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In the textbook al the known types of fundamental interactions are considered. The main
directions of their unification are viewed. The basic theoretical ideas and the basic exper-
iments, which allow to establish a quark-lepton level of a matter structure, are discussed.
The general scheme of building up the theory of interacting fields with the help of the local
gauge invariance principle is given. This scheme is used under presentation of the basic
aspects of the quantum chromodynamics and the electroweak theory by Weinberg-Salam-
Glashow. Principles of operation and designs of accelerators, neutrino telescopes, and ele-
mentary particle detectors are considered. The modern theory of the Universe evolutionis
described.

The textbook is primarily meant for Physics Department students. The book also will
be useful to teachers, researches, post-graduate students and to all who are interested in
problems of amodern physics.
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Preface

The history of Physicsis as abundant in shocks as a political life of atypical banana re-
public, where babies learn the word "revolution” immediately after the word "mama’. At
quiet times, however, physicists often have the illusion of complete understanding of the
world. It was a'so the case in the beginning of the XXth century, when in the clear skies of
Classical Physicsthere were only two small clouds, two unsolved problems, namely ether
hypothesis and radiation spectrum of blackbody. The results of experiments by Mickelson
and Morlet demonstrated that ether possesses no observable properties. They did not only
ruin the ether theory altogether, but they also made the foundation of the special theory
of relativity (STR), created by Einstein in 1905. In our opinion, there are two following
aspects of the STR which form nowadays an education standard of any physicist and that
isthe highest price for any physical theory. The former aspect deals with understanding of
properties belonging to the four dimensiona space-time that surrounds us. The latter one
reflects a deep faith in worldly wisdom of a correspondence principle, which reads: every
new and more precise theory comprises in the utmost case the old and less exact theory.
Thus, Newton's classical mechanics was not wrong it simply turned out to be approximate
theory. It is easy to check, that al of its formulae can be obtained from the corresponding
expressionsin the STR at passage to the limit ¢ — e. When describing rel ativistic phenom-
ena (v ~ c), the correct answer can be given by the STR only. Max Plank’s explanation of
radiation spectrum of blackbody wasthat very spark to strokethe flames of the second revo-
[ution in Physics which resulted in creation of non-rel ativistic quantum mechanics (NQM).
This theory explained a matter structure at atomic and molecular levels with striking suc-
cess. The Planck constant, the action quantum, plays the fundamental rolein the NQM. As
soon as any dynamic observables of the system having action dimension (energy xtime) are
comparablein their value with A, classical physicsendsin afiasco and the right description
can be obtained only within the NQM. Once again we can check, that familiar formul ae of
classical physicsfollow from their counterparts of the NQM at passage to the limit 2 — O.

In 1915 Einstein’sgeneral theory of relativity (GTR) succeeded classical theory of grav-
itation. The GTR made arevolution both in methods and in the very contents of theoretical
physics. Einstein discovered not only the new physical laws, but anew method of establish-
ing the new laws aswell. The GTR was based on the equivalent principle which suggested
no difference between gravitation and acceleration in a small spatial domain. Unlike New-
ton’stheory of gravitation, the GTR isnot only atheory of gravitational interaction, but also
atheory of space-time, consequently, a theory of the Universe in general. Non-stationary
models of the Universe, obtained by Friedmann on the basis of the GTR equation solutions
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at that time seemed to be mere fantastic. However, as soon as 1929 astronomica obser-
vations by A. Hubble proved the theory of the expanding Universe to be right. Thus, the
Universe of Plato and Pifagor is succeeded by the Universe which has a starting point in
time and neither beginning nor end in space.

