chargedlepton (e, , ), X is produced hadrons.

Hadrons producedvia NC or CC induce a hadronic cascadeand an electron producedvia CC initiates
an electromagnetic cascade. Therefore EHE particles arriving at an underground detector are not just
primary neutrinos but secondaryproduced 's, 's, and 's.

When a charged particle propagatesin transparent medium with the speed faster than that of light
in the medium, the Cherenkov light is emitted. The number of radiated photons is proportional to path
length, and the emissionangledependson the refractiveindex of the medium. By seeingemitted Cherenkov
light and its angle, we can detect the charged particle and reconstruct the evert track.

When an EHE particle propagate in a detector, the induced cascadescontain many charged particles
which emit a bulk of the Cherenkov photons. Amount of such Cherenkov light padets is an estimator of
energy deposit of an EHE particle.

1.3 IceCub e : The Underground Neutrino Observatory at the
South Pole

The IceCube is the underground neutrino obsenatory now under construction at the south pole. It
is the telesope to explore the high energy universewith cosmic neutrinos emitted from energetic distant
sources.Sinceonly neutrinos can penetrate underground, the earth is an e ectiv e shield to eliminate high
energyprimary particles exceptneutrinos (SeeFigure 1.1). The main backgrounds are atmospheric muons
and neutrinos which will be described in details in section 4.2.

The ux of EHE neutrinos that arrive at the earth is very small. Therefore we needa detector with
large target volume. The detector of the IceCube is made of polar ice with the volume of 1km?3. It is made
of natural glacial ice with the depth from 1400m to 2400m under the ice surface. The glacial polar ice is
suitable for the neutrino telescoge like the IceCube [2] as demonstrated by the AMAND A experimert.

Neutrinos producedvia NC, or charged leptons produced via CC can produce electromagneticand/or
hadronic cascadeshy interactions. When a cascadeis produced in the detector, the cascadeparticles
induce the Cherenlov light. The IceCube obsenesthe neutrinos by detecting the Cherenkov light from
these cascadesusing many photomultiplier tubes(PMTs) instrumented in ice.

The IceCube detector will instrument the 4800PMTs which have 10 inch diameter. These PMTs will
be buried in vertical holes of ice drilled by hot water, sothey have to endure very high pressureand low
temperature. Therefore each PMT is put in the pressureglassspherecomprise a digital optical module
(DOM). The IceCube DOMs contain a signal processingelectronicsboard, a LED asher for calibration,
and a high voltage supplier. Figure 1.2 shows the schematic view of the DOM. The PMT in the glass
sphereis supported by gel as a shock absorber.

These DOMs will be arrayed on 80 strings, which contains 60 DOMs spacedby 17m. Each string are
spaced125m  (Figure 1.3) and instrumented in the vertical holesof ice such as Figure 1.4.

We can obtain the pro le of the EHE -induced cascadesy detecting the Cherenkov light hit at many
DOMs arranged three dimensionally.
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Figure 1.1: IceCube is the underground neutrino obsenatory. It usesthe earth as a shield to cut the
badkgrounds.

Figure 1.2: Schematic view of the Digital Optical Module (DOM) for the IceCube. It contains a PMT,
electronicsboard, LED asher for calibration and a high voltage supplier. They are protected by pressure
glasssphere.



Figure 1.3: Top view of the IceCube obsenatory. The 60 DOMs will be arrayed on 80 strings which are
spacedby 125m . Each string is instrumented in the vertical holesof ice.

Figure 1.4: DOM arrangemert in the IceCube detector. The ead string hasinstrumented in the vertical
holes of ice had 60 DOMs. They will be arranged three dimensionally.



Chapter 2

Propagation of Neutrinos and
Charged Leptons

2.1 Interactions of Neutrinos and Charged Leptons

The EHE neutrinos that arriveat the earth interact with the medium in the earth asdescribedin chapter 1.
The produced neutrinos and charged leptons via NC or CC can propagate in the earth interacting with
nucleonsof matter around them.

The relevant interactions for EHE neutrinos are

neutral current interaction

charged current interaction
and that for EHE charged leptons are

pair creation
bremsstrahlung
knock-on electrons

photo-nuclear interaction

Figure 2.1 shows dierential cross sectionsof interactions described in this section. The details of
calculations are described below.

2.1.1 Neutrino Interaction

Neutrinos interact with nucleon of the propagation medium, and produced neutrinos or charged leptons
via neutral current interaction (NC) or charged current interaction (CC);

i)+ N ! (1) +X (NC);
|( |) +N ! | + X (CC);
where N is a nucleon of the medium, | is chargedlepton (e, , ), X is produced hadrons.

For EHE neutrinos, the crosssectionsof those interactions depend on the behavior of parton distri-
butions at very small values of the momertum fraction, however, where there are no direct experimertal
measuremehn Sowe usedthe crosssectionscalculated by CTEQ [3, 4].
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Figure 2.1: The left panel shows the crosssectionsin ice for and . The right panel shows that for
and . The most dominant interaction is pair creation producing e pair. The photo-nuclear crosssection
has large uncertainty from its parameterization.

2.1.2 Charged Lepton Interaction
Pair Creation

When high energychargedleptons ( and ) interact with an nucleon of the propagation medium, a pair
of the e or or is produced. The pair creation of an e pair is dominant.
We de ne the inelasticity y as

Erec Epro
y Ein Ein ( )

where E, ¢ is the energy of recoiling charged lepton, Ej, is that of incoming charged leptons and Ep; o is
that of a produced pair (e or or ).
The di erential crosssectionis calculated as Ref. [6];
z
Me 3 1 y mpro 2

+
pro
mpro 3 y min

d .
%(Em;y) = ’RZ(Z+ (En;2)

rec d (22)

where is the structure constart, R is the classicalelectron radius and Z is the charge of propagation
medium. The (Ej,;Z) isthe correction factor for screeninge ect on an atomic electron. It is parametrized

as
8
§ 0 E 35mj,

(En:Z) =

Ein =min (2.3)
0:073In :
1+ 1Z273Ej =my,

Ein =min

2Z173Ej, =mj,

otherwise

~ 0:058In o



The ratio of electron massand
of produced particles.
The last term integraled over

E+

Ef+E

whereE* ;E

8

44 105 for Hydrogen
©1:95 10 ° otherwise
8
<. 5

_ 4:8 10 for Hydrogen
- 530 10 ° otherwise

produced particle's mass, me=my,, is the scaling factor for the

is an asymmetry term, it is de ned by
!
E 6m2

E2(1 )

4mpro i
Eny '’

v 1

is the energy of produced|™ ;1 , respectively.

