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Chapter 1

Introdution

The Standard Model (SM) of partile physis is in perfet agreement with

all present aelerator experiments

1

. There are, however, signals that point

beyond the SM. These an be either theoretial or experimental indiations.

On the theoretial side one ould mention the problems the SM su�ers from:

too many parameters, triviality of the Higgs setor, Landau-pole in the U(1)

setor, et. On the experimental side there are only indiret signals. In my

thesis I will deal with two suh indiations.

The �rst one is the presene of baryoni matter around us. The SM seems

to provide a mehanism for produing nonzero baryon number starting from

symmetri initial onditions. This requires a strong �rst order �nite temper-

ature eletroweak phase transition. However, it turned out that for a �rst

order phase transition the mass of the Higgs partile has to be less then

72 GeV above whih only a rapid ross-over an be seen. Sine the experi-

mental lower bound on the Higgs boson mass is muh higher, SM baryoge-

nesis is ruled out. In order to avoid the onlusion that the present baryon

number was simply an initial ondition we need to go beyond the Standard

Model. The most attrative extension of the SM is the Minimal Supersym-

metri Standard Model (MSSM). In the next hapter I will investigate the

possibility of baryogenesis in the MSSM.

1

Reently the anomalous magneti moment of the muon has been found to be slightly

di�erent from the SM predition [1℄

3



CHAPTER 1. INTRODUCTION 4

The seond signal that I disuss in my thesis omes from the observed

osmi rays. The highest energy deteted osmi ray events have marosopi

energy, more than 1020 eV. It is unlikely that these partiles were aelerated

from lower energies to suh a high energy. A more attrative possibility is

that they are the deay produts of some metastable superheavy partile,

usually assoiated with some Grand Uni�ed Theory (GUT). This appealing

possibility learly points far beyond the SM. In the third hapter of this thesis

I give preditions on the density and energy sale of the Ultrahigh energy

osmi ray soures.

The MSSM baryogenesis alulations needed lattie simulations of the

bosoni setor of MSSM. This requires a large amount of CPU time. For this

purpose a PC based superomputer was built at the Eötvös University. In

the fourth hapter I will disuss the hardware and software arhiteture of

this mahine.

In the MSSM projet I worked together with Feren Csikor, Zoltán Fodor

Pál Hegedüs, Tamás Herpay, Antal Jaková and Attila Piróth. The UHECR

alulations were done together with Zoltán Fodor while in the superom-

puter projet Feren Csikor, Zoltán Fodor, Pál Hegedüs, Viktor Horváth and

Attila Piróth were also involved. This also means that only a part of the

results belong to me. My ontribution is the following:

• Writing a 5000 line C program for the MSSM lattie simulations; De-

velopment of the heatbath and overrelaxation algorithms for the Higgs

and squark �elds.

• Performing �nite temperature simulations to determine the ritial

point of the Eletroweak Phase Transition and then zero temperature

simulations to measure the mass spetrum.

• Determining the phase diagram of MSSM in the m2
U�T plane in the

in�nite volume limit. Finding the bubble wall pro�le during the phase

transition and measuring the width of the wall and the hange of the

ratio of the two Higgs expetation values.

• Determining the density of ultrahigh energy osmi ray soures based
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on the lustering features of observations.

• Finding the P (r, E, Ec) funtion whih gives the probability that a

partile produed with energy E is deteted above the energy Ec after

propagation over a distane r.

• Determining the fragmentation funtion of the proton at high energies.

• Finding the mass of the superheavy partile that ould be the soure

of ultrahigh energy osmi rays.

• Writing the job management system and the kernel driver for the om-

muniation ards of the PMS superomputer.

In my thesis I will onentrate on these aspets of the problems. I have four

publiations onneted to my thesis:

• F. Csikor, Z. Fodor, P. Hegedüs, A. Jaková, S. D. Katz and A. Piróth,

Phys. Rev. Lett. 85, 932 (2000).

• Z. Fodor and S. D. Katz, Phys. Rev. D 63, 023002 (2001).

• Z. Fodor and S. D. Katz, Phys. Rev. Lett. 86, 3224 (2001).

• F. Csikor, Z. Fodor, P. Hegedüs, V. K. Horváth, S. D. Katz and

A. Piróth, Comput. Phys. Commun. 134, 139 (2001).

The struture of this thesis is as follows. In hapter 2 I brie�y disuss

the possibilities of eletroweak baryogenesis in the SM and MSSM. Then

I present the methods used for lattie simulations of the bosoni setor of

MSSM and give the results of �nite and zero temperature simulations. The

last two setions of this hapter deal with the phase diagram of MSSM and

the pro�le of the bubble wall during the phase transition.

Chapter 3 deals with ultrahigh energy osmi rays. After a short intro-

dution the density of soures is determined. The interesting assumption

that the soures of these osmi rays an be superheavy partiles is disussed

in setion 3.2.
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In hapter 4 the PMS superomputer is desribed. Both the hardware and

sofware arhitetures are disussed in detail and results for the performane

are also given.



Chapter 2

MSSM Baryogenesis

2.1 Baryogenesis in the Standard Model

The world around us is made up of baryoni matter. This fat an be ver-

i�ed by observations in our viinity. For distant regions of the Universe we

have only indiret signals. If in some distant segment of the Universe anti-

world domains existed, the annihilation at the world � anti-world domain

walls should a�et the di�use osmi gamma-ray bakground. The observed

gamma-ray spetrum does not seem to support the possibility of anti-world

domains [2℄.

The observed asymmetry an either be aepted as an initial ondition at

the �Big-Bang� or explained by some symmetry breaking mehanism during

the evolution of the Universe. While the �rst solution is rather simple, the

seond one gives a real hallenge to partile physis. The �nal non-vanishing

baryon number of the universe should be derived from symmetri initial

onditions.

Every baryogenesis senario should ful�ll three onditions �rst stated by

Sakharov [3℄:

1. Baryon number violation

2. C and CP violation

3. Departure from thermal equilibrium

7
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The Standard Model provides an appealing mehanism for baryogenesis. All

three onditions are satis�ed at high temperatures (around 100 GeV) where

the eletroweak phase transition (EWPT) takes plae. Transitions between

the di�erent vaua of the system, alled sphalerons, an hange the baryon

number, B. The sphalerons, however, do not only hange B but also the

lepton number L suh that B − L remains onstant. This way a B + L

asymmetry an be generated. The EWPT is the last possibility during the

evolution of the Universe when the baryon number ould be generated [4℄.

In my thesis I will disuss the possibility of eletroweak baryogenesis.

Even if during the EWPT all Sakharov onditions are satis�ed it does

not still mean that the required baryon number will be generated. If the

sphaleron rate is too high all generated B + L asymmetry will be washed

out. The expansion rate of the universe should be large enough to prevent

this. This ondition an be formulated using the expetation value of the

Higgs �eld (v) in the symmetry-broken phase and the ritial temperature

(Tc) of the phase transition:
v

Tc
> 1 (2.1)

The forthoming part of this hapter will deal with this ondition.

The �rst detailed desription of the EWPT in the SM was based on per-

turbative tehniques [5℄. However, there were O(100%) orretions between

di�erent orders of the perturbative expansion for Higgs boson masses larger

than about 60 GeV. This questions the use of perturbation theory in this re-

gion. The dimensionally redued 3d e�etive model (e.g. [6℄) was also studied

perturbatively and it gave similar onlusions. To solve the problem of higher

Higgs masses lattie simulations were needed. Both diret four dimensional

simulations [7, 8℄ and redued three dimensional simulations [9℄ were arried

out. The results are in agreement and they ontradit perturbation theory.

While perturbation theory predits a �rst order phase transition even for

large Higgs masses, lattie studies show that the strength of the transition

gets weaker and there is an endpoint [10, 11℄ at Higgs massmH = 72±1.4GeV

[11℄.

The present experimental lower limit of the SM Higgs boson mass is by
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several standard deviations larger than the endpoint value. Thus any EWPT

in the SM is exluded. This also means that the SM baryogenesis in the early

Universe is ruled out.

2.2 Baryogenesis in the MSSM

In order to explain the observed baryon asymmetry, extended versions of

the SM are neessary. Clearly, the most attrative possibility is MSSM. A-

ording to perturbative preditions the strength of the EWPT in the MSSM

depends strongly on the salar masses [12℄. Sine now there are more salars

than the Higgs itself they an be used to inrease the Higgs mass while keep-

ing v/Tc above 1. In partiular if the stop mass is smaller than the top mass

then baryogenesis may be possible even for Higgs masses around 100 GeV

[13℄. At two-loop level stop-gluon graphs give a onsiderable strengthening

of the EWPT (e.g. third and fourth paper of [12℄).

A redued 3d version of the MSSM has reently been studied on the

lattie [14℄. It inluded SU(3)×SU(2) gauge �elds, the right-handed stop

and a �light� ombination of the Higgses. The results show that the EWPT

an be strong enough, i.e. v/Tc>1, up to mh≈105 GeV and mt̃≈165 GeV,

where mh is the mass of the lightest neutral salar and mt̃ is that of the stop

squark.

In this hapter I study the EWPT in the MSSM on four dimensional

latties. Lattie simulation of fermioni �elds is extremely CPU onsuming.

Fortunately all problems arising in the perturbative approah ome from the

bosoni setor of the theory. Thus we an �nd a mixed solution: simulating

only the bosoni setor on the lattie, and taking fermions into aount per-

turbatively [16℄. In fat the method we used is to study almost the whole

bosoni setor on the lattie and then to tune perturbation theory to get the

same results. This �alibrated� perturbation theory is then used to orret

lattie results at di�erent lattie spaings to be on a line of onstant physis

(LCP).

Our analysis extends the 3d study [14℄ in two ways:
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1. We use 4d latties instead of 3d. This way the bosoni �elds are di-

retly put on the lattie and the unertainties oming from dimensional

redution are missing. Using unimproved lattie ations the leading

orretions due to the �nite lattie spaings are proportional to a in 3d

and only to a2 in 4d. For O(a) improvement in the 3d ase f. [17℄.

In 4d simulations we also have diret ontrol over zero temperature

renormalization e�ets.

2. We inlude both Higgs doublets, not only the light ombination. A-

ording to standard baryogenesis senarios (see e.g. [18℄) the generated

baryon number is onneted to the the expetation values and the rel-

ative phase of the two Higgs �elds in the bubble wall. I will study the

properties of the bubble wall in setion 2.7.

In the following setions I will disuss the lattie simulations of the bosoni

setor of MSSM in detail.

2.3 MSSM on the lattie

2.3.1 The Lagrangian

In order to have a reasonably simple Lagrangian while not negleting impor-

tant e�ets, we deided to ignore salars with small Yukawa ouplins and the

U(1) fator whih an easily be treated perturbatively. The �elds we kept

are the following:

• SU(3) and SU(2) gauge �elds of the strong and weak interations: A(s)
µ

and A(w)
µ ;

• two Higgs doublets: H1 and H2;

• left handed stop-sbottom doublet: Qij where i is the SU(3) index while

j is the SU(2) index;

• right handed stop and sbottom �elds: Ui and Di.
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The ontinuum Lagrangian in standard notation reads

L = Lg + Lk + LV + Lsm + LY + Lw + Ls. (2.2)

The gauge part is

Lg =
1

4
· F (w)

µν F (w)µν +
1

4
· F (s)

µν F
(s)µν

(2.3)

with the usual �eld-strength tensor. The kineti part is the sum of the

ovariant derivative terms of all salars:

Lk = (D(w)
µ H1)

†(D(w)µH1) + (D(w)
µ H2)

†(D(w)µH2)

+(D(ws)
µ Q)†(D(ws)µQ) + (D(s)

µ U∗)†(D(s)µU∗) + (D(s)
µ D∗)†(D(s)µD∗). (2.4)

The potential term for the Higgs �elds reads

LV = m2
12[α1|H1|

2 + α2|H2|
2 − (H†

1H̃2 + h.c.)]

+
g2w
8

· (|H1|
4 + |H2|

4 − 2|H1|
2|H2|

2 + 4|H†
1H2|

2), (2.5)

for whih two dimensionless mass parameters are de�ned:

α1 = m2
1/m

2
12, α2 = m2

2/m
2
12. (2.6)

One gets

Lsm = m2
Q|Q|2 +m2

U |U |2 +m2
D|D|2 (2.7)

for the squark mass part, and

LY = h2
t (|QU |2 + |H2|

2|U |2 + |Q†H̃2|
2) (2.8)

for the dominant Yukawa part. The quarti parts ontaining the squark �elds

read

Lw =
g2w
8
· [2{Q}4−|Q|4+4|H†

1Q|2+4|H†
2Q|2−2|H1|

2|Q|2−2|H2|
2|Q|2] (2.9)

and

Ls =
g2s
8

·
[

3{Q}4 − |Q|4 + 2|U |4 + 2|D|4 − 6|QU |2

−6|QD|2 + 6|U †D|2 + 2|Q|2|U |2 +2|Q|2|D|2 − 2|U |2|D|2
]

, (2.10)
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where

{Q}4 = Q∗
iαQ

∗
jβQiβQjα. (2.11)

The salar trilinear ouplings have been omitted for simpliity. It is straight-

forward to obtain the lattie ation, for whih we used the standard Wilson

plaquette, hopping and site terms.

2.3.2 Monte-Carlo tehniques

We used loal updates for all �elds. The �rst implementation used the sim-

plest Metropolis algorithm. However, using this method O(100) sweeps were

neessary to get independent on�gurations even for the smallest latties.

The autoorrelation funtion whih gives the orrelation between subsequent

on�gurations is de�ned as:

a(τ) =< AnAn+τ > − < An >< An+τ >, (2.12)

where Ai is the value of some observable on the i-th on�guration. The

autoorrelation funtion usually deays exponentially with τ , the deay rate

gives the autoorrelation time. Sine this autoorrelation time is huge for the

Metropolis algorithm, it is neessary to use faster updating algorithms. For

the gauge �elds we used the standard overrelaxation and heatbath updates.