Merging of the STR and the NQM resulted in foundation of the quantum field the-
ory, which constitutes the theoretical base of elementary particle physics. In the beginning
it seemed that particle physics consisted of intuitive assumptions and set of recipes taken
from ceiling. Each kind of fundamental interactions was studied separately, amost inde-
pendently from other ones. The existence of divergences in the series of the perturbation
theory was the only common trait, unifying all interactions. Only the theory of electromag-
netic el ectron-positron interaction, the quantum el ectrodynamics, was a pleasant exception
from such a dull landscape. The situation, however, changed abruptly by the beginning
of the seventies in the XXth century. Velvet gauge revolution started gauge erain physics
of microworld. The use of gauge group U (2)ew @ U (1)gw together with the hypothesis
of spontaneous symmetry violation allowsto unify electromagnetic and weak interactions.
Adding the theory of strong interactions based on color gauge group U (3). to this scheme
leads to the creation of so called standard model (SM). The SM perfectly explains not only
the events in the microworld but also many cosmological phenomena, for example, Big
Bang theory. However, nowadays there are a few experiments (oscillations of solar and
atmospheric neutrinos, reports about registration of neutrinoless double beta decay etc.) re-
sults of which demand some light reconstruction of the SM, namely its el ectrowesk sector.

The next step is to unify strong and electroweak interactions, that is, to build up the
grand unification theory (GUT). We have all the reasons to believe that once again the
solution will be obtained while searching for a gauge group involving as a subgroup the
VU (3)c @V (2)ew ® U (1)ew gauge group of the SM. Thereis no doubt, that gauge sym-
metries will play an important role in creation of the unified field theory, which comprises
both the GUT and gravitational interaction theory.

Theaim of the textbook isto present the ideas evolution in particle physics, the modern
state of this physics division and to display the role this science plays in explaining the
processes occurring in the Universe. The textbook is primarily meant for Physics Depart-
ment students. It will be also useful for technological institute students, for students of the
instituteswhich are specialized in abackground of teachers, engineers, researchers and for
all who wantsto know how the world in which we live really works.

A reader should only know the fundamental s of non-rel ativisti c quantum mechanics and
specia theory of relativity. Under reading the textbook it is useful to address to other books
devoted to elementary particle physicsthelist of whichis placed at the end of the textbook.
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Notations

We mark three-dimensional indices by Latin letters and four-dimensional ones (running
over 0,1,2,3) by Greek letters. All components of four-vectors are real numbers. We in-
troduce two kinds of four-dimensiona tensors. Thus by definition for 4-coordinates we
have
= (@ xtx2 x%) = (ct,x,Y,2),
Xy = (X0, X1, X2, X3) = (Ct, =X, =Y, —2).

Four-vectors with upper (low) index we name contravariant and (covariant) vectors. In
the same way the difference is made for covariant and contravariant tensors with the rank
higher than one. Let us define the metric tensor

1 0 0 O

v _
g" = 0O 0 -1 O
0O 0 0 -1

Since determinant of this matrix isnot equal to 0, thereisitsinverse matrix g, satisfy-
ing the relation

Ouwv = guv_
To raise and lower indices the metric tensor is employed. Thus, for example,
Xy = guX", T = g9 T, etc..

We call twice repeated indices dummy ones and shall mean the summarizing on them.
Note, that only spatial components change its sign under transition from covariant to con-
travariant four-vectors. The product of two four-vectorsa, b isdefined asfollows:

a,b" = an® — ab,
where
ab = ab* = aby = a'b' +a%b? + a’b’.
Four-dimensional vector of energy-momentum has the following form
p'=(E/c.p)
and it satisfies the following relation
p'p, = mPc?.
Four-dimensional generalization for the Nabla operator is given by the expression

J

a,u = a@ = (aOaV)

Symbol O is used for D’ Alembert operator

1 92

D:a,ua“:?ﬁ— 5
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where A isthe Laplace operator. Quantity &k isacompletely antisymmetric tensor

1, n—even
Eijk = -1, n— odd

0, two and more indices coincide

where n is the number of transpositions which leads indices i, j,k to the sequence 123.
Symbol ¢, denotes four-dimensional generalization of tensor &' with €123 = 1 (while
€o123 = —1)

Upper signs x, T and T mean operations of complex conjugation, transposition and
Hermitian conjugation respectively. A continuous line above spinorsindicates operation of
Dirac conjugation

U= u'y,

wherey,, are Dirac matrices.
For basic vectors of representations and state vectors we use Dirac bra (|... >) and ket
(< ...|) vectors. Thus, for example

¥(p.ss) =|p,ss >, ¥ (p,s5) =< p, sl

We mark three-dimensional radius vector by r, and its module by r, where r =

\/ X+ X3 +X3.