The functions o and (¢ is de ned as

pro

rec

2

@+ A+ )+ @+ D 1+t

1+ 3+

2

1+

+ (3+ 2) Lpro;

3

1
)

@ A*r2) gy

@ 2z )
1+

+ +(1 2)(1+ 2 ) Lrec

Rz =" T+ YL+ Voro)

nf

Lpro
1

, 2Mrec BRZ 31+ )(L+ Ypro)

2

Ein y(l 2)

3mpr [0]
me

5 #

1 _
+§In 1+ z1=3 (1+ )(1+Ypro) ;

3m pro-1=3
—7Z
me

Lrec

nf

1

, 2Mre BRZ (14 )L+ Ypro) °

Yr ec

Ypr (0]

T 20 y)

Ein y(l 2)

5 2+4(1+ ?
20+ 3)InB+1=) 2 2 (2

2);
4+ 243 (1+ ?) .
1+ ?2)@=2+2)InB+ )+1 32=2’

2
2 _ Miny
2Mpr o

12
1 vy’

y
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(2.6)
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(2.8)

(2.9)

(2.10)



where R is the radiation constart, and e is the baseof natural logarithm. The integration limits for pair
creation is given by
_ Ampo 3P —_mj,

Ymin = E, Ymax = 1 2 eEin z1=: (2.11)

Bremsstrahlung

When charged leptons interact with the electromagnetic eld produced by atoms of the propagation
medium, an emitted high energy photon induced electromagneticcascade.The di erential crosssection of
bremsstrahlung is parametrized as Ref. [10];

2
d bremss Min 1

dy (Ein;y) = 4R 222 - y 2 2y+y?) 1(tnin;2) 2(1 Y) 2(Gmin;Z) ;  (2.12)

pro

wherethe functions 1(0min ;Z) and  2(Gmin ;Z) is de ned by

1:2(Omin :Z) = (1);2(qmn ' Z) 1:2(Omin 5 Z); (2.13)
m2 a2 1 11 m2 a3 1
Atmin ;Z) = Z 1+1n 1:‘)(% xlarctanx—l+ > 5 1+ 1:‘)(2 X2arctanz (2.14)
1 2 m2 a2 1 3 x3
0 . — 1 2 1
Z(Chﬂn ]Z) - 5 § + |n 1_:1)(% + 2X1 1 X]_ arCtan X—l + Zln 1+—XE
11 2 m2, a3 5 1. 3 X3 _
+ z E é + In 1+ X% + 2X2 1 X2 arCtan E + Z |n 1+—X§ ’ (215)
8
< 0 (z =0)
1(Gmin sZ) = . mj, + _
“n + Eln 1 (Z 6 0);
8
2 0 (Z=0)
in 1Z)= : 2
2(Omin ;Z) > In%+ @ + 1+ mi, (Z & 0):
& 4 1 <«
m2 'y . 1117 7242
in = ==————7 Xi = &iOnj i=12); &= 0o/ Q= 55—
Gn T pE, @y N7 W (SLA mT g % e
S
- 1+ am2, _ Lomi
q§ ! Z1=3
The integration limits for bremsstrahlungis given by
3P _m; -
Ymin = 0; Ymax =1 - e—22 (2.16)
4 E|n



Kno ck-On Electrons

The charged leptons also can \kno ck on" the atomic electrons of propagation medium. The di eren tial
crosssection of knock-on electronsis parametrized as Ref. [10];

d knock . _ 2 mpro 1 1 2 1 . .
dy (Em ’y) - 2 Rez 2E y2 Y Yimax + 2 (1 + ( E|n 'y)) ’ (217)
) 2 )
( Ein ,y) = —1Iln 1+ ﬁ In w In 1+ ﬁ (218)
Mpro Min Mpro

where = p=Ej, pis the four momertum of the incoming charged lepton, and ymax is the upper limit of
integration. The integration limits for knock-on electronsis given by

I 2mpro 2Ein

Ymin = =, Ymax = .
Ein m%ro"’ m% + 2MyoEin

(2.19)

where | is the mean of ionization potential of the propagation medium.

Photo-n uclear Interaction

The photo-nuclear is the interaction of chargedlepton with nuclei via virtual photon. The photo-nuclear
crosssection is calculated using the deep-inelasticscattering formalism with the ALLM parametrization
for the nucleon structure function [13, 14).

The photo-nuclear interaction is described as

I(kin )N () ! T(Krec)X;

wherel is a charged lepton, and ki ; k¢ is the four momertum of incoming and recoiling charged lepton,
respectively. The N is nucleon, and X is hadron changedvia interaction. The X inducesthe hadronic
cascade.

The variables usedin the calculations are de ned as

qz = (kin krec)2: QZ; (2.20)

Q2
X = 2.21
2p q ( )

P q
- : 2.22
T bk 222)

The di erential crosssection of photo-nuclear interaction is given by
" 1#
d phoo _ 4 2 Q? 2min Y2 aM gxz .

dQ2dx  Q2x Ly 4E,, + 1 Q2 2 1+ 02 Fn (x; Q%) (2.23)



where M, is the proton mass,m;, is the incoming particle massand E;, is the incoming particle energy
The nucleon structure function is given by Ref. [13];

Fn (x; Q%) a(A; x)Fp (x; Q?)(Z + (A Z)P(X)); (2.24)

P(x) 1 1:85x + 2:45x2 + 2:35x% + x*: (2.25)

The Fp (x; Q?) is the proton structure function parametrized by ALLM97 [14]. It is given by

2
A2y = Q P (v A2 R (v O2) -
FP (X! Q ) - Q2 + m(2) F (Xy Q )+ F (Xy Q ) ’ (226)
FP;QY) = cmxd@Pa x)o; (2.27)
FRG Q) = crxg®@ x)=O: (2.28)
wherexp and xg are de ned by
2 )t 1
_ We Mg :
!
= 1+ W72 Mg- l 2.30
XR - Q2 + m% ( . )
where W2 is the certer of massenergy (GeV?), m3 and m2 are given by Table 2.1.
The parametersin (2.27) and (2.28) is de ned as functions of t;
0 2 > 1
+
n Q 2Qo
t = hp— > K (2.31)
In Q0
2

where Qg and  are given by Table 2.1. Someof the parameterswhich is the function of t; ag(t), br(t),
cr(t) and bp (t) is given by

f(t) = fo+fot'e; (2.32)

while ap (t) and cp (t) are given by

1

171 (2.33)

gt) = o+( @)

The parametersin (2.32) and (2.33) (cp1, Cp2 €tc.) are also given by Table 2.1.
The a(A; x) in (2.24) is the ratio of the nuclear structure function to that of nucleon. It is given by

8
3A 0:1 x 0:.0014

a(A;x) = BA°1069logmX+01°97 0:0014< x  0:04 (2.34)
"1 0:04< x:

10



m3 GeVZ  0.31985 | bp; 0.60243
m2 GeV2  49.457 | bp, 1.3754
m2 GeV2  0.15052 | bps  1.8439
Q2 GeV2  0.46017 | k1  0.80107

2GeV2  0.06527 | cry 0.97307

Cr1 0.28067 | crz  3.4942
Cr2 0.22291 | agr;  0.58400
Cp3 2.1979 | agrz 0.37888
ap1 0.0808 | ars 2.6063
ap» 0.44812| bg1 0.10711
ap3 1.1709 | g2 1.9386

brs 0.49338

Table 2.1: The parametersfor proton structure function by ALLM97 [14].