For the salar �elds we had to improve the method used for the simulations of

the SU(2)-Higgs model [7, 8℄, sine the salar ouplings are more ompliated.

In the following I desribe the overrelaxation and heatbath algorithms for the

salar �elds.

Overrelaxation algorithm

The goal of the overrelaxation algorithm is to generate new �eld on�gura-

tions while keeping the ation unhanged. In eah step only one �eld at one

lattie site is updated. Let the updated �eld at a given lattie site be φ. It

is an N omponent omplex vetor, where N = 2 for the Higgs �elds and

N = 3 for the squark �elds. The lattie ation an be written as:

S = S0 + φ†Mφ + b†φ+ λ|φ|4, (2.13)
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where S0 is independent of φ, M is an N × N hermitian matrix, b is an N

omponent omplex vetor and λ is a salar. The values of M , b and λ are

all independent of φ and an be obtained as a funtion of other �elds and

the given �eld at other sites.

We would like to update the vetor φ suh that S remains unhanged. Due

to the quarti term it is rather di�ult to keep S unhanged. However, if the

ation hanges only slightly then an additional Metropolis aept-rejet step

with a high aeptane rate an be performed. If the quarti term vanishes,

the ation is invariant under the update:

φ → 2 · φ0 − φ, (2.14)

where the ation has a loal minimum at φ = φ0, i.e. 2 · Mφ0 + b = 0.

For λ 6= 0 this is of ourse not an exat overrelaxation step, so it has to be

orreted with a Metropolis step. Unfortunately, if the expetation value of

the updated �eld is large (whih is the ase for the Higgs �elds in the broken

phase), the quarti term beomes large and the Metropolis aeptane rate

gets too low. The algorithm an be improved in the following way. The

ation an be rewritten as:

S = S ′
0 + φ†(M + 2Aλ · 1)φ+ b†φ+ λ

(

|φ|2 − A
)2

. (2.15)

This is learly equal to (2.13), only the onstant term (S ′
0) has hanged. A

part of the quarti term was moved to the quadrati term. By hoosing

the value of A arefully, the Metropolis aeptane rate an be signi�antly

inreased. The value of A is hosen to be a onstant for all lattie sites and

it is tuned to give the best aeptane rate during thermalization. Using this

method we found the aeptane rate being above 90% for all salar �elds.

Heatbath algorithm

In the heatbath algorithm, the updated φ is not obtained from its previous

value but is generated diretly aording to the desired distribution. The

quarti term makes things again ompliated. Just as before, we an intro-

due the A parameter whih onverts a part of the quarti term to quadrati.
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Using an iterative tehnique the value of A an be set to be equal to |φ0|
2
,

where the non-quarti part of the ation has its minimum at φ0:

2 · (M + 2Aλ · 1)φ0 + b = 0. (2.16)

Let χ = φ− φ0. Then, using 2.16, the ation an be written as:

S = S ′′
0 +φ†

0(M +2Aλ · 1)φ0+ b†φ0+χ†(M +2Aλ · 1)χ+λ
(

|φ0 + χ|2 −A
)2

.

(2.17)

We have to generate φ aording to the distribution e−S
. This is done ap-

proximately in the following steps. First we �nd A and φ0. Then we generate

χ aording to the distribution exp(−χ†M ′χ) with M ′ = M + 2Aλ · 1. This

will not give exatly the required distribution, so we perform an additional

aept-rejet step with dS = λ (|φ0 + χ|2 −A)
2
. The generation of χ a-

ording to the given distribution is fairly simple. If we deompose M ′
as

M ′ = L†L then the required distribution is exp(−|Lχ|2). If η is a Gaussian

random vetor then χ = L−1η will have the desired distribution.

As the generated distribution is not exatly the desired distribution (and

hene is orreted by the aept-rejet step), we may all this algorithm as

a �quasi-heatbath� algorithm. The aeptane rate for all �elds was above

90%.

The full update is a ombination of loal overrelaxation and heatbath

steps. Overrelaxation moves fast in the on�guration spae while heatbath

ensures ergodiity. We measured the autoorrelation time for this ombined

updating algorithm. Figure 2.1 shows how muh this updating is faster than

the simple Metropolis algorithm for a small 43 × 2 lattie. Using Metropolis

O(100) sweeps are required to have a new independent on�guration, while

using the overrelaxation/heatbath ombination eah on�guration is prati-

ally independent.

2.4 Lattie simulations

The parameter spae of the above Lagrangian is many-dimensional. Most of

these parameters must have been �xed. The experimental values were taken
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Figure 2.1: The autoorrelation funtion for Metropolis (dashed line) and

overrelaxation/heatbath (solid line) algorithms. Γ is de�ned as the logarithm

of the autoorrelation funtion. The exponential deay an be seen in both

ases. The autoorrelation time is muh higher for the Metropolis algorithm.

for the strong, weak and Yukawa ouplings, and tanβ = 6 is used. For the

bare soft breaking masses our hoie was mQ,D = 250 GeV, mU = 0 GeV in

the squark setor and m12 = 150 GeV in the Higgs setor. The value of α1

was set by the value of tan β (α1 ≈ tanβ) while α2 was used to tune the

system to the ritial point.

Figure 2.2 shows the shemati phase diagram of MSSM in the α1 − α2

plane. We an observe the renormalization e�ets on the phase boundary.

The tree level boundary is α1 · α2 = 1 while the real boundary (determined

from a few simulation points) has a similar shape but it is shifted. It is

interesting that the phase boundary is more shifted in the α2 diretion than

in the α1 diretion. This is aused by the large top Yukawa oupling sine it

gives a dominant renormalization ontribution to α2 only.

Simulations were performed in two main steps:

1. Finite temperature simulations, when the temporal extension Lt of the

lattie is muh smaller than the spatial extensions Lx,y,z. For a given

Lt we �xed all parameters of the Lagrangian exept α2. We used α2
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Figure 2.2: The shemati phase diagram in the α1 − α2 plane. The dashed

line represents the tree level phase boundary, while the solid line shows the

real boundary. The shaded region is unstable where the ation is not bounded

from below.

to tune the system to the transition point. For �nding the transition

point, two di�erent methods were used whih I will disuss in more

details later. We measured the jump of the expetation value of the

Higgs �elds in the transition point. Using latties with di�erent spatial

extensions, we performed in�nite volume extrapolations both for the

ritial α2 and the Higgs jump.

2. Zero temperature simulations. We used large latties (with large Lt as

well). α2 was set to its in�nite volume extrapolated value, while all

other parameters were set to be the same as in the �nite temperature

ase. We measured the orrelation funtions for the W and Higgs

bosons and Wilson-loops. The W orrelation length gives the inverse

W mass in lattie units whih determines the lattie spaing. This

makes it possible to express our quantities in physial units rather than

in lattie units.

Both steps were performed for di�erent lattie spaings. The lattie spa-
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ing an be hanged by hanging the temporal extension of the �nite temper-

ature lattie. We used four di�erent temporal extensions, Lt = 2, 3, 4, 5.

While hanging the lattie spaing, we have to hange the bare parameters

of the Lagrangian so that all zero temperature observables remain the same.

We want to keep the system on a line of onstant physis (LCP).

2.4.1 Finite temperature simulations

The �rst goal of �nite temperature simulations is to determine the ritial

value of α2 at whih a �rst order phase transition ours. Depending on the

strength of the phase transition, di�erent methods an be e�iently used to

�nd the value of α2c aurately. First one an get a rough estimate on α2c

if simulations are performed for several di�erent α2 values. A hange an

be observed in the length of the seond Higgs �eld |H2|
2
around the ritial

point. Then olleting large statistis near the ritial point, the Ferrenberg-

Swendsen reweighting tehnique [19℄ an be applied to get information about

observables belonging to slightly di�erent α2 values. We used two di�erent

methods to �nd the ritial point.

Lee-Yang zeros

The method of Lee-Yang zeros [20℄ an be applied if the phase transition is

not too strong and during the simulations the system an walk between the

di�erent phases.

The free energy is singular in a �rst order phase transition point, whih

means that the partition funtion vanishes. For �nite volumes the free energy

singularity, the roots of the partition funtion will not be real any more. If

we analytially ontinue the partition funtion into the omplex α2 plane,

we an �nd these zeroes. Fortunately as we inrease the lattie volume, the

imaginary parts of these Lee-Yang zeros tend to be zero. The partition fun-

tion at arbitrary α2 (not too far from the simulation point) an be obtained

by the reweighting mentioned before. We may then look for the zeros of the

partition funtion in the omplex plane and the real part of the root with

smallest imaginary part will give the ritial point to a high auray.
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Constrained simulations

Lee-Yang zeros an not be found (or fake zeros are found) if the phase tran-

sition is too strong. In these ases the system is usually stuk into one of the

phases and due to the �superritial slowing down� the updating algorithm

is not able to evolve it to the other phase.

A solution to this problem is not to let the system go to any of the

phases. Instead, we onstrain the value of the order parameter (in our ase

|H2|
2
averaged over the lattie) in a small interval between the two phases

[21℄. All on�gurations that have an order parameter out of this interval are

rejeted. If we are at the ritial point then the system an minimize its

free energy in a way that two separate phases are formed at two di�erent

parts of the lattie. The de�nition of the ritial point is in this ase that

the distribution of the order parameter on the seleted interval should be

uniform. This de�nition may slightly depend on the hoie of the interval

between the two phases, however, this dependene vanishes in the in�nite

volume limit.

Finite temperature results

In the following I present the results of �nite temperature simulations. Four

di�erent temporal lattie extensions were used (Lt = 2, 3, 4, 5). Figure 2.3

shows the distribution of the order parameter in the transition point on a

43 × 2 lattie. It is easy to identify the two phases, the transition is learly

of �rst order.

Using the method of Lee-Yang zeros, the ritial α2 value was found for

several spatial lattie extensions. Figure 2.4 shows the �nite volume saling

of ritial points for Lt = 3. One an observe that the ritial points sale

well with 1/V (exept for the smallest volumes) and this property an be

used to extrapolate to in�nite volume. The in�nite volume α2 is found to be

α2c = −0.96137(3). The jump of the order parameter an be measured from

histograms like Figure 2.3 and an in�nite volume extrapolation an also be

done.

Table 2.1 shows α2c and v/T for the four di�erent temporal extensions.
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Figure 2.3: The distribution of the order parameter |H2|
2
in the transition

point. The two separate peaks learly indiate a �rst order phase transition.

Figure 2.4: The ritial α2 values for di�erent lattie volumes as a funtion

of the inverse volume.

The errors were obtained by using a jakknife analysis. We an observe that

both α2c and the Higgs jump inreases as we go to the ontinuum limit.
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Lt 2 3 4 5

α2c -1.0005(5) -0.96137(3) -0.9575(1) -0.95504(2)

v/T 1.50(1) 1.83(5) 1.99(2) 2.12(1)

Table 2.1: The ritial α2 values and v/T for di�erent temporal lattie

extensions.

2.4.2 Zero temperature simulations

After performing �nite temperature simulations and �nding the ritial α2

values we have to arry out zero temperature simulations to measure the

mass spetrum at the given physial point. The masses of partiles an be

extrated from two-point funtions of �eld operators. For the Higgs mass we

measured the orrelation funtions:

cij(x, y) =< |Hi(x)|
2|Hj(y)|

2 >, (2.18)

with i, j = 1, 2 for the two Higgs �elds. The lightest Higgs mass an be

obtained from the exponential tails of these orrelation funtions. For the

W mass the same operators were used as in [8℄. The results for the Higgs

and W masses and their ratio RHW is given in Table 2.2. The errors were

alulated again by a jakknife analysis. We an see from the data that not

an exat line of onstant physis was followed. Thus we need perturbative

orretions whih we inlude in the next setion.

Lt 2 3 4 5

mH 0.325(6) 0.124(10) 0.088(6) 0.070(10)

mW 0.594(12) 0.335(8) 0.253(18) 0.211(20)

RHW 0.547(15) 0.370(31) 0.348(34) 0.332(57)

Table 2.2: The lightest Higgs and W masses in lattie units and their ratio

for di�erent temporal lattie extensions. Lt is the temporal lattie extension

of the orresponding �nite temperature lattie.
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2.5 Comparison with perturbation theory

We ompared our simulation results with perturbation theory. We used

one-loop perturbation theory without applying high temperature expansion

(HTE). A spei� feature was a areful treatment of �nite renormalization

e�ets, by taking into aount all renormalization orretions and adjusting

them to math the measured zero temperature spetrum [22℄. We studied

also the e�et of the dominant �nite temperature two-loop diagram (�setting-

sun� stop-gluon graphs, f. �fth ref. of [12℄), but only in the HTE. Sine the

infrared behavior of the setting-sun graphs is not fully understood, we used

the one-loop tehnique with the zero temperature sheme de�ned above. This

type of one-loop perturbation theory was also applied to orret the measured

data to some �xed LCP quantities, whih are de�ned as the averages of re-

sults at di�erent lattie spaings, (i.e. our referene point, for whih the most

important quantity is the lightest Higgs mass).

The bare squark mass parameters m2
Q, m

2
U , m

2
D reeive quadrati renor-

malization orretions. As it is well-known, one-loop lattie perturbation the-

ory is not su�ient to determine these orretions reliably, thus we used the

following method. We �rst determined the position of the non-perturbative

olor-breaking phase transitions in the bare quantities (see next setion).

These quantities were ompared with the predition of the ontinuum per-

turbation theory, whih yielded the renormalized mass parameters on the

lattie.

Figure 2.5 ontains the ontinuum limit extrapolation for the normalized

jump of the order parameter (v/Tc: upper data) and the ritial temperature

(Tc/mW : lower data). The shaded regions are the perturbative preditions

at our referene point (see above) in the ontinuum. Their widths re�et the

unertainty of our referene point, whih is dominated by the error of mh.

Note that v/Tc is very sensitive tomh, whih results in the large unertainties.