The di erential crosssectiond =dy is given by integration of d =dQ?dx over dQ? using valiable trans-

formation from x to y. The valiable x and y are related by

2

X = ¥ ;

2MpEiny
_ Q? :
dx = M Eny? dy:

The di erential crosssectionis given by

A _ fgpd
dy dxdQ2? dy”

2.2 Decays of Charged Leptons

(2.35)

(2.36)

(2.37)

The decay and to lepton decyy is calculated using the approximation that produced lepton massis

negligible comparedto parent lepton mass[11]. The di erential decay rate is given by

57”:2 by +4y° ( 2+1y 187+ 8y);

wherey = E ,=E (for deca), E, =E (for deca), and
4 1 8
3z% + 52,3 (§ 3z% + 52,3);

wherez = E |=E|, | is chargedlepton ( or ).
The distribution of to hadron dece is given by

dn X 1 m?

dz i il I’i' W

11

(2.38)

(2.39)

(2.40)



wherei indicates producedhadronssuch as , , aiz, and X (other hadrons). The B; is the branching ratio
of the eadh decay mode which is normalized by
Z
dn X
Edz: Bi = 1 (2.41)

2.3 Issues and Motiv ation

The accurate understanding of the EHE particles propagation in the earth is essetial to seard for EHE
cosmicneutrinos by an underground neutrino telescoge. Let me explain why.

In the caseof EHE particles, becausehe chain reactionsof the interactions and decays occur during the
propagation in the earth, e.g., °f Pair Creatioy decay , the behavior of particle propagation
in EHE rangeis rather complex, and full calculations to follow all the interactions/decays and secondary
produced particles is indispensableto estimate the detection sensitivities. Full Monte-Carlo simulator to
follow all these particles may take too long time in practice, however, so we should develop the e ective
calculation method for saving CPU time. It should be noted that any method for particle propagation in
EHE region demandsa capability to treat 's and 's on the samefooting to handle the chain reactions.
Furthermore, asthe particle intensity is expectedto depend strongly on the nadir angle,onehasto calculate
the particle ux in all phasespaceof solid anglesbecausethe IceCube is three dimensional array with 4
detection sensitivity. The most practical way to satisfy theserequiremernts is to build the proper transport
equations and numerically resolve them.

The transport equations which describe the propagation of neutrinos and charged leptons in the earth
are given by Ref. [15], using di erential crosssections;

for neutrino propagation:

z
dN _ dN m, 1 dn| dN|
adE - VA ceneEgEt o SBIEGE GE
z z
d dN;, d dN
0Y N cc 2V 0 NNC PV
+ Na dE 4E dEIO+ Na dE dE dE° (2.42)
for charged lepton propagation:
dNg o dNy mp 1dN;
dxdE, - Na ce (El)dE| c, E, dE
. Mm% ol dndn
Cl '"EQdE, dE?
z z
d dN d ., dN
0 Ncc Y oY w MV
+ Na dE dE, dEO + Na dE| dE, dE? (2.43)
where N, is the Avogadro's number, c is the speed of light, m, is the massof the chargedlepton I, | is
the lifetime of the I, x is the column density, unit in [g/cm?], which is de ned by
z R
X (r)dr: (2.44)

0

The (r) is the density of the propagation medium, which dependson particle location.

12



The rst term of eq.(2.42) indicates the neutrino reduction due to the CC and NC. The secondterm
indicates the neutrino appearance due to the lepton decay. The third and fourth terms indicate the
neutrino appearancedue to the CC and NC, respectively. The d , ..=dE term represens that the
energy interactions of the charged lepton | (due to the pair creation, bremsstrahlung, etc.) should be
taken accourt.

The rst and secondterms of eq.(2.43) represen the charged lepton reduction due to the CC and
decay, respectively. The third term indicates the appearanceof charged lepton due to the lepton decay.
The fourth term represerts the neutrino appearancedueto the CC. The last term accourts the interactions
sudh as pair creation, bremsstrahlung etc.

We needthe numerical simulator which can solve the transport equations(eq.(2.42) and (2.43)) for the
long distance and for the all solid angleswith saving CPU time.

The IceCube does not directly measurethe energy of the EHE particle, but the energy deposit in the
detector. The energy deposit of an EHE particle are given by

dE
o = *+E (2.45)
©E 2.46
z (2.46)
= yd—ydy E: (2.47)

where the is the ionization corntinuous loss term and is the stochastic energy loss term by other
interactions sudh as pair creation, bremsstrahlung, knock-on electrons, and photo-nuclear interactions.
The dependson weakly the particle's energy E. The term is dominant for EHE particles. In order to
understand the stochastic energydeposit in the detector, we should handle it asprobability distribution by
using the Monte-Carlo method. The Monte-Carlo method is the technique to sample a variable following
a given probability distribution using the random number. The relation betweenthe random number r
and the probability distribution f (x) is given by
Z, Z
r=F(x)= f (t)dt; f(x)dx = 1
1

By sorting the F(x), the uniform random number r samplesa value of x.

In order to understand both the EHE particles propagationin the earth and in the detector, we developed
the simulator which can calculate propagation in the earth numerically, and the energy deposit in the
detector by the Monte-Carlo method.
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Chapter 3

Development of Java-based
Mon teCarlo/Numerical Simulator

3.1 Design Policy

We deweloped Java-based Monte-Carlo/Numerical simulator named JULleT Java-based Ultra
high energy Leptons IntE gral Transp ortor . In order to solve the issuesdescribed in section 2.3, the
JULIeT must meet a couple of requiremerts.