Results obtained on the lattie and in perturbation theory agree reasonably

within the estimated unertainties. It might well be that the Lt=2 results are

not in the saling region; leaving them out from the ontinuum extrapolation

the agreement between the lattie and perturbative results is even better.
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Figure 2.5: The normalized jump and the ritial temperature in the ontin-

uum limit.

2.6 The phase diagram of bosoni MSSM

As the bare squark mass parameter m2
U is dereased, the system an go to a

so-alled olor-breaking phase where the SU(3) symmetry is spontaneously

broken. As mentioned in the previous setion, the knowledge of this well-

de�ned transition point helps us to perform the squark mass renormalization.

We determined the phase diagram in the m2
U�α2 plane in the in�nite volume

limit and after performing zero temperature simulations we ould transform it

to the physialm2
U�T sales. The phase transition to the olor-breaking phase

is muh stronger than the one between the symmetri and Higgs phases, so

we used the onstrained simulation method to obtain the ritial m2
U values.

Figure 2.6. shows the phase diagram in them2
U�T plane. One an identify

three phases. The phase on the left (large negative m2
U and small stop mass)

is the olor-breaking phase. The phase in the upper right part is the symmet-

ri phase, whereas the Higgs phase an be found in the lower right part. The

line separating the symmetri and Higgs phases was obtained from the Lt = 3

simulations, whereas the lines between these phases and the olor-breaking

one were determined by keeping the lattie spaing �xed, while inreasing
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and dereasing the temperature by hanging Lt to 2 and 4, respetively. The

shaded regions indiate the unertainty in the ritial temperatures. The

qualitative features of this piture are in omplete agreement with pertur-

bative and 3d lattie results [12, 13, 14℄; however, our hoie of parameters

does not orrespond to a two-stage symmetri-Higgs phase transition. In

this two-stage senario there is a phase transition from the symmetri to

the olor-breaking phase at some T1 and another phase transition ours at

T2 < T1 from the olor-breaking to the Higgs phase. It has been argued [23℄

that in the early universe no two-stage phase transition took plae.

Figure 2.6: The phase diagram of the bosoni theory obtained by lattie

simulations.

2.7 Analysis of the bubble wall

In order to produe the observed baryon asymmetry, a strong �rst order

phase transition is not enough. Aording to standard MSSM baryogenesis

senarios [18℄ the generated baryon asymmetry is diretly proportional to the

variation of β through the bubble wall separating the Higgs and symmetri

phases. By using elongated latties (2 ·L2 · 192), L=8,12,16 at the transition

point we studied the properties of the wall. We performed onstrained sim-
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ulations in the transition point (see setion 2.4.1). The length of the seond

Higgs �eld was restrited to a small interval between its values in the bulk

phases. As a onsequene, the system �utuated around a on�guration with

two bulk phases and two walls between them. In order to have the smallest

possible free energy, the walls are perpendiular to the long diretion. To

�nd the wall pro�le we measured the average of both Higgs �elds on eah

timeslie separately. When taking the averages of the wall pro�les one has

to be areful. Due to translational symmetry the loation of the walls is

di�erent for di�erent on�gurations. Before taking an average the di�erent

on�gurations should be appropriately shifted. The required shift between

two samples an be obtained by minimizing the following �distane�:

d =
192
∑

i=1

(

Φ1i − Φ2(i+k)

)2

σ2
1i + σ2

2(i+k)

, (2.19)

where Φ1i (Φ2(i+k)) is the average of one of the Higgs �elds on the i-th (i+k-

th) timeslie on the �rst (seond) sample and the σ-s are the orresponding

standard deviations. k is the relative shift of the two samples (i + k is of

ourse meant by modulo 192).

Figure 2.7 shows the bubble wall pro�les for both Higgs �elds after av-

eraging O(50000) on�gurations for L = 12. The wall pro�les are similar

for L = 8 and L = 16. The width of the wall (w) an be obtained by

�tting a + b · tanh(2(x−x0)
w

) to the wall pro�le. The width slightly depends

on the ross size of the lattie. We found w = [A + B · log(aLTc)]/Tc with

A = 10.8 ± .1 and B = 2.1 ± .1. This behavior indiates that the bubble

wall is rough and without a pining fore of �nite size its width diverges very

slowly (logarithmially) [24℄. For the same bosoni theory the perturbative

approah predits (11.2± 1.5)/Tc for the width.

Transforming the data of Figure 2.7 to |H2|
2
as a funtion of |H1|

2
, we

obtain Figure 2.8. We an see that the relation between the lengths of the

Higgs �elds is almost linear. However, the slopes at the two ends signi�antly

di�er. From this di�erene we an ompute the variation of β through the

bubble wall: ∆β = 0.0061±0.0003. The perturbative predition at this point

is 0.0046 ± 0.0010. Thus perturbative studies suh as [25℄ are on�rmed by
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Figure 2.7: The pro�le of the bubble wall for both of the Higgs �elds for the

lattie 2 · 122 · 192.

Figure 2.8: The relation between the Higgs �elds within the bubble wall.

The variation of beta through the wall an be determined by de slopes at the

two ends.

non-perturbative results.

The errors of the wall width and ∆β were found by a jakknife analysis.



Chapter 3

Ultrahigh energy osmi rays

The existene of Ultrahigh energy osmi rays (UHECRs) � those with energy

above 1020 eV � is a real hallenge for onventional theories of their origin

based on aeleration of harged partiles.

The urrent theories of UHECR an be divided into two broad lasses: the

�bottom-up� and �top-down� senarios. They are opposite to eah other. In

the �bottom-up� senarios it is assumed that UHECRs are aelerated from

lower enegries in speial astrophysial environments. Some examples are

aeleration in shoks assoiated with supernova remnants, ative galati

nulei (AGNs), powerful radio galaxies, or aeleration in the strong ele-

tri �elds generated by rotating neutron stars. In the �top-down� senarios

UHECRs are the deay produts of some yet unknown metastable superheavy

partiles.

If these UHECRs are onventional partiles suh as nulei or protons, then

above energies of 4×1019 eV they loose a large fration of their energy due to

the Greisen-Zatsepin-Kuzmin (GZK) e�et [26℄. This predits a sharp drop

in the osmi ray �ux above the GZK uto� around 4 ·1019 eV. The available

data shows no suh drop. About 20 events above 1020 eV were observed

by a number of experiments suh as AGASA [27℄, Fly's Eye [28℄, Haverah

Park [29℄, Yakutsk [30℄ and HiRes [31℄. Sine above the GZK energy the

attenuation length of partiles is a few tens of megaparses [32, 33, 34, 35℄, if

an UHECR is observed on earth it must be produed in our viinity (exept

for UHECR senarios based on weakly interating partiles, e.g. neutrinos

26
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[36℄).

Usually it is assumed that at these high energies the galati and extra-

galati magneti �elds do not a�et the orbit of the osmi rays, thus they

should point bak to their origin within a few degrees. In ontrast to the low

energy osmi rays one an use UHECRs for point-soure searh astronomy.

(For an extragalati magneti �eld of µG rather than the usually assumed

nG there is no diretional orrelation with the soure [37℄.)

Though there are some peuliar lustered events [38, 39℄, whih we disuss

in detail in the next setion [40℄, the overall distribution of UHECR on the

sky is pratially isotropi [41℄. This observation is rather surprising sine

in priniple only a few astrophysial sites (e.g. ative galati nulei [42℄ or

the extended lobes of radio galaxies [43℄) are apable of aelerating suh

partiles. Nevertheless none of the UHECR events ame from these dire-

tions [44℄. Soures of extragalati origin (e.g. AGN [45℄, topologial defets

[46℄ or the loal superluster [47℄) should result in a GZK uto�, whih is

in disagreement with experiments. Hene it is generally believed [48℄ that

there is no onventional astrophysial explanation for the observed UHECR

spetrum.

The �top-down� senarios are other andidates to explain the highest

energy events. This possibility will be disussed in setion 3.2. I will onen-

trate on the determination of the mass sale of the superheavy X partile.

The existene of these X partiles would learly point beyond the Standard

Model and the most interesting result is that the mX obtained using the

experimental data is onsistent with the GUT sale [49℄.

3.1 Clustering of UHECR events

The arrival diretions of the UHECRs measured by experiments show some

peuliar lustering: some events are grouped within ∼ 3o, the typial angular

resolution of an experiment. Above 4 · 1019 eV 92 osmi ray events were

deteted, inluding 7 doublets and 2 triplets. Above 1020 eV one doublet out

of 14 events was found [39℄. The hane probability of suh a lustering from

uniform distribution is rather small [39, 38℄. (Taking the average bin 3o the
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probability of generating one doublet out of 14 events is 11%.)

The lustered features of the events initiated an interesting statistial

analysis assuming ompat UHECR soures [50℄. The authors found a large

number, ∼ 400 for the number of soures

1

inside a GZK sphere of 25 Mp.

They assumed that

a.) the number of lustered events is muh smaller than the total number

of events (this is a reliable assumption at present statistis; however, for any

number of soures the inrease of statistis, whih will happen in the near

future, results in more lustered events than unlustered);

b.) all soures have the same luminosity whih gives a delta funtion for their

distribution (this unphysial hoie represents an important limit, it gives

the smallest soure density for a given number of lustered and unlustered

events).

.) The GZK e�et makes distant soures fainter; however, this feature

depends on the injeted energy spetrum and the attenuation lengths and

elastiities of the propagating partiles. In [50℄ an exponential deay was

used with an energy independent deay length of 25Mp.

In our approah none of these assumptions were used. In addition we

inluded spherial astronomy orretions and in partiular determined the

upper and lower bounds for the soure density at a given on�dene level.

As it will be shown, the most probable value for the soure density is really

large; however, the statistial signi�ane of this result is rather small. At

present the small number of UHECR events allows a 95% on�dene interval

for the soure density whih spreads over four orders of magnitude. Sine

future experiments, partiularly Pierre Auger [51℄, will have a muh higher

statistial signi�ane on lustering (the expeted number of events of 1020

eV and above is 60 per year [52℄), we present our results on the density of

1

Approximately 400 soures within the GZK sphere results in one doublet for 14 events.

The order of magnitude of this result is in some sense similar to that of a �high-shool�

exerise: what is the minimal size of a lass for whih the probability of having lustered

birthdays �at least two pupils with the same birthdays� is larger than 50%. In this ase

the number of �soures� is the number of possible birthdays ∼ 400. In order to get the

answer one should solve 365!/[365k(365− k)!] < 0.5, whih gives as a minimal size k=23.
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soures also for larger number of UHECRs above 1020 eV.

In order to avoid the assumptions of [50℄ a ombined analytial and

Monte-Carlo tehnique will be presented adopting the onventional piture

of protons as the ultrahigh energy osmi rays. Our analytial approah of

Setion 3.1.1 gives the event lustering probabilities for any spae, luminosity

and energy distribution of the soures by using a single additional funtion

P (r, E;Ec), the probability that a proton reated at a distane r with energy

E arrives at earth above the threshold energy Ec [53℄. With our Monte-Carlo

tehnique of Setion 3.1.2 we determine the probability funtion P (r, E, Ec)

for a wide range of parameters.

3.1.1 Analytial approah

The key quantity for �nding the distribution funtions for the soure density,

is the probability of deteting k events from one randomly plaed soure. The

number of UHECRs emitted by a soure of λ luminosity during a period T

follows the Poisson distribution. However, not all emitted UHECRs will be

deteted. They might loose their energy during propagation or an simply

go to the wrong diretion.

For UHECRs the energy loss is dominated by the pion prodution in

interation with the osmi mirowave bakground radiation. In ref. [53℄ the

probability funtion P (r, E, Ec) was presented for three spei� threshold

energies. This funtion gives the probability that a proton reated at a given

distane from earth (r) with some energy (E) is deteted at earth above

some energy threshold (Ec). The resulting probability distribution an be

approximated over the energy range of interest by a funtion of the form

P (r, E, Ec) ≈ exp[−a(Ec)r
2 exp(b(Ec)/E)] (3.1)

The appropriate values of a and b for Ec/(10
20eV) =1,3, and 6 are, respe-

tively a/(10−4Mpc−2) =1.4, 9.2 and 11, b/(1020eV ) =2.4, 12 and 28.

For the soures we use the seond equatorial oordinate system: x is the

position vetor of the soure haraterized by (r, δ, α) with δ and α being

the delination and right asension, respetively. The features of the Poisson
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distribution enfore us to take into aount the fat that the sky is not

isotropially observed. There is a irumpolar one, in whih the soures

an always be seen, with half opening angle δ′ (δ′ is the delination of the

detetor, for the experiments we study δ′ ≈ 40o − 50o). There is also an

invisible region with the same opening angle. Between them there is a region

for whih the time fration of visibility, γ(δ, δ′) is a funtion of the delination

of the soure. It is straightforward to determine γ(δ, δ′) for any δ and δ′:

γ(δ, δ′) =































0 if −π/2 < δ ≤ δ′ − π/2

1− arccos (tan δ′ tan δ)/π

if δ′ − π/2 < δ ≤ π/2− δ′

1 if π/2− δ′ < δ ≤ π/2

(3.2)

To determine the probability that a partile arriving from random diretion

at a random time is deteted we have to multiply γ(δ, δ′) by the osine of the

zenith angle θ. In the following we will use the time average of this funtion:

η(δ, δ′) =
1

T

∫ T

0
γ(δ, δ′) · cos θ(δ, δ′, t)dt (3.3)

Sine δ′ is onstant, in the rest of the paper we do not indiate the dependene

on it. Negleting these spherial astronomy e�ets means more than a fator

of two for the predition of the soure density.

The probability of deteting k events from a soure at distane r with en-

ergy E an be obtained by inluding P (r, E, Ec)Aη(δ)/(4πr
2) in the Poisson

distribution:

pk(x, E, j) =
exp [−P (r, E, Ec)η(δ)j/r

2]

k!
×

[

P (r, E, Ec)η(δ)j/r
2
]k
, (3.4)

where we introdued j = λTA/(4π) and Aη(δ)/(4πr2) is the probability that

an emitted UHECR points to a detetor of area A. We denote the spae,

energy and luminosity distributions of the soures by ρ(x), c(E) and h(j),

respetively. The probability of deteting k events above the threshold Ec

from a single soure randomly positioned within a sphere of radius R is

Pk =
∫

SR

dV ρ(x)
∫ ∞

Ec

dE c(E)
∫ ∞

0
dj h(j)×

exp [−P (r, E, Ec)η(δ)j/r
2]

k!

[

P (r, E, Ec)η(δ)j/r
2
]k
. (3.5)
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Denote the total number of soures within the sphere of su�iently large

radius (e.g. several times the GZK radius) by N and the number of soures

that gave k deteted events by Nk. Clearly, N =
∑∞

0 Ni and the total number

of deteted events is Ne =
∑∞

0 iNi. The probability that for N soures the

numbers of di�erent deteted multiplets are Nk is:

P (N, {Nk}) = N !
∞
∏

k=0

1

Nk!
PNk

k . (3.6)

The value of P (N, {Nk}) is the most important quantity in our analysis of

UHECR lustering. For a given set of unlustered and lustered events (N1

and N2, N3,...) inverting the P (N, {Nk}) distribution funtion gives the most

probable value for the number of soures and also the on�dene interval for

it. If we want to determine the density of soures we an take the limit

R → ∞, N → ∞, while the density of soures S = N/(4
3
R3π) is onstant.

In order to illustrate the dominant length sale it is instrutive to study

the integrand fk(r) of the distane integration in eqn. (3.5)

Pk =
∫ R

0

(

dr

R

)

fk(r),

fk(r) = Rr2
∫

dΩρ(x)
∫ ∞

Ec

dE c(E)
∫ ∞

0
dj h(j)×

exp [−P (r, E, Ec)η(δ)j/r
2]

k!

[

P (r, E, Ec)η(δ)j/r
2
]k
. (3.7)

Figure 3.1 shows that f1(r), whih leads to singlet events, is dominated

by the distane sale of 10-15 Mp, whereas f2(r), whih gives doublet

events, is dominated by the distane sale of 4-6 Mp. It is interesting

that the dominant distane sale for singlet events is by an order of mag-

nitude smaller than the attenuation length of the protons at these energies

(la ≈ 110 Mp). This surprising result an be illustrated using a simple

approximation. Assuming that the probability of deteting a partile om-

ing from distane r is proportional to exp(−r/la)/r
2
, P1 will be proportional

to

∫

dΩdrr2 · exp[−j exp(−r/la)/r
2] · exp(−r/la)/r

2
. For the typial j val-

ues the r integrand has a maximum around 4 Mp and not at la. These

typial distanes partly justify our assumption of negleting magneti �elds.
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The de�etion of singlet events due to magneti �elds does not hange the

number of multiplets, thus our onlusions remain unhanged. The typial

distane for higher multiplets is quite small, therefore de�etion an be pra-

tially negleted. Clearly, the fat that multiplets are oming from our �lose�

neighborhood does not mean that the experiments re�et just the densities

of these distanes. The overwhelming number of events are singlets and they

ome from muh larger distanes. Note, that these f1(r) and f2(r) funtions

were obtained with our optimal j∗ value (f. Figure 3.5 and explanation there

and in the orresponding text). Using the largest possible j∗ value allowed by

the 95% on�dene region the dominant distane sales for f1(r) and f2(r)

funtions turn out to be 30 Mp and 20 Mp, respetively.

Figure 3.1: The distributions f1(r) �solid line� and f2(r) �dashed line� of

eqn. (3.7). The singlet and doublet events are dominated by distane sale

of 10-15 Mp and 3-5 Mp, respetively.

Note, that Pk and then P (N, {Nk}) are easily determined by a well-

behaved four-dimensional numerial integration (the α integral an be fa-

torized) for any c(E), h(j) and ρ(r) distribution funtions . In order to
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illustrate the unertainties and sensitivities of the results we used a few dif-

ferent hoies for these distribution funtions.

For c(E) we studied three possibilities. The most straightforward hoie

is the extrapolation of the `onventional high energy omponent' ∝ E−2
.

Another possibility is to use a stronger fall-o� of the spetrum at energies

just below the GZK uto�, e.g. ∝ E−3
. These hoies span the range usually

onsidered in the literature and we will study both of them. The third

possibility is to assume that topologial defets generate UHECRs through

prodution of superheavy partiles

2

. Aording to [56℄ these superheavy

partiles deay into quarks and gluons whih initiate multi-hadron asades

through gluon bremsstrahlung. These �nally hadronize to yield jets. The

energy spetrum was �rst alulated in [59℄ for the Standard Model and in

[60℄ for the Minimal Supersymmetri Standard Model. In Setion 3.2 we will

determine the deay spetrum of X partiles and �nd the mX for whih the

agreement with observations is the best. We used this spetrum as the third

hoie of energy distribution, c(E).

In ref. [50℄ the authors have shown that for a �xed set of multiplets the

minimal density of soures an be obtained by assuming a delta-funtion

distribution for h(j). We studied both this limiting ase (h(j) = δ(j − j∗))

and a more realisti one with Shehter's luminosity funtion [61℄:

h(j)dj = h · (j/j∗)
−1.25 exp(−j/j∗)d(j/j∗). (3.8)

The spae distribution of soures an be given based on some parti-

ular survey of the distribution of nearby galaxies [62℄ or on a orrelation

length r0 haraterizing the lustering features of soures [53℄. For simpliity

the present analysis deals with a homogeneous distribution of soures ran-

domly sattered in the universe (Note, that due to the Loal Superluster

the isotropi distribution is just an approximation.).

Figure 3.2 shows the resulting Pk(j∗) probability funtions for the di�erent

hoies of c(E) and h(j). The overall shapes of them are rather similar;

2

Note, that these partiles are not superheavy dark matter partiles [54℄, whih are

loated most likely in the halo of our galaxy. These superheavy dark matter partiles

an also be onsidered as possible soures of UHECR [55, 56, 57℄ with anisotropies in the

arrival diretion [58℄.
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Figure 3.2: The individual Pk(j∗) funtions for the di�erent c(E) and h(j)

hoies. The olumn on the left orresponds to the Dira-delta distribution

h(j) = δ(j − j∗), whereas the olumn on the right shows the results for

Shehter's luminosity distribution. The �rst, seond and third rows orre-

spond to the c(E) funtions proportional to E−2
, E−3

and the superheavy

deay mode, respetively (see text). On eah panel the individual lines from

top to bottom are: 1− P0, P1, P2, P3, P4 and P5.
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nevertheless, relatively small di�erenes lead to quite di�erent preditions

for the UHECR soure density. The �shoulders� of the urves with Dira-

delta luminosity distributions got smoother for Shehter's distribution. The

sales on the �gures are hosen to over the 95% on�dene regions (see

setion 3.1.3 for details).

Note, that � assuming that UHECRs point bak to their soures � our

lustering tehnique disussed above applies to pratially any models of

UHECR (e.g. neutrinos). One only needs a hange in the P (r, E, Ec) prob-

ability distribution funtion (e.g. neutrinos penetrate the mirowave bak-

ground uninhibited) and use the h(j) and c(E) distribution funtion of the

spei� model.

3.1.2 Monte-Carlo study of the propagation

Our Monte-Carlo model of UHECR studies the propagation of UHECR. The

analysis of [63℄ showed that both AGASA and Fly's Eye data demonstrated a

hange of omposition, a shift from heavy �iron� at 1017 eV to light �proton�

at 1019 eV. Thus, the hemial omposition of UHECRs is most likely to be

dominated by protons. In our analysis we use exlusively protons as UHECR

partiles. (For suggestions that air showers above the GZK uto� are indued

by neutrinos see [36℄.)

Using the pion prodution as the dominant e�et of energy loss for protons

at energies > 1019 eV ref. [53℄ alulated P (r, E, Ec), the probability that

a proton reated at a given distane (r) with some energy (E) is deteted

at earth above some energy threshold (Ec). For three threshold energies the

authors of [53℄ gave the approximate formula (3.1).

In our Monte-Carlo approah we determined the propagation of UHECR

on an event by event basis. Sine the inelastiity of Bethe-Heitler pair pro-

dution is rather small (≈ 10−3
) we used a ontinuous energy loss approx-

imation for this proess. The inelastiity of pion-photoprodution is muh

higher (≈ 0.2 − 0.5) in the energy range of interest, thus there are only a

few tens of suh interations during the propagation. Due to the Poisson

statistis of the number of interations and the spread of the inelastiity, we
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will see a spread in the energy spetrum even if the injeted spetrum is

mono-energeti.

In our simulation protons propagate in small steps (10 kp), and after

eah step the energy losses due to pair prodution, pion prodution and the

adiabati expansion are alulated. During the simulation we keep trak

of the urrent energy of the proton and its total displaement. Thus, one

avoids performing new simulations for di�erent initial energies and distanes.

The propagation is ompleted when the energy of the proton goes below a

given uto� (1018 eV in our ase). For the proton interation lengths and

inelastiities we used the values of [33, 34℄. The de�etion due to magneti

�elds is not taken into aount, beause it is small for our typial distanes

illustrated in Figure 3.1. This fat justi�es our assumption that UHECRs

point bak to their soures (for a reent Monte-Carlo analysis on de�etion

see e.g. [35℄).

Figure 3.3: The diret Monte-Carlo points and the �tted funtion

P (r, E, Ec) = exp
[

−a · (r/ 1Mpc)b
]

for Ec = 1020 eV and E = 2 · 1020 eV.

The �tted urve orresponds to a = 0.0019 and b = 1.695.

Sine it is rather pratial to use the P (r, E, Ec) probability distribution
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funtion we extended the results of [53℄ by using our Monte-Carlo tehnique

for UHECR propagation. In order to over a muh broader energy range

than the parametrization of (3.1) we used the following type of funtion

P (r, E, Ec) = exp
[

−a · (r/1 Mpc)b
]

. (3.9)

Figure 3.3 demonstrates the reliability of this parametrization. The diret

Monte-Carlo points and the �tted funtion (eqn. (3.9) with a = 0.0019 and

b = 1.695) are plotted for Ec = 1020eV and E = 2 · 1020eV.

Figure 3.4 shows the funtions a(E/Ec) and b(E/Ec) for a range of three

orders of magnitude and for �ve di�erent threshold energies. Just using the

funtions of a(E/Ec) and b(E/Ec), thus a parametrization of P (r, E, Ec) one

an obtain the observed energy spetrum for any injetion spetrum without

additional Monte-Carlo simulation.

3.1.3 Density of soures

In order to determine the on�dene intervals for the soure densities we used

the frequentist method[64℄. We wish to set limits on S, the soure density.

Using our Monte-Carlo based P (r, E, Ec) funtions and our analytial teh-

nique we determined p(N1, N2, N3, ...;S; j∗), whih gives the probability of

observing N1 singlet, N2 doublet, N3 triplet et. events if the true value of

the density is S and the entral value of luminosity is j∗. The probability

distribution is not symmetri and far from being Gaussian. For a given set

of {Ni, i = 1, 2, ...} the above probability distribution as a funtion of S and

j∗ determines the 68% and 95% on�dene level regions in the S − j∗ plane.

Figure 3.5 shows these regions for our �favorite� hoie of model (c(E) ∝ E−3

and Shehter's luminosity distribution) and for the present statistis (one

doublet out of 14 UHECR events). The regions are deformed, thin ellipse-like

objets in the log(j∗) versus log(S) plane. Sine j∗ is a ompletely unknown

and independent physial quantity the soure density an be anything be-

tween the upper and lower parts of the on�dene level regions. For this

model our �nal answer for the density is 180
+2730(8817)
−165(174) · 10−3

Mp

−3
, where

the �rst errors indiate the 68%, the seond ones in the parenthesis the 95%
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Figure 3.4: The funtions a(E/Ec) �left panel� and b(E/Ec) �right panel�

for the probability distribution funtion P (r, E, Ec) using the parametriza-

tion exp[−a · (r/1 Mpc)b] for �ve di�erent threshold energies (5 · 1019 eV,

1020 eV, 2 · 1020 eV, 5 · 1020 eV and 1021 eV).
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on�dene levels, respetively. The hoie of [50℄ �Dira-delta like luminosity

distribution� and, for instane, onventional E−2
energy distribution gives

muh smaller value: 2.77
+96.1(916)
−2.53(2.70)10

−3
Mp

−3
. For other hoies of c(E) and

h(j) see Table 3.1. Our results for the Dira-delta luminosity distribution

are in agreement with the result of [50℄ within the error bars. Nevertheless,

there is a very important message. The on�dene level intervals are so large,

that on the 95% on�dene level two orders of magnitude smaller densities

than suggested as a lower bound by [50℄ are also possible.

Figure 3.5: The 1σ (68%) and 2σ (95%) on�dene level regions for j∗

and the soure density (14 UHECR with one doublet). The most probable

value is represented by the triangle. The upper and lower boundaries of

these regions give for the soure density 180
+2730(8817)
−165(174) · 10−3

Mp

−3
on the

68% (95%)on�dene level.

As it an be seen there is a strong orrelation between the luminosity

and the soure density. Physially it is easy to understand the piture. For

a smaller soure density the luminosities should be larger to give the same

number of events. However, it is not possible to produe the same multipliity

struture with arbitrary luminosities. Very small luminosities an not give
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multiplets at all, very large luminosities tend to give more than one doublet.

The same tehnique an be applied for any hypothetial experimental

result. For �xed {Nk} the above probability funtion determines the 68%

on�dene regions in S and j∗. Using these regions one an tell the 68%

on�dene interval for S. The most probable values of the soure densities

for �xed number of multiplets are plotted on Figure 3.6 with the lower and

upper bounds. The total number of events is shown on the horizontal axis,

whereas the number of multiplets label the lines. Here again, our �favorite�

hoie of distribution funtions was used: c(E) ∝ E−3
and h(j) of eqn. (3.8).