The rst requiremert is that the JULIeT should be able to trace neutrinos and charged leptons prop-
agating in the earth by solving the transport equations (eq.(2.42) and eq.(2.43)) numerically. Therefore
the JULIeT is designedto solve the transport equationsand produce the matrices describing the particle
propagation in the earth in order to obtain the uxes of the particles arrived at the detector depth with
all the solid angle. The secondrequiremert is that the JULIeT should be also able to trace particles in
the detector i.e. in ice by Monte-Carlo method in order to obtain the distribution of the energy deposit
as electromagneticand hadronic cascadegproducedin the detector.

The JULIeT is designedto have capability of calculating the IceCube sensitivity on EHE neutrino
detection with reasonableCPU time (chapter 3).

We intro duced Java technology, one of the most modern programing languages,because

the Java is the object-oriented programming languagewhich makesit easyto build large sourcecodes
and update them over long years,

amount of sourcecodescan be shorter than that in C++,

it provides an OS-independent platform.

3.2 Structure of JULleT

The JULIeT is basedon a padkagesystem. Each padkagecontains classesunder similar concepts. Fig.3.1
shaws the structure of the packages. The details of the rolesof ead packagesand their classesare described
below.

Table.3.1shows the rst order interactions/decays channels consideredin the JULlIeT. The details of
ead interactions/decays channelsare described in section2.1and 2.2. The particles handledin the JULIeT
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Table 3.1: Channelsof in nitesimal propagation.
Rows are primary and columns are produced/survival particles.

e e/ hadron
e | Nca/sh ccP NC/CC
NC/S CC NC/CC
NC/S CC NC/CC
D¢ CC/D PCYBe/K /D PCIS PC NC/CC/PN ¢
D D CC/D PC/B/K/D PC/D PC/S NC/CC/D

aNeutral Current interaction
bCharged Current interaction
‘Decay

dPair Creation
€Bremsstrahlung

f Knock-on Electron
9Photo-nuclear interaction
hSurvive

are ¢, , , and . Allowed region of primary energyof particles is from 10°[GeV] to 10'?[GeV], and
that of produced energy of particles is from 10°[GeV] to 10*?[GeV].

— JULIET

Event

Particle

Interactions |-<<__

Decay

Point

Propagation

Figure 3.1: Padkage Structure of the JULIleT.

The represenativ e padkagesamong them are propagationand eventboth of which hasits own method
to run the simulation. The propagationpackage contains the classesto calculate the particle propagation
by numerically solving the relevant transport equations (eq.(2.42) and eq.(2.43)). The eventpaclageis a
group of the classedo calculate the particle propagation with Monte-Carlo methods. It hasthe interactive
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mode to run the simulation. The propagationand eventpackagesrely on classesn all the other padages,
such as the interaction package which is responsible for handling the particle interactions. The relation
between the classesare shown in Figure 3.2 for the propagation package and Figure 3.3 for the event
package

3.2.1 Points Package

This package contains the classesconcerningthe particle location and the propagation medium. The
classin this padage, ParticlePoint class provides the point vector used by calculations on propagation
of EHE patrticles in the earth. Figure 3.4 shows the de nition of geometric parameters. It also provides
the parametersof the medium such as the density which are usedfor the calculations of di erential cross
sections.

3.2.2 Particles Package

This padcage contains the Particle classto de ne particles and their property sudc astheir mass,name,
avor, doublet, and lifetime. It also provides their energy

3.2.3 Interactions Package

This padkage contains the classesto de ne interactions such as PairCreationclass Bremsstrahlungclass
etc. They are classesinherit from Interactionsclass It also has the classes(MakeBremsstrahlungMtx
classetc.) to make dumped matrices which elemerts are di erential crosssectionscorresponding to log-
energy of primary and produced particles. The dumped matrices de ned in InteractionsMatrix classare
\serialized" objects, which provide \get" methods to return the di erential/total crosssections,particle's
avor, doublet, energyand soon. The di erential crosssectionsare calculated as described in section2.1.
The matrices madein this padkageare usedby calculations of propagation in the earth.

Additionally , this packagehas InteractionsBase&lassand ElectronBaseclasswhich are extendedfrom its
super class, MonteCaloBaseclassin eventpackage (See 3.2.6). These\Basé€ classesexist in order that
classesn eventpackagewhich calculate the particle propagation by Monte-Carlo method can handle all of
the interactions/decays under the samefooting. Theseclassesessetially provide the probability tables to
samplethe pathlength of interaction and produced energy with Monte-Carlo methods (See3.2.6). It also
suppliesthe method to return the pathlength and produced energyfor a given random number.

3.2.4 Decay Package

The classesn this packagehandle the lepton decay processesudc as ! I e,and make decay matrices
which elemens are di erential decay rate.

The Tau(Mu)DecayYMatrix classare similar with the InteractionsMatrixclassin the interaction package
These classesmake the matrices of the energy transfer dN=dLogy for the decays. The matrix elemerts
are calculated by the methods supplied by the Deca class The decay rates are calculated as described in
section 2.2. The biggestdi erence betweenTau(Mu)Deca/YMatrix classand InteractionsMatrixclassis, the
decay matrix elemer is calculated wheneer the object is generatedwhile interaction matrices are usually
pre-calculated and stored in form of les to be read out for the Event/PropagationMatrix class This is
becauseit takesmuch lesstime to calculate the decay matrices than the interaction matrices.

There are also\Base" classesMuDecayBaseand TauDecgBase for calculations of the particle propa-
gation by Monte-Carlo methods. Similar with the InteractionsBaseclass they calculate the Monte-Carlo
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particle package

Particle

ParticlePoint

points package

Figure 3.2: Classstructure of the JULIeT from aspects of the Propagationpackage MainRun classhas a
main program for tracing neutrinos and charged leptons in the earth.
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particle package

Particle

ParticlePoint

points package

Figure 3.3: Classstructure of the JULlIeT from aspectsof the eventpackage RunManagerclasshasa main
program for tracing neutrinos and charged leptons in the IceCube detection volume.
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particle

Figure 3.4: De nition of geometric parameters. The is nadia angle, is zenith angle.

probability table using the decay matrices calculated by the MuDecayYMatix classand TauDecgYMatrix
class

The decay hassomedecay modessuchas ! | e, and hadrons. The branching ratio of eadh mode
are supplied in the Decg class The hadrons producedvia decay may be , and soon. But we regard
them as a hypothetical 'hadron' which is made of superpositions of , and soon.

The mode of deca is determined by the method supplied in TauDecgBaseclass In the method, a
cumulativ e table of branching ratio is produced, and one of the decay mode is chosenby random number.

3.2.5 Propagation Package

This packagecortains the classedor numerically solving the transport equations(eq.(2.42)and eq.(2.43)),

which provides a faster and more accurate evaluation of the particle propagation in long distances.