It is of partiular interest to analyze in detail the present experimental

situation having one doublet out of 14 events. Sine there are some new

unpublished events, too, we studied a hypothetial ase of one or two doublets

out of 24 events. The 68% and 95% on�dene level results are summarized

in Table 3.1 for our three energy and two luminosity distributions. It an be

seen that Dira-delta type luminosity distribution really gives smaller soure

densities than broad luminosity distribution, as it was proven by [50℄. Less

pronouned is the e�et on the energy distribution of the emitted UHECRs.

The c(E) ∝ E−3
ase gives somewhat larger values than the other two hoies

(c(E) ∝ E−2
or given by the deay of a superheavy partile). The on�dene

intervals are typially very large, on the 95% level they span 4 orders of

magnitude. An interesting feature of the results is that �doubling� the present

statistis with the same lustering features (in the ase studied in the table

this means one new doublet out of 10 new events) redues the on�dene

level intervals by an order of magnitude. The redution is far less signi�ant

if we add singlet events only. Inspetion of Figure 3.6 leads to the onlusion

that experiments in the near future with approximately 200 UHECR events

an tell at least the order of magnitude of the soure density.

3.2 Energy sale of UHECR soures

An interesting idea suggested by refs.[55, 65℄ is that superheavy partiles (SP)

as dark matter ould be the soure of UHECRs. (Metastable reli SPs were

proposed [54℄ before the observation of UHECRs beyond the GZK uto�.)
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c(E) h(j) 14 events 1 doublet

∝ E−2 ∝ δ 2.77
+96.1(916)
−2.53(2.70)

∝ E−2 ∝ SLF 36.6
+844(4268)
−34.3(35.9)

∝ E−3 ∝ δ 5.37
+80.2(624)
−4.98(5.25)

∝ E−3 ∝ SLF 180
+2730(8817)
−165(174)

∝ deay ∝ δ 3.61
+116(1060)
−3.30(3.51)

∝ deay ∝ SLF 40.9
+856(4345)
−38.3(40.1)

c(E) h(j) 24 events 1 doublet

∝ E−2 ∝ δ 17.4
+298(2790)
−16.0(17.0)

∝ E−2 ∝ SLF 200
+1230(2428)
−169(182)

∝ E−3 ∝ δ 25.0
+211(1690)
−22.6(24.3)

∝ E−3 ∝ SLF 965
+3220(5613)
−741(821)

∝ deay ∝ δ 20.4
+358(3190)
−18.6(19.9)

∝ deay ∝ SLF 211
+1110(2274)
−174(190)

c(E) h(j) 24 events 2 doublets

∝ E−2 ∝ δ 3.19
+26.4(253)
−2.68(2.99)

∝ E−2 ∝ SLF 41.5
+424(1514)
−36.4(40)

∝ E−3 ∝ δ 6.42
+46.2(193)
−5.46(6.07)

∝ E−3 ∝ SLF 208
+1970(3858)
−182(201)

∝ deay ∝ δ 4.18
+34.5(296)
−3.51(3.92)

∝ deay ∝ SLF 45.4
+457(1556)
−39.7(43.7)

Table 3.1: The most probable values for the soure densities and their

error bars given by the 68% and 95% on�dene level regions (the latter in

parenthesis). The numbers are in units of 10−3
Mp

−3
The three possible

energy spetrums are given by a distribution proportional to E−2
, E−3

, or

by the deay of a 1012 GeV partile (denoted by �deay�). The luminosity

distribution an be proportional to a Dira-delta or to Shehter's luminosity

funtion (denoted by �SLF�). Results are listed for the observed 1 doublet

out of 14 events and for two hypothetial ases (1 doublet out of 24 events

and 2 doublets out of 24 events).
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Figure 3.6: The most probable values for the density of soures as a funtion

of the total number of events (middle panel). The number of multiplets are

indiated on the individual lines in the form: N2, N3, N4, where N2, N3 and

N4 represent the appropriate values for doublets, triplets and quartets. The

upper and lower panels orrespond to the 84 perentile and 16 perentile

lines (upper and lower bounds of the 68% on�dene intervals), respetively.
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In [65℄ extragalati SPs were studied. Ref. [55℄ made a ruial observa-

tion and analyzed the deay of SPs onentrated in the halo of our galaxy.

They used the modi�ed leading logarithmi approximation (MLLA) [66℄ for

ordinary QCD and for supersymmetri QCD [60℄. A good agreement of the

extragalati spetrum with observations was notied in [67℄. Supersymmet-

ri QCD is treated as the strong regime of MSSM. To desribe the deay

spetrum more aurately HERWIG Monte-Carlo was used in QCD [56℄ and

disussed in supersymmetri QCD [68, 69℄, resulting in mX ≈ 1012 GeV and

≈ 1013 GeV for the SP mass in SM and in MSSM, respetively.

SPs are very e�iently produed by the various mehanisms at post in-

�atory epohs [70℄. Our analysis of SP deay overs a muh broader lass of

possible soures. Several non-onventional UHECR soures (e.g. extragala-

ti long ordinary strings [71℄ or galati vortons [72℄, monopole-antimonopole

pairs onneted by strings [73℄) produe the same UHECR spetra as deay-

ing SPs.

In my thesis I study the senario that the UHECRs are oming from

deaying SPs and I determine the mass mX of this X partile by a detailed

analysis of the observed UHECR spetrum. I disuss both possibilities that

the UHECR protons are produed in the halo of our galaxy and that they

are of extragalati origin and their propagation is a�eted by CMBR. We

did not investigate how an they be of halo or extragalati origin, we just

analyzed their e�et on the observed spetrum instead. We assumed that

the SP deays into two quarks (other deay modes would inrease mX in our

onlusion). After hadronization these quarks yield protons. The result is

haraterized by the fragmentation funtion (FF) D(x,Q2) whih gives the

number of produed protons with momentum fration x at energy sale Q.

For the proton's FF at present aelerator energies we use ref. [74℄. We evolve

the FFs in ordinary [75℄ and in supersymmetri [76℄ QCD to the energies of

the SPs. This result an be ombined with the predition of the MLLA

tehnique , whih gives the initial spetrum of UHECRs at the energy mX .

Altogether we studied four di�erent models: halo-SM, halo-MSSM, EG-SM

and EG-MSSM.
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3.2.1 Deay and fragmentation of heavy partiles

As in the previous setions we again assumed that UHECRs are dominated

by protons and in our analysis we used them exlusively.

The FF of the proton an be determined from present experiments [74℄.

The FFs at Q0 energy sale are Di(x,Q
2
0), where i represents the di�erent

partons (quark/squark or gluon/gluino). The FFs an not be determined

in perturbative QCD. However, their evolution in Q2
is governed by the

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [75℄:

∂Di(x,Q
2)

∂ lnQ2
=

αs(Q
2)

2π

∑

j

∫ 1

x

dz

z
Pji(z, αs(Q

2))Dj(
x

z
,Q2), (3.10)

One an interpret Pji(z), the splitting funtion, as the probability density

that a parton i produes a parton j with momentum fration z.

The diret solution of the DGLAP equations is rather di�ult. We an

introdue the moments of the FFs and splitting funtions:

Mi(n) =
∫ 1

0
xn−1Di(x)dx (3.11)

Aji(n) =
∫ 1

0
xn−1Pji(x)dx (3.12)

In terms of these moments the DGLAP equations have a simple form. Using

the leading order expression for the running oupling onstant αs(Q
2) one

gets:

∂Mi(n, t)

∂t
=

1

β0t

∑

j

Aji(n)Mj(n, t) (3.13)

where t = ln(Q2/Λ2) and β0 =
33−2Nf

6
for QCD and β0 =

27−3Nf

6
for SUSY-

QCD evolution. These linear di�erential equations are easy to solve.

We solved the DGLAP equations using this method numerially with the

onventional QCD splitting funtions (for the SM senarios) and with the

supersymmetri ones (for the MSSM senarios) [76℄. We started from the FFs

of ref. [74℄. For the top and the MSSM partons at their threshold energies

we used the FFs of ref. [69℄. While solving the DGLAP equations eah

parton was inluded at its own threshold energy. As the energy inreases,
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the number of �avors involved inreases and so β0 dereases. Thus Λ should

be adjusted in order to make the right hand side of (3.13) ontinuous.

We heked that our �nal result on mX is insensitive to the hoies of

the top and MSSM parton FFs. The main di�erene between the SM and

MSSM ases ame from the di�erent β funtions. Table 3.2 and Figure 3.7

shows all the initial FFs we used at di�erent energy sales indiated in the

seond olumn of the table.

�avor Q0 (GeV) N α β

u = 2d 1.41 0.402 -0.860 2.80

s 1.41 4.08 -0.0974 4.99

c 2.9 0.111 -1.54 2.21

b 9.46 40.1 0.742 12.4

t 350 1.11 -2.05 11.4

g 1.41 0.740 -0.770 7.69

q̃i, g̃ 1000 0.82 -2.15 10.8

Table 3.2: The fragmentation funtions of the di�erent partons using the

parametrization D(x) = Nxα(1 − x)β at di�erent energy sales (seond ol-

umn).

The fragmentation funtions after beeing evolved to high sales an be

well parametrized as:

D(x) = N1x
α1(1− x)β1 +N2x

α2(1− x)β2 . (3.14)

Table 3.3 gives the fragmentation funtions averaged over the quark �avors

for the energy range 1012 eV-1017 eV in this parametrization.

The FFs obtained this way are not aurate for very small x values, sine

even the original FFs are not well known in this region.

At small x values multiple soft gluon emission an be desribed by the

MLLA [66℄. This gives the shape of the total hadroni FF for soft partiles

(not distinguishing individual hadroni speies)

xF (x,Q2) ∝ exp
[

− ln(x/xm)
2/(2σ2)

]

, (3.15)
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u=2d (1.41 GeV)
s (1.41 GeV)
c (2.9 GeV)
b (9.46 GeV)
t (350 GeV)
g (1.41 GeV)
q, g (1 TeV)~  ~

Figure 3.7: The fragmentation funtions of Table 3.2 for the di�erent par-

tons.

whih is peaked at xm =
√

Λ/Q with 2σ2 = A ln3/2(Q/Λ). Aording to [60℄

the values of A are

√

7/3/6 and 1/6 for SM and MSSM, respetively. The

MLLA desribes the observed hadroprodution quite aurately in the small

x region [79℄. For large values of x the MLLA should not be used.

We smoothly onneted the solution for the FF obtained by the DGLAP

equations and the MLLA result at a given xc value. Our �nal result on mX

is rather insensitive to the hoie of xc, the unertainty is inluded in our

error estimate. The SP deay also produes a huge number of pions. The

total number of produed pions is essential sine they deay to photons whih

loose most of their energy during propagation and give a ontribution to the

low energy photon spetrum. Thus we also determined the FF of the pion.

Figure 3.8 shows the FF for the proton and pion at Q = 1016 GeV in SM and

MSSM.
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log(Q/eV) N1 α1 β1 N2 α2 β2

SM

12. 0.0186 -1.28 3.56 0.199 -1.70 5.26

13. 0.0194 -1.30 3.66 0.186 -1.71 5.36

14. 0.0207 -1.31 3.76 0.175 -1.72 5.47

15. 0.0215 -1.32 3.84 0.165 -1.73 5.56

16. 0.0225 -1.35 3.93 0.157 -1.74 5.66

17. 0.0232 -1.35 4.01 0.150 -1.75 5.75

MSSM

12. 0.026 -1.37 4.23 0.106 -1.77 6.03

13. 0.027 -1.39 4.41 0.0941 -1.79 6.30

14. 0.028 -1.22 4.57 0.0890 -1.80 6.51

15. 0.028 -0.735 4.70 0.0855 -1.80 6.48

16. 0.029 -0.421 4.85 0.0785 -1.81 6.55

17. 0.030 -0.441 5.00 0.0724 -1.82 6.76

Table 3.3: The fragmentation funtions of the proton averaged over the

quark �avors for high energies in the SM and MSSM using the parametriza-

tion D(x) = N1x
α1(1− x)β1 +N2x

α2(1− x)β2

3.2.2 Comparison of the predited and the observed

spetra

UHECR protons produed in the halo of our galaxy an propagate prati-

ally una�eted and the prodution spetrum should be ompared with the

observations.

Partiles of extragalati origin and energies above ≈ 5 · 1019 eV loose

a large fration of their energies due to interations with CMBR [26℄. This

e�et an be quantitatively desribed by the funtion P (r, E, Ec) introdued

and alulated in setion 3.1.2. The original UHECR spetrum is hanged

at least by two di�erent ways: (a) there should be a steepening due to the

GZK e�et; (b) partiles loosing their energy are aumulated just before the
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Figure 3.8: The FFs averaged over the quark �avors at Q = 1016 GeV for

proton/pion in SM (solid/dotted line) and in MSSM (dashed/dashed-dotted

line) in the relevant x region. To show both the small and large x behavior

we hange from logarithmi sale to linear at x = 0.01.

uto� and produe a bump. We studied the observed spetrum by assuming

a uniform soure distribution for UHECRs.

Our analysis inludes the published and the unpublished UHECR data of

[27, 28, 29, 31℄. Due to normalization di�ulties we did not use the Yakutsk

[30℄ results. We also performed the analysis using the AGASA data only and

found the same value (well within the error bars) for mX . Sine the deay

of SPs results in a non-negligible �ux for lower energies log(Emin/eV) = 18.5

was used as a lower end for the UHECR spetrum. Our results are insensitive

to the de�nition of the upper end (the �ux is extremely small there) for whih

we hose log(Emax/eV) = 26. As it is usual we divided eah logarithmi unit

into ten bins. The integrated �ux gives the total number of events in a bin.

The unertainties of the measured energies are about 30% whih is one bin.

Using a Monte-Carlo method we inluded this unertainty in the �nal error
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estimates. The predited number of events in a bin is given by

N(i) =
∫ Ei+1

Ei

[

A · E−3.16 +B · j(E,mX)
]

, (3.16)

where Ei is the lower bound of the i-th energy bin. The �rst term desribes

the data below 1019 eV aording to [27℄, where the SP deay gives negligible

ontribution. The seond one orresponds to the spetrum of the deaying

SPs. A and B are normalization fators.

Figure 3.9: The available UHECR data with their error bars and the best

�t from a deaying SP using the EG-MSSM senario. Note that there are no

events above 3×1020 eV (shown by an arrow). Nevertheless the experiments

are sensitive even in this region. Zero event does not mean zero �ux, but

a well de�ned upper bound for the �ux (given by the Poisson distribution).

Therefore the experimental value of the integrated �ux is in the �hathed�

region with 68% on�dene level. (�hathing� is a set of individual error bars;

though most of them are too large to be depited in full) Clearly, the error

bars are large enough to be onsistent with the SP deay.

The expetation value for the number of events in a bin is given by

eqn. (3.16) and it is Poisson distributed. To determine the most proba-
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ble mX value we used the maximum-likelihood method by minimizing the

χ2(A,B,mX) for Poisson distributed data [64℄

χ2 =
26.0
∑

i=18.5

2 [N(i)−No(i) +No(i) ln (No(i)/N(i))] , (3.17)

where No(i) is the total number of observed events in the i-th bin. In our

�tting proedure we had three parameters: A,B and mX . The minimum

of the χ2(A,B,mX) funtion is χ2
min at mXmin whih is the most probable

value for the mass, whereas χ2(A′, B′, mX) ≡ χ2
o(mX) = χ2

min + 1 gives the

one-sigma (68%) on�dene interval for mX . Here A′, B′
are de�ned in suh

a way that the χ2(A,B,mX) funtion is minimized in A and B at �xed mX .

Figure 3.9 shows the measured UHECR spetrum and the best �t in the

EG-MSSM senario. The �rst bump of the �t represents partiles produed

at high energies and aumulated just above the GZK uto� due to their

energy losses. The bump at higher energy is a remnant of mX . In the halo

models there is no GZK bump (Figure 3.10), so the relatively large x part of

the FF moves to the bump around 5× 1019 GeV resulting in a muh smaller

mX than in the extragalati ase. An interesting feature of the GZK e�et

is that the shape of the produed GZK bump is rather insensitive to the

injeted spetrum so the dependene of χ2
on the hoie of the FF is small.

The experimental data is far more aurately desribed by the GZK e�et

(dominant feature of the extragalati �t) than by the FF itself (dominant

for halo senarios).

3.2.3 Preditions for mX

To determine the most probable value for the mass of the SP we studied four

senarios. Table 3.4 and Figure 3.11 ontain the χ2
min values and the most

probable masses with their errors for these senarios.

The UHECR data favors the EG-MSSM senario. The predited mass is

10b GeV, where b = 14.6+1.6
−1.7. The goodnesses of the �ts for the halo models

are far worse. The SM and MSSM ases do not di�er signi�antly. The most

important message is that the masses of the best �ts (extragalati ases) are
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Figure 3.10: The available UHECR data with their error bars and the best

�t using the halo-MSSM senario.

ompatible within the error bars with the MSSM gauge oupling uni�ation

GUT sale [80℄.

senario χ2 log10(mX/GeV)

halo-SM 24.9 11.98+.15
−.12

halo-MSSM 25.0 12.04+.15
−.12

EG-SM 16.6 14.2+1.4
−1.5

EG-MSSM 16.5 14.6+1.6
−1.7

Table 3.4: The χ2
and mX values for the four senarios.

The SP deay will also produe a huge number of pions whih will deay

into photons. Our spetrum ontains 94% of pions and 6% of protons. This

π/p ratio is in agreement with the alulations of [81, 33℄ whih showed

that for di�erent lasses of models with mX <∼ 1016 GeV , whih is the upper

boundary of our on�dene intervals, the generated gamma spetrum is still
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Figure 3.11: The most probable values for the mass of the deaying ultra

heavy dark matter with their error bars and the total χ2
values. Note that 21

bins ontain nonzero number of events and eqn.(3.16) has 3 free parameters.

onsistent with the observational onstraints.

In the near future the UHECR statistis will probably be inreased by

an order of magnitude [51℄. Performing our analysis for suh a hypothetial

statistis the unertainty of mX was found to be redued by two orders of

magnitude.

Sine the deay time of the SPs should be at least the age of the universe

it might happen that suh SPs overlose the universe. Due to the large

mass of the SPs a single deay results in a large number of UHECRs, thus a

relatively small number of SPs an desribe the observations. We alulated

the minimum density required for the best-�t spetrum in eah senario and

it was more than ten orders of magnitude smaller than the ritial one.



Chapter 4

The Poor Man's Superomputer

In this hapter I brie�y desribe the hardware and software arhiteture of

the Poor Man's Superomputer (PMS) built at the Eötvös University [82℄.

This superomputer was used to perform the lattie simulations of hapter

2 as well as the Monte-Carlo analysis of hapter 3.

Our purpose was to build a high performane superomputer from PC el-

ements. We use PC's for two reasons. They have exellent ost/performane

ratios [83℄ and an easily be upgraded when faster motherboards and CPUs

will be available.

The PMS projet started in 1998, and the mahine has been ready for

physial alulations sine the spring of 2000. Our �rst PMS mahine (PMS1)

onsists of 32 PC's arranged in a three-dimensional 2×4×4mesh. Eah node

has two speial ommuniation ards providing fast ommuniation through

�at ables to the six neighbours. This gives a muh better performane than

one Ethernet Token Ring.

The following setions desribe the hardware and software arhitetures

of PMS. First a short overview of the mahine is given and then the hardware

and the software aspets are desribed in more details. Some performane

results are also presented.

53
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4.1 Overview

The nodes in PMS are based on PC omponents. Our �rst PMS mahine

(PMS1) ontains 32 rak-mounted nodes. Eah node is powered by its own

standard PC power supply loated at the bottom of the rak.

Eah node in PMS is an almost omplete PC. In PMS1 the urrent on-

�guration of a node onsists of a 100MHz motherboard (SOYO SY-5EHM), a

single 450MHz AMD K6-II proessor, 128MB (7ns) SDRAM, 10Mb Ethernet

ard, and a hard disk of apaity 2.1 Gbyte. The nominal speed of eah node

is 225 M�ops, sine �oating point operations of the AMD proessor require

two lok yles.

PMS uses speial hardware for ommuniation (PMS CH) to make high

speed parallel alulations possible. The basi idea behind the hardware is

that the PMS CH provides eah node with diret onnetion to its nearest

neighbors. Our �rst implementation of the PMS CH inludes two plug-

in ISA ards, the PMS CPU ard and the PMS Relay ard. The PMS

CH handles both polled port (PP) IO operations and diret memory aess

(DMA) between two seleted nodes. However, DMA is not used at present.

Programming the PMS CH is a fairly simple task. It is urrently done un-

der Linux. All low-level devie drivers are written in C and the programmer

may use all kinds of ommerial, share-ware or free-ware ompilers. Using

the ommuniation drivers requires only the knowledge of a few funtions.

The nodes are arranged in a 2×4×4 mesh as shown in Figure 4.1. In eah

node both the PMS CPU and the PMS Relay ards are installed providing

fast ommuniation to the six nearest neighbors. At the boundaries periodi

boundary onditions are realized as indiated in Figure 4.1, where the links

at the boundaries orrespond to the ones on the other sides. This determines

the hardware arhiteture of the mahine, whih is similar to that of the APE

mahines [84℄.

Debian Linux 2.1 is installed on eah node. After turning the power on

eah node boots from its own hard-disk. All nodes an be aessed through

the Ethernet Token Ring. There is a main omputer that ontrols the whole

luster. A tiny job-management system was written to opy the exeutable
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450 MHz AMD K6−2

2.1Gb HDD
PMS comm. card

128Mb RAM

One node:

Figure 4.1: The PMS luster

program ode and the appropriate data to and from the nodes, to exeute

the programs and to ollet the results. In priniple, the Ethernet Token

Ring ould be used for data transfer between the nodes during simulations.

However, this turned out to be too slow in most ases. One major reason for

this is that any data transfer between two mahines makes the whole network

busy. Sine building up the Ethernet onnetion (protool overhead) is quite

slow even for two omputers, the Ethernet Token Ring is not satisfatory.

The speial ommuniation ards �desribed in more detail in the next

setion� provide faster ommuniation between adjaent nodes. However,

this makes the mahine appliable only to loal problems, where ommu-
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niation between the neighboring nodes is neessary. In PMS1 the speed

of ommuniation through these ards �limited essentially by the ISA bus

speed� is about 2 MB/s. The measured value in real appliations , i.e. the

speed of a link for a given diretion is essentially the same: 2.2MB/s. The

time needed to build up our ommuniation is negligible for pakage sizes

over 1kB. Furthermore, 16 pairs of mahines an simultaneously ommuni-

ate. The system is salable. One an build mahines with larger number of

nodes. The total inter-node ommuniation performane is proportional to

the number of nodes.

4.2 Desription of the PMS Communiation

Hardware (CH)

There are two ommuniation ards in eah mahine. The CPU ard ontains

the main iruits needed for transmitting data, while the Relay ard ontains

the onnetors for the �at ables onneting the adjaent nodes and some

additional iruits. The blok diagram of the ards is shown in Figure 4.2.

The iruits of both ards are inluded. There are two 16-bit bu�ers, the

output bu�er and the input bu�er, whih aept the data oming from the

omputer and from one of the adjaent nodes, respetively. The Control

Register is used �among other things� to lear the bu�ers and set the node

to either sender or reeiver state. The Cable Selet iruit selets whih

diretion the data is sent to or reeived from. The six diretions are labeled

as left (L), right (R), up (U), down (D), front (F), bak (B). If the same

physial able is seleted by two adjaent nodes, one of them being set as

sender and the other as reeiver, a physial onnetion is established and

the ontent of the output register of the sender is immediately transferred

to the reeiver's input register. The Loal State Indiator (LSI) and the

Remote State Indiator (RSI) are two registers to indiate the states of the

nodes. There are 12 LSI and 12 RSI lines. They orrespond to sending to

and reeiving from the six diretions. Eah node an indiate its request

for sending or reeiving through the LSI lines. The RSI lines are idential
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Figure 4.2: The PMS ommuniation ard

to the six neighbors' LSI lines. If there is a math between RSI and LSI

signals (i.e. a send and a orresponding reeive request oinide) then the

Math Any (MA) bit is set and an IRQ is generated on the PC bus. The

interrupt is generated on both nodes at the same time, so the interrupt

handlers on both mahines an safely start transferring data without any

extra synhronization. The data an be transferred either by DMA (not

used at present) or by onseutive I/O operations.

The Cable Selet iruit, the LSI, RSI and MA registers together with

the �at able onnetors are loated on the relay ard, while all other iruits

are loated on the CPU ard.
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4.3 Software

As mentioned above, the whole luster is onneted via an Ethernet Token

Ring. Eah node has a speial hostname that orresponds to its loation

in the luster. The hostnames are s000,s001,s002,s003,s010 . . . s133. The

numbers in the hostname orrespond to the oordinates of the node in the

three dimensional mesh. When it is neessary for a node to identify itself

(e.g. write/read priorities during inter-node ommuniation, see below) the

�le '/et/hostname' is used. The Ethernet Token Ring is used only for job

management, i.e. to distribute and ollet data to and from the nodes. It is

not used for inter-node ommuniation during simulations. This is ahieved

by the speial hardware desribed in the previous setion.

In order to take advantage of the fast ommuniation from appliations

(e.g. high level C, C++ or Fortran ode), a low-level Linux kernel driver has

been developed to aess all the registers of the ommuniation ard. From

the user level ards an simply be reahed by reading or writing the devie

�les '/dev/pms0, /dev/pms1 ... /dev/pms5'. The six devie �les orrespond

to the six diretions. A write operation to one of these devie �les will

transmit data to the orresponding diretion, and reading from these devie

�les reads out previously transferred data. All the neessary input/output

operations for transferring data bloks are performed by the devie driver.

Notie the important feature that this an be reahed from any high level C,

C++, Fortran ode for whih ompilers are available.

The main struture of the devie driver is similar to that of the ard.

There are six read bu�ers, one for eah diretion in the main memory of the

mahine and there is one write bu�er. The data are always written to the

write bu�er and read out from one of the read bu�ers.

The driver has two main parts. The �rst part is aessed from appliations

when the user writes or reads any of the devie �les '/dev/pms*'. The other

part is the interrupt handler where the real data transfer takes plae.

Whenever data are written to one of the devie �les, all the driver does

is to opy the written data to the write bu�er and set the orresponding LSI

send signal to indiate that a data send is requested. If the bu�er is already
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full, an error byte is returned to the appliation. Reading from the devie

�les is similar: if there are data in the orresponding read bu�er, they are

sent to the appliation and the LSI reeive line is set, sine the node is ready

to reeive new data. If the read bu�er is empty, an 'End Of File' byte is

returned to the appliation.

When there is a oinidene between orresponding LSI and RSI signals,

an interrupt is generated by the ard, whih invokes the driver's interrupt

handler. It is the task of the handler to transfer data from the sender to

the reeiver. The interrupt handlers on the two ommuniating nodes start

almost at the same time. The di�erene may only be a few lok yles.