The propagation matrices calculatedin this padkagedescribe the energyand particle speciestransfer by
the interactions/decays. They arebuilt by pre-calculatedInteractionsMatrixand MuDecayYMatix/T auDecgY Matrix
objects. The elemerts of the matrices indicate the energydistribution and the ux of particles after prop-
agation of an in nitesimal distance in the earth. In this package,there is the MainRun classwhich has a
main method to calculate the propagation matrices.

The procedure of making propagation matrices is described below. Figure 3.2 shows the relation be-
tweenthe classesn this package.

Calculation of the propagation matrices:
1) In order to avoid sizableerror due to the rock density pro le, the trajectory length is divided to
5 sections.
2) The following calculations 3)  7) is repeated 5 times (for ead section).
3) The elemenary in nitesimal propagation matrices over in nitesimal distance (dX [g=cm?]) are built
using di erential crosssectionscalculated in the interactionspaclkage
4) The particles are propagatedover X = 10 dX[g=cn?], i.e. in nitesimal propagation matrices
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producedin 3) is multiplied 10 times.

5) The particles are propagatedover X  2¢[g=cm?], wherek is the number of stepsneededto propagate
the section,i.e. nite propagation matrix producedin 5) is multiplied 2 times.

6) During 5), the matrices are stored when particles reaches3 % of the total path in their journey.

7) After 5), the resultant matrices propagated over the section are stored.

8) For a rest of tra jectory length, particles are propagated by multiple the matrix stored in 5) until
the particles reach the nal point.

3.2.6 Event Package

This padkage contains the classesrelated to '‘occurrenceof event'. These classesde ne the behavior of
an evernt for propagating particles by Monte Carlo methods.

There is the MonteCaloBaseclassin this package. It is a super classof InteractionsBasand ElectronBase
which are classedn the interactionspackageand MuDeca/Baseand TauDecgBasewhich are classesn the
decy package The Event classand RunManagerclasshandle the interactions/decays in form of \list".
In order to register interactions and decays in the list, all the interactions/decays should have a common
super class. The MonteCaloBaseclassis an abstract classde nes the methods for both interactions and
decay that determinesthe pathlength and produced energy with the Monte-Carlo methods. The actual
implemerts of the methods are made by ead \Base" class. It alsode nes methods to get the information
of interactions/decays sothat the Eventclasscan know that information.

The Eventclassactually makesan event. It is the fundamertal classfor propagating particles by the
Monte-Carlo methods. Table 3.2 shows channelsof the interaction/decay consideredin the Monte-Carlo
methods. The CC interaction from charged lepton to neutrino is negligible becausepropagation distance
(detector size) is short enough. The neutrinos produced via charged lepton decay are also neglected by
the samereason. In order to save CPU time, the dierential cross sections of these interactions are
pre-calculated by MakeBremsstrahlungMtxclassetc. in Interactionspackage An interaction/decay which
returns the shortest pathlength is chosen,and an \event" has occurred then particles propagate. Sothe
information of an interaction/decay which has occurred, such as transfered energy produced particle,
pathlength etc. are supplied the methods of Eventclass

The procedure of choosing an interaction/decay which returns the shortest pathlength, and choosing
the produced energy via the interaction/decay by Monte-Carlo method are described below. Figure 3.3
shows the relation betweenthe classesn this padkage.

Calculation of the pathlength by the Mon te-Carlo metho d:

a) In the caseof the changedlepton interactions
The number of particles when they propagate X[g/cm ?] is given by

dN )
ax - (E)N; (3.2)
N(E;X) = N(E;Xg) exp[ (X Xo)Na (E); 3.2)

where N, is the Avogadro's number. The probability that interaction has occurred while a particle
propagatesX[g/cm ?] is given by

P(E;X) = 1 exp[ XNa (E): (3.3)
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Table 3.2: Channelsof interaction/decay for Monte-Carlo simulation. Rows are primary and columns are
produced particles. The CC interaction from chargedlepton to neutrino is negligible for a propagation dis-
tance (detector size) consideredhere. The neutrinos produced via chargedlepton decay are also neglected
by the samereason.

e el hadron

e | NC2 ccP NC/CC
NC NC/CC

NC NC/C

PCY/B /K T /D PC PC  PNY
PC/B/K/D PC/ID¢ PC D

aNeutral Current interaction

bCharged Current interaction

“Decay

dPair Creation

€Bremsstrahlung

f Knock-on Electron

9Photo-nuclear interaction

hSurvive

The P(E,X) is determined by a random number(0 1). Sothe pathlength is

X = NA (E) In(L r); 3.4

wherer is a random number.

b) In the caseof the neutrino interactions
The probability that interaction has occurred while a neutrino propagatesX[g/cm ?] is given by

P(E;X) = 1 exp[ XNa (E)] (3.5)

' XNa (E); (3.6)

where under an approximation that crosssection of neutrino interaction is very small.
The P(E,X) is determined by random number(0 1). Sothe pathlength is

— r .
X = y—® Gl (3.7)

wherer is random number.

c) In the caseof decay
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The number of particles when they propagate while t[sec]is given by

dN 1
o - ﬁN(tg, . (3.8)
t
where s the lifetime of the particle. The probability that decay has occurred while a particle
propagatest[sec]is given by
h i
P(E;t)=1 ex — 3.10
(E:t) P 5 (3.10)
From X = ¢ (cis light speedand is the density of the medium[g/cm?]),
h YL
P(E;X) = 1 exp cE) (3.11)
The P(E,X) is determined by random number(0 1). Sothe pathlength is
X= ¢c(E) In1 r); (3.12)

wherer is random number.

Calculation of the Pro duced Energy by the Mon te-Carlo metho d:

The produced particle's energyis determined by Monte-Carlo method. Energy deposit and
dimensionlessenergyy = E o=Ein arerelated by eq.(2.47). A y is sampledusing a random number

by
r= = Z_dy (3.13)

wherer is a random number.

The RunManagerclasscortrols the run, soit has a main method which runs the everts and records
sometypesof data les. It calculatesthe distribution of the energy deposit includes their uctuation. It
can run sometypes of runs for recording sometypes of data e.g., full-text-based data which records all
the pro le of the propagation for debugging, binary data which records distributions of energy deposit
in the detector for eadt registered interaction/decay, and so on. For example, one of the procedure of
cortroling the run which recordsbinary data of the distributions of the energy deposit to electromagnetic
and hadronic cascadesrespectively, with given monocromatic primary energy is described below;

Pro cedure of the run:

1) The constructor of the RunManagerclassgeneratesa list of MonteCaloBaseobject whoseelemers
are \Base" classedor ead interaction/decay registeredby an user interactively.