There is, however, a need for synhronization. If the mahines are ready to

send or reeive the �rst byte they indiate it with their LSI lines. Notie that

this will not ause an extra interrupt sine interrupts are disabled within the

interrupt handler. The sender �rst transmits the size of the pakage that

will follow in 16-bit words. In the present version this is a 16-bit value, so

the maximum size of a pakage that an be transferred is 128 kbytes. Then

the given number of 16-bit values follow. Eah word from the sender's write

bu�er is opied to the reeiver's read bu�er. Finally, a 32-bit heksum is

sent. The reeiver omputes its own heksum and if it does not math the

reeived heksum, it is indiated to the sender and the whole transfer is

repeated. The �nal step in the interrupt handler is to lear the LSI lines of

both nodes. On the one hand this indiates for the sender that the data have

been transferred and the write bu�er is empty again. On the other hand this

tells the reeiver that the orresponding read bu�er is full, so no new data

an arrive unless the bu�er is emptied.

The bu�er sizes are set in the driver to onstant values. From the previous

paragraph it is lear that the maximum reasonable bu�er size is 128 kbytes.

In order to save memory, while allowing large pakages at the same time the

bu�er size is set to only 64 kbytes at present.

The driver makes appliation programming quite easy. Communiation

an be ahieved by aessing the above mentioned devie �les. However,

some C funtions have also been written to make writing appliations even

simpler. These funtions are the following:
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pms_open is used to initialize the ard. It lears all bu�ers, sets the LSI

reeive lines, lears the LSI send lines and enables interrupts. The node thus

beomes ready to reeive data from any of the neighbors.

pms_lose is used to lose the ard. All LSI lines are leared and in-

terrupts are disabled. No further ommuniation may take plae after this

funtion all.

pms_send, pms_rev are used to send and reeive data. Their parameters

are the diretion, the number of bytes to send, and a pointer to the beginning

of the data. On suess they return a positive value, otherwise a negative

one. If there is no data in the read bu�er, pms_rev returns 0.

pms_send_reeive is a ommonly used ombination of pms_send and

pms_rev. It sends data to the spei�ed diretion and reeives data from the

opposite diretion. The order of send and reeive depends on the parity of

the node as disussed later.

pms_ollet, pms_average are global operations that simply ollet or

take the average of data from all nodes in one diretion.

The driver does not take are of any priority problems. It is possible

to write appliations that will not work sine all nodes are waiting for data

while none of them is sending anything. This is often the ase when the

same ode is running on all the nodes without any priority hek. There

is a simple solution to these kind of problems. The parity of the node is

simply the parity of the sum of the three digits in its hostname. Eah time

when ommuniation is performed, even nodes send data �rst and reeive

afterwards, while odd nodes reeive �rst and send their data afterwards.

This simple method is used in the pms_send_reeive funtion. Appliations

that use only this funtion to transfer data should not worry about priority

problems.

4.4 Performane

The lattie simulations of hapter 2 were arried out on our parallel omputer

PMS1. We also measured the performane of the mahine with a muh

simpler pure SU(3) gauge theory. The most CPU time onsuming parts,
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manipulation with 2×2 and 3×3 omplex matries, were written in assembly

language. This inreased the speed of the odes by about a fator of two.

We obtained similar results for the speed of the ode and for the ommuni-

ation between nodes in the two ases. The MSSM results for ommuniation

are atually somewhat better. The reason for that is quite simple. The num-

ber of variables in the MSSM is larger by a fator of two than in pure SU(3)

gauge theory; however, the number of �oating point operations needed for a

full update is more than an order of magnitude larger. Thus, for the same

lattie size the time needed to transfer the surfae variables �done by the

ommuniation ards� ompared to the update time is smaller for MSSM

than for the pure SU(3) theory. We estimated that a similar or a bit less

speed than in SU(3) gauge theory should be observed for fermioni systems

with multiboson [85℄ algorithms.

For small lattie sizes the most eonomial way to use our 32 PC luster

is to put independent latties on the di�erent nodes. The maximum lattie

size in the SU(3) theory for 128 MB memory is ∼ 204, or for �nite temper-

ature systems 6 · 323. One thermalizes suh a system on a single node, then

distributes the on�guration to the other nodes and ontinues the updating

on all 32 nodes. We measured the sustained performane of the luster in

this ase, whih gave 32× 152M�ops=4.9G�ops. This 152M�ops/node per-

formane means that one double preision operation is arried out pratially

for every third lok yle of the 450 MHz, whereas the nominal maximum

of the proessor is one operation for every seond lok yle. As it was

mentioned above, without assembly programming an approximate redution

fator of two in the performane was observed.

Inreasing the volume of the simulated system one an divide the lattie

between 2 nodes (the 2×4×4 topology has 2 nodes in one of the diretions).

For even larger latties one an use 4 nodes (4 in one diretion), 8 nodes (2×4

in two diretions) 16 nodes (4×4 in two diretions) or 32 nodes (2×4×4 in

three diretions). Again, the most eonomial way to perform the simulations

is to prepare one thermalized on�guration and put it on other nodes (this

method obviously an not be used for the 2× 4× 4 topology, beause in this

ase the whole mahine with 32 nodes is just one lattie).
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Based on our measurements we determined the sustained performane

of a 32-node PMS luster as a funtion of the lattie volume. The result

for a set of lattie volumes for �nite temperature systems with temporal

extension, Lt = 6 for SU(3) and Lt = 4 for MSSM an be seen on Figure

4.3. Clearly, the largest volume one an reah is approximately twie as

large for the SU(3) gauge theory than for the MSSM. For both ases there

are regions where the performane inreases with the volume. This an be

easily understood to happen due to the fat that larger volume means better

surfae/volume ratio, thus better performane. There are three drops in the

performane for both SU(3) and MSSM. They orrespond to lattie volumes

for whih new ommuniation diretions were opened (or, in other words,

the dimension of the mesh of the nodes on whih the lattie was divided,

inreased by one) in order to �t the lattie into the available RAMs. As

it an be seen the performane for the MSSM is still very high even at

the largest volume with three-dimensional ommuniation: it is just 10%

smaller than the performane without ommuniation. This plot gives us

the optimum arhiteture of suh a parallel omputer. The number of nodes

and the number of ommuniation diretions used for a given lattie should

be as small as possible simultaneously. This means a 2× 4× 4 topology for

32 nodes and a 2× 4× 8 topology 64 nodes.

Despite the fat that the speed of the ommuniation between two nodes

is not that high (2 Mb/s) the performane of the luster is quite good. The

reason for this is the high speed of the individual nodes (450 MHz) and

the large RAM on eah node. This sort of design does not need a division

of the lattie to hundreds of sub-latties, thus it does not need a very fast

ommuniation.

The total sustained performane of PMS1 for double preision alula-

tions is ≈4G�ops. The prie/(sustained performane) ratio is quite exel-

lent:$3/M�ops.

For single preision simulations one an use the MMX instrution set

whih is 8 times faster than the double preision operations (4 operations for

eah lok yle). We estimated the single preision performane by assuming

that MMX programming results in 20% derease in performane. The to-
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Figure 4.3: Sustained performane of PMS1 as a funtion of the lattie vol-

ume for pure SU(3) gauge theory and for MSSM. The endpoints of the lines

orrespond to the largest volumes whih an be simulated on a 32 PC luster.

tal performane of PMS1 is ≈20G�ops with 0.60$/M�ops prie-to-sustained

performane ratio. The PMS1 mahine, similarly to other workstation farms

has a moderate maximum sustained performane as ompared to Tera�op-

sale mahines (CP-PACS [86℄ or QCDSP [87℄). However, PMS1 has a muh

better prie/(sustained performane) ratio than other workstation farms.



Chapter 5

SUMMARY

In my thesis two phenomena pointing beyond the Standard Model were dis-

ussed. In hapter 2 the possibility of baryogenesis in the minimal supersym-

metri extension of the Standard Model was examined. The problem annot

be solved fully by perturbation theory so lattie simulations were needed. My

main ontribution to this analysis is related to this non-perturbative part.

A 5000 line C program was written that performs simulations of the

MSSM. During the writing of this program the Monte-Carlo methods used

in earlier works had to be improved. The overrelaxation and heatbath algo-

rithms for the salar �elds were introdued in setion 3.1.2.

Using the MSSM program, systemati �nite temperature and zero tem-

perature simulations were performed. First the phase transition point was

determined at �nite temperature for di�erent volumes and in�nite volume

extrapolation was arried out. Then at the same physial point zero temper-

ature simulations were performed and the mass spetrum was determined.

This whole proedure was repeated for four di�erent lattie spaings.

After observing the good agreement with perturbation theory, the lattie

results obtained at di�erent lattie spaings an be perturbatively orreted

to be on a line of onstant physis (LCP) and ontinuum limit extrapolation

an be done.

For perturbation theory it is important to know the renormalization or-

retions to the squark masses. To this end the phase diagram in the m2
U�T

plane was determined. The transition point to the olor-breaking phase is a
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good referene point for squark mass renormalization.

The produed baryon number is in strong onnetion with the shape of

the bubble wall during the phase transition. Using onstrained simulation,

the pro�le of the bubble wall an be measured. With an appropriate shifting

proedure the wall pro�le and the wall width were determined. The variation

of the β parameter through the bubble wall was also found.

The other phenomenon whih was disussed in hapter 3 is onneted to

ultrahigh energy osmi rays. The highest energy osmi rays have maro-

sopi energy whih annot be explained with our present knowledge. The

interesting lustering features of the highest energy events lead to the assump-

tion that these ultrahigh energy osmi rays may ome from ompat soures.

Based on the observed lustering properties the density of these soures was

determined for arbitrary spatial, energy and luminosity distributions. Three

examples for energy distribution and two for luminosity distribution were

studied in detail.

A useful funtion of the analysis was the P (r, E, Ec) probability funtion

whih gives the probability that a proton starting with energy E has its

energy above Ec after traveling a distane of r. With a Monte-Carlo analysis

this funtion was omputed for a wide range of parameters. Thus using this

parametrization the observed spetrum an be alulated to any injeted

spetrum without further Monte-Carlo simulations.

The fat that some events have extremely high energies gives the possi-

bility that they might not be aelerated from lower energies (these are the

so alled �bottom-up� senarios), but they are the deay produts of some

heavy metastable partile. These senarios are ommonly alled �top-down�

senarios.

Based on this assumption the deay spetrum of superheavy partiles was

determined. For this the fragmentation funtions of protons at these high

energies were needed. Sine this is a non-perturbative quantity, the experi-

mental results for the fragmentation funtions at low energy had to be used

and these were evolved to high energies. This fragmentation funtion was

ombined with the predition of the Modi�ed Leading Logarithmi Approxi-

mation (MLLA) whih gives the small momentum region of the fragmentation
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funtions more aurately.

The lattie simulations of MSSM and the Monte-Carlo study of the prop-

agation of osmi rays required a huge amount of CPU time. We deided

to build a ost-e�etive superomputer from PC elements, the Poor Man's

Superomputer (PMS). In the fourth hapter of my thesis the hardware

and software arhiteture of this mahine was desribed. The most impor-

tant hardware solution is the speial ommuniation ard that provides fast

ommuniation between adjaent nodes, while on the software side the job-

management system and the kernel driver for the ards were designed.

5.1 Aknowledgments

First of all I would like to thank the help and patiene of my advisor Zoltán

Fodor. He has a great part in my results with lots of ideas and enourage-

ment. I am also grateful to Feren Csikor for many useful disussions. It

was a pleasure to work together with Pál Hegedüs, Viktor Horváth, Antal

Jaková and Attila Piróth. Finally I thank B.A Kniehl for the fragmentation

funtion of the proton generously supplied prior to its publiation.



Bibliography

[1℄ H. N. Brown et al. [Muon g-2 Collaboration℄, Phys. Rev. Lett. 86, 2227

(2001).

[2℄ A. G. Cohen, A. De Rujula, S. L. Glashow, Astrophys. J. 495 (1998)

539.

[3℄ A. D. Sakharov, JETP Letters 91B, 24 (1967).

[4℄ V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett.

B155 36 (1985).

[5℄ P. Arnold and O. Espinosa, Phys. Rev. D47, 3546 (1993), erratum

ibid., D50, 6662 (1994); W. Buhmüller et al., Ann. Phys. (NY) 234,

260 (1994); Z. Fodor and A. Hebeker, Nul. Phys. B432, 127 (1994);

W. Buhmuller, Z. Fodor and A. Hebeker, Nul. Phys. B447, 317

(1995).

[6℄ K. Farakos et al., Nul. Phys. B425, 67 (1994); A. Jaková and

A. Patkós, Nul. Phys. B494, 54 (1997);A. Jakova, K. Kajantie and

A. Patkos, Phys. Rev. D49, 6810 (1994); A. Jakova and A. Patkos,

Phys. Lett. B334, 391 (1994).

[7℄ B. Bunk et al., Nul. Phys. B403, 453 (1993), Z. Fodor et al., Phys.

Lett. B334, 405 (1994); Nul. Phys. B439, 147 (1995), F. Csikor et al.,

Nul. Phys. B474, 421 (1996).

[8℄ Z. Fodor et al., Nul. Phys. B439, 147 (1995).

67



BIBLIOGRAPHY 68

[9℄ K. Kajantie et al., Nul. Phys. B407, 356 (1993); Nul. Phys. B466,

189 (1996); O. Philipsen et al., Nul. Phys. B469, 445 (1996).

[10℄ F. Karsh, T. Neuhaus, A. Patkos and J. Rank, Nul. Phys. B (Pro.

Suppl.) 53, 623 (1997); K. Kajantie et al., Phys. Rev. Lett. 77, 2887

(1996); M. Gürtler et al., Phys. Rev. D56, 3888 (1997).

[11℄ F. Csikor et al., Phys. Rev. Lett. 82, 21 (1999) (for analytial end point

results see seond paper of [5℄ and W. Buhmüller, O. Philipsen, Nul.

Phys. B443 47 (1995)); F. Csikor, Z. Fodor, P. Hegedüs and A. Piróth,

Phys. Rev. D 60, 114511 (1999).