2) A Particle objectis generatedas a primary particle (See3.2.2).

3) A ParticlePoint objectis generatedwith given material(ice or rock) as a starting point (See3.2.1).

4) An Eventobjectis generated(Seeabove).

5) The pathlength of interactions/decays in the list generatedin the constructor is sampledand
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compared with ead other, then an interaction/decay which returned the shortest pathlength is de-
termined

to take place.

6) The particle is propagated over the pathlength determined in 5).

7) If the propagating particle is still in the detector, calculations is continued.

8) The energy of the produced particle is sampledby Monte-Carlo method (Seeabove).

9) The procedure5) 9) is repeateduntil the particle stopsor changesinto an electron(photon)/hadron
or passeshrough the detector.

10) The distributions of energy deposit as electromagnetic/hadronic cascadesand total energy deposit
are recorded during the procedureof 2)  10)

The simulated results calculated in this RunManagerclassby Monte-Carlo methods will be shown in
section 3.3.

3.3 Simulated Results

As described in section 3.2, the RunManagerclassin the eventpackagecan calculate the particle propa-
gation with the Monte-Carlo methods.

We ran the particles 1km in the ice, and calculated the distribution of energy deposit of them. The
produced particles via interactions/decays induce electromagnetic or hadronic cascades. The resultant
distributions are comparedto analytic calculations.

Figure 3.5 and 3.6 shows the distribution of energy deposit for muon propagating in 1km ice (the
density of the iceis = 0:917). The energy of primary muon is 10EeV (= 10°GeV). The analytic mean
value of energy deposit in Figure 3.5 is given by

£ = len
wherex is the path length and s the inelasticity de ned as
X Z
= - = Ed : (3.14)
i i ydy Y .

where the i is the index of relevant interactions. Figure 3.5 shows the distribution of energy loss to
electromagneticand hadronic cascadesrespectively. The mean value of these energy deposit is consistert
with analytic calculation, but you can seethe uctuation of the energydeposit shavn in Figure 3.5 is not
negligible.

In order to understand causesfthe uctuation, the cortribution ofthe e pair creation, bremsstrahlung
and photo-nuclear interaction to the energy deposit are separately showvn in Figure 3.6. While the energy
deposit via e pair creation has a peak, those via bremsstrahlung and photo-nuclear interaction exhibits
the divergert structure. Therefore these stochastic energyloss contribute to make the distribution wide.

While the following gures show the sameasabove, but for . Figure 3.7 shows the sameasFigure 3.5,
but for the caseof propagation, the contribution from deca is larger than the caseof , because
the lifetime of is far short compared with that of . The contribution of decay can be shown in
Figure 3.8. The crosssection of photo-nuclear interaction has large uncertainty (SeeFigure 2.1), because
the parameterization of crosssection dependson the nuclei structure function. Therefore we may needthe
other parameterization for photo-nuclear interaction in this energyrange for systematic investigation.
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The relation betweenthe energy deposit obtained by the Monte-Carlo simulation and analytical cal-
culation are shawn in Figure 3.9 for and Figure 3.10for asa function of primary energy The energy
deposit of is larger than that of above 10 GeV region. But, belov 10° GeV region, the cortribution
of deca increaseswhich make a di erence betweenthe simulated result and analytical calculation.

We can also shows the contribution of interactions which induce stochastic energylossas follows. The
averagedistance which particles propagated until its energybecomesl=etimes of the primary energy i.e.,
\range" is determined by Monte-Carlo simulation. Figure 3.11 shows the range for and . The blue
and magenrta lines indicate expected range obtained by analytic calculation (blue for the , magerta for
the ) 1= by eq.(3.14). The instabilit y of the photo-nuclear crosssection adverselya ects both analytic
and simulated values. The greenline in indicates the cortribution of the deca. Below 10° GeV, the
cortribution of decay plays a dominant role on the propagation. You can seethat the range of is
longer than that of . It suggeststhat the detection volume of is larger than that of ,i.e. the ux
arrive on the detector is larger than ~ ux above 10° GeV. However, sincethe cortribution of decay
is dominant, the range of becomesshort belov  10° GeV.

We have discussedthe casewhen incoming particles are muons and taus. But the IceCube detector
will occasionally seeeverts induced by incoming neutrinos events in EHE range. We, therefore, needto
investigate the casewhen neutrinos are incoming into the 1km? volume, and producing muons and taus
internally. Figure 3.12 shows the energy deposit distributions when s are incoming into the detector.
The produces via CC interaction, but the location where CC interaction has occurred is random.
The long tail shown in Figure 3.12re ects the di erence of the distance which produced propagated.

In this way, we obtained the distributions of energy deposit in the detector for neutrinos and charged
leptons propagation. Theseresults are usedto evaluate the IceCube sensitivity on EHE cosmicneutrinos
given by various models.
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Figure 3.5: Distribution of energydeposit in 1km ice for muon. The greenline showsthe energydeposit by
electromagnetic cascade the red line for hadronic cascadesand the blue line for the total energy deposit

in 1km ice. The unit of dF=dLogE is arbitrary .
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Figure 3.6: Distribution of energy deposit in 1km ice for muon. The cortributions from

bremsstrahlung and photo-nuclear interaction are shown respectively.
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Figure 3.7: Distribution of energy deposit in 1km ice for tau. The greenline shows the energy deposit
by electromagnetic cascade,the red line shows that by hadronic cascades.The blue line shows the total
energy deposit in 1km ice. The unit of dF=dLogE is arbitrary .
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Figure 3.9: Dependenceof energy deposit on the primary energy for muon. The red points shows the
energy deposit obtained by Monte-Carlo simulation, and blue line shows the analytical value.
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Figure 3.10: Dependenceof energydeposit on the primary energyfor tau. The red points shows the energy
deposit obtained by Monte-Carlo simulation, and blue line shows the analytical value. The departure from
the analytical estimation which is visible below 10® GeV is due to the cortributions by the decay.
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value.
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produce hadronic cascades.The CC interaction also produce hadronic cascadesand produced induces
the interaction sud as pair creation, bremsstrahlung and photo-nuclear interaction. The long tail showvn
in pair creation indicates the di erence of the location wherethe was propagated.
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Chapter 4

lceCub e Sensitivit y for EHE
Neutrinos

4.1 Flux of Neutrinos and Charged Leptons at lceCub e Depth

As describedin chapter 3, the JULIeT hasa capability to simulate propagation of neutrinos and charged
leptons in the earth. Here we calculate the uxes of neutrinos and charged leptons by propagating the
primary EHE neutrinos at the detector depth using the transfer matrices which are generateda priori by
PropagationMatrixclassin the propagationpackage (See3.2.5). Full mixing of  oscillation is assumedand
made proper adjustment in the primary ux of EHE cosmicneutrinos.