[12℄ G. F. Guidie, Phys. Rev. D45, 3177 (1992); J. R. Espinosa et al.,

Phys. Lett. B307, 106 (1993); A. Brignole et al., Phys. Lett. B324, 181

(1994); J. R. Espinosa, Nul. Phys. B475, 273 (1996); B. de Carlos,

J. R. Espinosa, Nul. Phys. B503, 24 (1997); D. Bödeker et al., Nul.

Phys. B497, 387 (1997); J. M. Cline, G. D. Moore, Phys. Rev. Lett. 81,

3315 (1998); M. Carena, M. Quiros and C. E. Wagner, Nul. Phys. B

524, 3 (1998); M. Losada, Nul. Phys. B537, 3 (1999); hep-ph/9905441.

[13℄ M. Carena et al., Phys. Lett. B380, 81 (1996); Nul. Phys. B524 3

(1998).

[14℄ M. Laine, K. Rummukainen, Phys. Rev. Lett. 80 5259 (1998); Nul.

Phys. B535 423 (1998).

[15℄ K. Funakubo et al., Prog. Theor. Phys. 99 1045 (1998); ibid., 102 389

(1999); M. Laine, K. Rummukainen, Nul. Phys. B545 141 (1999); hep-

lat/9908045.

[16℄ F. Csikor, Z. Fodor, P. Hegedüs, A. Jaková, S. D. Katz, A. Piróth,

Phys. Rev. Lett. 85, 932 (2000)

[17℄ G. D. Moore, Nul. Phys. B523, 569 (1998).

[18℄ P. Huet, A. E. Nelson, Phys. Rev. D53, 4578 (1996); Phys. Lett. B355,

229 (1995); M. Carena et al., Nul. Phys. B503, 387 (1997); A. Riotto,

http://arxiv.org/abs/hep-ph/9905441
http://arxiv.org/abs/hep-lat/9908045
http://arxiv.org/abs/hep-lat/9908045


BIBLIOGRAPHY 69

Nul. Phys. B518, 339 (1998); Phys. Rev. D58 095009 (1998); N. Rius,

V. Sanz, hep-ph/9907460; M. Brhlik, et al., hep-ph/9911243.

[19℄ A. M. Ferrenberg and R. H. Swendsen, Phys. Rev. Lett. 61, 2635 (1988),

Phys. Rev. Lett. 63, 1195 (1989).

[20℄ C. N. Yang and T. D. Lee, Phys. Rev. 87, 404 (1952); T. D. Lee and

C. N. Yang, Phys. Rev. 87, 410 (1952).

[21℄ G. Bhanot, S. Blak, P. Carter and R. Salvador, Phys. Lett. B 183, 331

(1987); G. Bhanot, K. Bitar, S. Blak, P. Carter and R. Salvador, Phys.

Lett. B 187, 381 (1987); B. A. Berg and T. Neuhaus, Phys. Lett. B 267,

249 (1991).

[22℄ F. Csikor, Z. Fodor, T. Herpay, V.K. Horváth, A. Jaková, S. D. Katz,

in preparation.

[23℄ J. M. Cline et al., Phys. Rev. D60, 105035 (1999).

[24℄ D. Jasnow, Rep. Prog. Phys. 47, 1059 (1984)

[25℄ J. M. Moreno et al., Nul. Phys. B526, 489 (1998); P. John, Phys. Lett.

B452, 221 (1999).

[26℄ K.Greisen, Phys.Rev.Lett. 16, 748 (1966); G.T.Zatsepin, V.A.Kuzmin,

Pisma Zh.Exp.Teor.Fiz. 4, 114 (1966).

[27℄ M. Takeda et al., Phys. Rev. Lett. 81, 1163 (1998); astro-ph/9902239;

www-akeno.irr.u-tokyo.a.jp/AGASA/

[28℄ D.J. Bird et al., Phys. Rev. Lett. 71, 3401 (1993); Astrophys J. 424,

491 (1994); ibid 441, 144 (1995).

[29℄ M.A. Lawrene, R.J.O. Reid and A.A. Watson, J. Phys. G17, 773

(1991).

[30℄ N.N. E�mov et al., "Pro. Astrophysial Aspets of the Most Energeti

Cosmi Rays", p. 20, eds. M. Nagano and F. Takahara, World Si.,

Singapore, 1991.

http://arxiv.org/abs/hep-ph/9907460
http://arxiv.org/abs/hep-ph/9911243
http://arxiv.org/abs/astro-ph/9902239


BIBLIOGRAPHY 70

[31℄ D. Kieda et al., to appear in Pro. of the 26th ICRC, Salt Lake, 1999;

www.physis.utah.edu/Resrh.html

[32℄ S. Yoshida, M. Teshima, Prog. Theor. Phys. 89, 833 (1993); F.A. Aha-

ronian, J.W. Cronin, Phys. Rev. D50, 1892 (1994); R.J. Protheroe, P.

Johnson, Astropart. Phys. 4, 253 (1996).

[33℄ P. Bhattaharjee and G. Sigl, Phys. Rep. 327, 109 (2000).

[34℄ A. Ahterberg et al., astro-ph/9907060.

[35℄ T. Stanev et al., astro-ph/0003484.

[36℄ G. Domokos, S. Nussinov, Phys. Lett. B187, 372 (1987); D. Fargion,

B. Mele, A. Salis, Astrophys. J. 517, 725 (1999); T.J. Weiler, As-

tropart. Phys. 11 303 (1999), Astropart. Phys. 12, 379 (2000) (Er-

ratum); G. Domokos, S. Kövesi-Domokos, Phys. Rev. Lett. 82, 1366

(1999).

[37℄ G.R. Farrar and T. Piran, Phys. Rev. Lett. 84, 3527 (2000);

A. Dar, astro-ph/0006013.

[38℄ N. Hayashida et al., Phys. Rev. Lett. 77, 1000 (1996).

[39℄ Y. Uhihori et al., Astropart. Phys. 13, 151 (2000).

[40℄ Z. Fodor and S. D. Katz, Phys. Rev. D 63, 023002 (2001).

[41℄ S.L. Dubovski, P.G. Tinyakov, JETP Lett. 68, 107 (1998); V.Berezinsky,

A.A. Mikhailov, Phys. Lett. B449, 61 (1999); C.A. Medina Tano, A.A.

Watson, Astrop. Phys. 12, 25 (1999).

[42℄ K. Mannheim, Astropart. Phys. 3, 295 (1995).

[43℄ J.P. Rahen, P.L. Biermann, Astron. Astrophys. 272, 161 (1993).

[44℄ J.W. Elbert, P. Sommers, Astrophys. J. 441, 151 (1995).

[45℄ P.L. Biermann, P.A. Strittmatter, Astrophys. J. 322, 643 (1987).

http://arxiv.org/abs/astro-ph/9907060
http://arxiv.org/abs/astro-ph/0003484
http://arxiv.org/abs/astro-ph/0006013


BIBLIOGRAPHY 71

[46℄ C.T. Hill, D.N. Shramm, T.P. Walker, Phys. Rev. D36, 1007 (1987); P.

Bhataharjee, C.T. Hill, D.N. Shramm, Phys. Rev. Lett. 69, 56 (1992);

G. Sigl astro-ph/9611190; V. Berezinsky, A. Vilenkin, astro-ph/9704257.

[47℄ V.S. Berezinsky, S.I. Grigorieva, in Pro. of the 16th Int. Cosmi Ray

Conf., Kyoto 1979, Vol. 2. p. 81.

[48℄ R.D. Blandford, Phys. Sr. T85, 191 (2000).

[49℄ Z. Fodor and S. D. Katz, Phys. Rev. Lett. 86, 3224 (2001).

[50℄ S.L. Dubovsky, P.G. Tinyakov and I.I. Tkahev, Phys. Rev. Lett. 85,

1154 (2000).

[51℄ M. Boratav, Nul. Phys. Pro. 48, 488 (1996); C.K. Guerard, ibid

75A, 380 (1999); X. Bertou, M. Boratav, A. Letessier-Selvon, astro-

ph/0001516.

[52℄ X. Bertou, M. Boratav, A. Letessier-Selvon,

Int. J. Mod. Phys. A15, 2181 (2000).

[53℄ J.N. Bahall and E. Waxman, hep-ph/9912326.

[54℄ J. Ellis et al., Phys. Lett. B247, 257 (1990); Nul. Phys. B373, 399

(1992); P. Gondolo, G.B. Gelmini, S. Sarkar, Nul. Phys. B392, 111

(1993).

[55℄ V. Berezinsky, M. Kahelrieÿ and A. Vilenkin, Phys. Rev. Lett. 79, 4302

(1997);

[56℄ M. Birkel and S. Sarkar, Astropart. Phys. 9, 297 (1998).

[57℄ K. Benakli et al., Phys. Rev. D59, 047301 (1999).

[58℄ P. Blasi and R. Sheth, Phys.Lett. B486, 233 (2000).

[59℄ C.T. Hill, Nul. Phys. B224, 469 (1983).

[60℄ V.Berezinsky, M.Kahelrieÿ, Phys.Lett. B434, 61 (1998).

http://arxiv.org/abs/astro-ph/9611190
http://arxiv.org/abs/astro-ph/9704257
http://arxiv.org/abs/astro-ph/0001516
http://arxiv.org/abs/astro-ph/0001516
http://arxiv.org/abs/hep-ph/9912326


BIBLIOGRAPHY 72

[61℄ P.L. Shehter, Astrophys. J. 203, 297 (1976).

[62℄ E. Waxman, K.B. Fisher and T. Piran, Astrophys. J. 483, 1 (1997);

M. Giller, J. Wdowzyk and A. Wolfendale, J. Phys. G6, 1561 (1980);

C.T. Hill and D.N. Shramm, Phys. Rev. D31, 564 (1985).

[63℄ B.R. Dawson, R. Meyhandan and K.M. Simpson, Astropart. Phys. 9,

331 (1998).

[64℄ C. Caso et al., Eur. Phys. J. C3, 172 (1998).

[65℄ V.A. Kuzmin, V.A. Rubakov, Phys. Atom. Nul. 61, 1028 (1998).

[66℄ Ya.I. Azimov, Yu.L. Dokshitzer, V.A. Khoze, S.I. Troyan, Phys. Lett.

B165, 147 (1985); Z. Phys. C27, 65 (1985); ibid C31, 213 (1986); C.P.

Fong, B.R. Webber, Nul. Phys. B355, 54 (1991).

[67℄ V. Berezinsky, P. Blasi, A. Vilenkin, Phys. Rev. D58, 103515 (1998).

[68℄ S. Sarkar, hep-ph/0005256.

[69℄ N. Rubin, www.stanford.edu/

∼
nrubin/Thesis.ps

[70℄ for a review see V. Berezinsky, astro-ph/0001163.

[71℄ G. Vinent, N. Antunes, M. Hindmarsh, Phys. Rev. Lett. 80, 2277

(1998); M. Hindmarsh hep-ph/9806469.

[72℄ L. Masperi, G. Silva, Astrop. Phys. 8, 173 (1998).

[73℄ J.J. Blano-Pillado, K.D. Olum, astro-ph/9909143.

[74℄ J.Binnenwies, B.A.Kniehl, G. Kramer, Phys. Rev. D52, 4947 (1995);

B.A. Kniehl, G. Kramer, B. Potter, Phys. Rev. Lett. 85, 5288 (2000);

Nul. Phys. B582, 514 (2000);

[75℄ V.N. Gribov, L.N. Lipatov, Sov. J. Nul. Phys. 15, 438 (1972); L.N.

Lipatov, ibid 20, 94 (1975); G. Altarelli, G. Parisi, Nul. Phys. B126,

298 (1977); Yu.L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977).

http://arxiv.org/abs/hep-ph/0005256
http://arxiv.org/abs/astro-ph/0001163
http://arxiv.org/abs/hep-ph/9806469
http://arxiv.org/abs/astro-ph/9909143


BIBLIOGRAPHY 73

[76℄ S.K. Jones, C.H. Llewellyn Smith, Nul. Phys. B217, 145 (1983).

[77℄ G. Marhesini and B. R. Webber, Nul. Phys. B330, 261 (1990).

S. Catani, B. R. Webber and G. Marhesini, Nul. Phys. B349, 635

(1991);

[78℄ V. Berezinsky and M. Kahelriess, hep-ph/0009053.

[79℄ see eg. P. Abreu et al. Phys. Lett. B459, 397 (1999); G. Abbiendi et al.

hep-ex/0002012.

[80℄ U. Amaldi, W. de Boer, H. Furstenau, Phys. Lett. B260, 447 (1991).

[81℄ G. Sigl, S. Lee, P. Bhattaharjee and S. Yoshida, Phys. Rev. D59,

043504 (1999).

[82℄ F. Csikor, Z. Fodor, P. Hegedüs, V.K. Horváth, S. D. Katz, A. Piróth,

Comput. Phys. Commun. 134, 139 (2001).

[83℄ http://www.priewath.om

[84℄ N. Avio et al., Comput. Phys. Commun. 57, 285 (1989);

A. Bartonoli et al., Nul. Phys. B (Pro. Supl.) 60A, 237 (1998);

http://himera.roma1.infn.it/ape.html;

F. Aglietti et al., Nul. Instrum. Meth. A389, 56 (1997).

[85℄ M. Lüsher, Nul. Phys. B418, 637 (1994); I. Campos et al, Eur. Phys.

J. C11, 507 (1999); Ph. de Forrand, hep-lat/9903035.

[86℄ Y. Iwasaki, Nul. Phys. (Pro. Suppl.) 60A, 246 (1998); S. Aoki et al.,

hep-lat/9903001; http://www.rp.tsukuba.a.jp.

[87℄ D. Chen et al., Nul. Phys. B (Pro. Suppl.) 73, 898 (1999);

http://phys.olumbia.edu/∼qft.

http://arxiv.org/abs/hep-ph/0009053
http://arxiv.org/abs/hep-ex/0002012
http://www.pricewatch.com
http://chimera.roma1.infn.it/ape.html
http://arxiv.org/abs/hep-lat/9903035
http://arxiv.org/abs/hep-lat/9903001
http://www.rccp.tsukuba.ac.jp
http://phys.columbia.edu/~cqft