Table 4.1 summarized the EHE neutrino models and their parameters, which we used for estimation
of the EHE cosmicneutrino ux at the surface.

They are input spectra to our propagation calculation, then we discussthe IceCube sensitivity for
EHE neutrino uxes taking into accourt their propagation e ects in the earth and the energy deposit
characteristics of the secondaryleptons.

411 GZK Neutrinos

The models1 6 [16] and 10, 11 [20] in Table 4.1 are the GZK neutrino models. The GZK neutrinos are
generatedvia decays of charged pions which are produced by photo-pion production of EHECRs colliding
CMB photons. This production chain,

p ! + anything
! + ()

e+ e(at ()

doesnot have any channelto produce . Thereisno sareprimarily producedwithin the GZK neutrino
production.

The GZK model 1 6 from Ref. [16, 17] has a few parameters concerning the cosmicray sourcedis-
tribution. m is the ewolution parameter which relevant to the luminosity of EHECR as a function of red
shift (m = 0 correspondsto the no ewolution). Znax is the \turn-on time", which meansthe time when
EHECR were created. indicates the energy spectrum of primary EHECRs following E
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model
The GZK Neutrinos
The GZK Neutrinos
The GZK Neutrinos
The GZK Neutrinos
The GZK Neutrinos
The GZK Neutrinos
The Z-burst
The Top Down (SUSY)
The Top Down (QCD)
10 The GZK Neutrinos (by Sigl) | 3 2 1 100
11 The GZK Neutrinos (by Sigl) | 5 2 2 10

Zimax Emax[ZeV]

15
15

© 0O ~N O U~ WN R
~N D DMNNODN OIS
g o~ DN

Table 4.1: EHE neutrino models. Model-1 6 are GZK Neutrinos [16], Model-7 is Z-burst model [18],
Model-8,9 are Top Down models [19], Model-10,11 are GZK Neutrinos [20]. The m, Zmax, , and
E max[ZeV] are parameterswhich individualize the models. Note that thereisno in GZK model.

The another GZK model 10 and 11 from Ref. [20] has one more parameter, Enax is the maximum
energy of primary EHECRSs.

4.1.2 Z-burst

The Z-burst model [1§] is about interactions of EHECRs with cosmicbackground neutrinos which are a
relic of the Big Bang. The crosssection of the interaction has a resonancewhen the collision energyis the
massof Zo boson. The produced charged leptons or hadrons induce the neutrino cascade. This cascade
can producethe EHE patrticles above GZK threshold.

4.1.3 Top Down Scenario

The model 8, 9 in the Table. 4.1 is the top down scenario[19]. This scenariosupposesthat the EHE
cosmic rays and neutrinos are produced from massiwe particles via an interaction/decay. The top down
scenariomay be able to explain the existenceof EHE cosmicrays beyond GZK cut-o .

4.2 Background

The badkgrounds in detecting EHE cosmic neutrinos are atmospheric muons and neutrinos. They are
produced via the decay of mesonsproduced by the interaction of cosmic rays with atmosphere. The
atmospheric muons and neutrinos can arrive at the detector depth.

Since the energy spectrum of atmospheric neutrinos falls steeply like dN =dE E %7, the EHE
cosmic neutrino energiesextend to higher values. The dependenceof the ux on the zenith angle can be
characterized by

1

0
dF % 1 §
- = ( +1) .
dE kE 1 . 0.054 ' (4.1)
1+ 1:1(E=E;) cos 1+ 1:1(E=E>) cos
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where the cosmicray ux is proportional to E , E; =115GeV and E; =850GeV are the factors due to
the dependenceof path length on the zenith angle. The atmospheric muons should contribute to only the
down-going everts. The energyspectrum of atmospheric muons may be steeply enoughto be distinguished
from signal events by setting a propaer threshold energyin ltering.

4.3 Flux at the lceCub e Depth

Figure 4.1 shows the angular distributions of the relevant uxes above 10 PeV of and at the detector
after propagation in the earth. The uxes of and are calculated by propagating the primary GzZK
neutrinos (with m = 4, Znax = 4 in Ref. [16]) in the earth. It should be noted that the full mixing of

oscillation of the primary cosmic neutrino is assumedi.e., ¢ : : = 1:1:1. The intensity of
the uxes strongly dependson zenith angle. The up-going particles are strongly attenuated by the earth,
becausethey have to propagate a distance longer than down-going particles The main contribution to the
uxes is the down-goingevents (cos 0, isthe zenith angleof incident particle). The ux of islarger
than that of in up-going and horizontal region. It indicates that the detecting events with up-going
and horizontal angleis advantageous. The reasonthe haslarger ux isthat the propagatein th earth
with losing its energyslowly comparedwith  regenerationprocesslike ! ! also contributes the
Ux.

There are two lines of the uxes of atmospheric muons are also shovn in Figure 4.1. The oneis
calculated by the extrapolation from the ux of 5 TeV with assumingthat cosmicray spectrum hasgE 27
form and the another is given by Corsika [22] with assumingE 2. The contribution of atmospheric muons
is, however, also large wherecos 0. Figure 4.2 shows the angular distributions of uxes which deposit
their energyabove 10 PeV. The corntribution of atmospheric muon is small becausethe energy of them is
relatively lower than that of and

It alsoshaws that the horizontal everts (cos 0) are the mostly responsible for an obsened bulk of
EHE evernts.
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Figure 4.1: The angular distributions of uxes of and after propagation in the earth. The uxes above 10
PeV are plotted. is zenith angle of incident neutrinos de ned as the right-side gure. In the caseof cos 0, it
indicates down-going events. The primary neutrinos are given by GZK model in Ref. [16] with m = 4, Znax = 4.
The uxes of atmospheric are also plotted, solid line is given by the extrapolation from 5 TeV, dashed line is
given by Corsika estimation [22].
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Figure 4.2: The angular distributions of energy deposit in the detector for and . The uxes which deposit their
energy above 10 PeV are plotted.  is zenith angle of incident neutrinos. The primary neutrinos are given by GZK
model in Ref. [16] with m = 4, Znax = 4. The uxes of atmospheric  are also plotted, solid line is given by the
extrap olation from 5 TeV, dashedline is given by Corsika estimation [22].
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4.4 Evaluation of IceCub e Sensitivit y

The IceCube sensitivity is ewvaluated by the evernt rate per energy decadedN=dLogE. In order to
obtain the uxes of neutrinos and charged leptons incident to the detector as a function of zenith angle,
the numerical transportation in the earth is carried out for a given ux of primary neutrinos. Then
corvoluting the results of Monte-Carlo simulation, we obtained the IceCube sensitivity.

Figure 4.3 shows the resultant sensitivity with 1km? detection area for and for , respectively.
The various model predictions are also plotted together for comparison. The event ux which lose the
energy above threshold is calculated by Monte-Carlo simulation described in section 3.3. The obtained
energy rate is integrated over zenith angle. The 90% C.L. upper limit, i.e., (2:3 everts)/(10 years)/(1km?
detection area)/(energy decade),for the threshold of the energy deposit in the detector for 1 PeV and 10
PeV are shown.

The  sensitivity is better than that of  above 10° GeV region becausethe detection volume of
is larger than that of . While, below 10° GeV region, the sensitivity is better than sensitivity,
becausethe energy deposit of is basically larger than the caseof (SeeFigure 3.10and 3.9). But, the

sensitivity has a bump structure around 10° GeV region. It is due to the corntribution of the decay
which induceslarge energy deposit.

Additionally , Figure 4.4 shows the sensitivity which include both and  cortributions. This gure
indicates that the model above the lines of threshold can be excludedin absenceof signalswith 90%C.L..
The solid blue lines show the limits obtained by the caseof the incident particle is chargedleptons. While
the dashedlines show the limits in the caseof the charged leptons produced via CC inside the detector.
Below 10° GeV region, chargedleptons must be producednear the detector volume to remain their energies
above the threshold, which leadsto reduction of the detector volume, while energy deposit at the CC/NC
vertex cortributes total energylossin signi cant way in caseof neutrino primary events. The resultant
sensitivity around the threshold energy will be, consequetly, enhancedby looking at not just muon/tau
tracks but neutrinos inducing cascadesnside the detector volume. From Figure 4.4, the IceCube has the
sensitivity enoughto excludethe GZK model which is the most solid model for the EHE cosmicneutrinos.

The Table 4.2 showvs 90% C.L. upper limit of primary EHE neutrino uxes, which are placed by
E2dF=dE [GeV cm 2 sec ! sr 1] form.
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Figure 4.3: The IceCube sensitivities onthe EHE neutrino uxes. The upper gure showsthe  sensitivity,
and the lower gure shavsthe  sensitivity. The 90% C.L. upper limits of the primary neutrino ux by a
1km? detection areawith 10 yearsoperation for the threshold energieswith 1 PeV and 10 PeV are plotted.
The solid blue lines show the limits obtained in the caseof the incident particle is charged leptons. While
the dashedlines show the limits by the caseof the chargedleptons are producedvia CC inside the detector.
The other lines indicate the various model predictions given by, GZK ([16] with (m; Znax )=(4 ; 4) for the
red line, [20] with (M; Zmax ; ; Emax )=(5;2; 2; 10 ZeV) for the magerta line), TD [19] and Z-burst [18].
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Figure 4.4: The IceCube sensitivities on the EHE neutrino uxes. The blue lines shov the sensitivities
which include both and  contributions. The solid thick lines show the limits obtained by the caseof
the incident particle is charged leptons. While the dashedlines show the limits by the caseof the charged
leptons are produced via CC inside the detector. Sameas Figure 4.3, the various models predictions are
also plotted.
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+ + =avor
1PeVthres. || 3:3 108 |30 108 |32 108 16 10 8
10PeVthres. || 3:7 108 |46 108 |41 108 221 108

Table 4.2: 90% C.L. upper limit for EHE neutrino uxes, which are given by E?dF=dE [GeV cm 2 sec !
sr 1] form are shovn with the primary EHE neutrinos' energiesof 10° GeV. Rows are threshold energy
deposit and columns are primary neutrinos. The threshold energywith 1 PeV and 10 PeV are shown.
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Chapter 5

Summary and Outlo ok

5.1 Summary

We developed the MonteCarlo/Numerical simulator \JULIeT" for transporting the neutrinos and charged
leptons for the IceCube.

The JULIeT was developed in order to understand both the EHE particles propagation in the earth
and in the detector. As fundamental cheds of JULIeT, we calculated the distributions of energy deposit
in 1km ice for and . They showsthe uctuation which are a ected by stochastic interactions suc as
bremsstrahlung, photo-nuclear and so on. In the caseof , especially, the contribution of decay is not
negligible in lower energyrange. The dependenceof energy deposit on the primary particle's energy also
shows that the cortribution of decay is sizable.

The JULIeT still has a problem, arisen from the uncertainty of the crosssection of the photo-nuclear
interaction. The instability of this crosssection adverselya ect on all the results we obtained.

We calculated the propagation in the earth by numerically solving transport equations. We obtained
the incident uxes of these particle to the detector by transporting the primary EHE neutrinos given by
various models. While, by using the Monte-Carlo methods, we calculated the energy deposit distribution
of the particles in the detector made of ice.

By combining those results, we obtained the energy deposit distribution of the neutrinos and charged
leptons produced by EHE cosmic neutrinos. The evert rate for given EHE neutrino uxes was obtained
to evaluate the IceCube sensitivity. The 90% C.L. upper limits for the primary EHE neutrino uxes, i.e.,
(2:3 events)/(10 years)/(1km? detectionarea)/(energy decade),for the threshold energieswith 1 PeV and
10 PeV were estimated as a function of primary neutrino energy The resultant upper limits for 10 PeV
threshold would be placedat E2dF=dE"' 3:7 10 8[GeVcm 2?sec 'sr !]for ,and4:6 10 8[GeV
cm 2sec 'sr 1 for with 10° GeV. We also calculated the 90% C.L. upper limits for the sum of
and  origin events; 221 10 8 [GeVcm 2sec 'sr ! avor 1] with 10° GeV threshold.

5.2 Future Work

The highest-priority issuefor the progressof the JULIeT is the improvemen of the parameterization of
di erential crosssectionsof photo-nuclear interaction. The instability of the photo-nuclear crosssection
adverselya ect on all the results we obtained.

The JULIeT in the current version is not able to simulate cascadedevelopmert. Instead, it sim-
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ply records primary energy of the electron(or photon)/hadron (i.e. primary energy of the electromag-
netic/hadronic cascades)and its generatedlocation, i.e. it seesthe cascadesas point like. In order to
understand the Cherenlkov light from cascadeswith accuracy the JULIeT should be able to simulate the
cascadedevelopmert with Monte-Carlo methods.

The detector de ned in the current version of the JULIeT is just an ice, in which the DOMs have not
instrumented yet. It needsa classto de ne the geometry of DOMs in the points packageof the JULIeT.
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