In the book Heaviside system of unitsis used, in which €?/(4nhc) = Otem. This very
normalization of electric charge is adopted in periodic literature on quantum field theory.
In Gauss system of units the normalization € /(hc) = olem is used (the value of electric
charge corresponding to it is usually given in tables of physical constants). In Heaviside
system of unitsthe equationsof el ectromagnetic fiel ds have more convenient form, sincethe
multiplier 4 does not enter there. Coulomb law, however, in this system has the following

form
E— g102

C — . A=
4mr2
In contrast to this field equations in Gauss system of units contain the factor 4 and
Coulomb law has the simple form F. = qlqz/rz. It is obvious, that the value o, is the
samein all systemsof units, whilethe magnitude of the elementary charge e takes different
values.



Chapter 1

| nteractions and Ways of Their
Unification

1.1. Strong Interaction

The main purpose of Physicsisto explain all the nature phenomenaby means of few simple
fundamental principles. Since al the matter consists of particles, then elementary particles
physicsmust givethefinal answer. By thisone of the main subjectsisthe question about the
nature of interactions. It appears that despite of diversity of the world surrounding us, all
interactions are reduced to four fundamental types, which differ greatly in intensity of their
proceeding. Such a classification is not free from a some conventionality due to the fact,
that relative role of different interactions is changed while energy of interacting particles
grows. It means that separation of interaction in classes, based on comparison of processes
intensity, can be made reliably only for not very high energies.

Let us consider types of fundamental interaction in order of decreasing their intensity.
Strong interaction opens our list. Thisis an overwhelming type of interactionsin nuclear
physics of high energies. Particles, which participate in strong, weak, and gravitation in-
teractions, are called hadrons. Hadrons with half-integral spin are called baryons, while
hadrons with integral spin are called mesons. In addition, charged hadrons participate in
electromagnetic interactions. Just strong interaction causes couplings between protons and
neutronsin atomic nuclel and ensuresthe exclusive nuclei strength lying at the heart of mat-
ter stability in Earth conditions. Strong interactionisalso responsiblefor the confinement of
quarksinside hadrons. Strong interaction may be manifested not only as ordinary attraction
in nucleus, but as aforce, which causes instability of some elementary particles (particles,
which decay is caused by strong interaction, are called resonances). Dueto its great value,
strong interaction is a source of huge energy. In particular, the main part of heat in the
sun is produced by strong interaction, when made by weak interaction deuterium nuclei
together with protonsare synthesized into helium nuclei. Strong interactionisashort-range
interaction with radius of 10~ cm.

Only after quark structure of hadrons had been discovered, strong interaction theory
ceased to resembl e the plots of Russian popular tales. Thistheory, called quantum chromo-
dynamics (QCD), resembles quantum electrodynamics (QED) in construction. However,
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QED has alocal gauge symmetry with respect to group U (1)enm!, whilealocal gauge sym-
metry group of QCD isthe U (2). group. Note, that the both symmetries are internal ones,
that is, they are connected with a system symmetry not in the ordinary space-time but in ab-
stract spaces’. Thelower index cin QCD symmetry group is caused by thefact, that quarks,
beside ordinary quantum numbers, have three addition degrees of freedom, for which we
use a conventional term ”color” or color charge R (red), G (green) and B (blue). For both
QCD and QED internal symmetries are exact.

The subject of internal symmetry violation is of the great importance in quantum field
theory. There are two mechanisms of symmetry violations, namely, explicit and sponta-
neous. Under explicit violation the L agrangian containsterms, which are not invariant with
respect to a symmetry group. The value of these terms characterizes the degree of corre-
sponding symmetry violation. Thus, for example, the Lagrangian of strong interaction is
variant under isotopic transformations, but the total Lagrangian aso contains el ectromag-
netic and weak interactions, which explicitly violate isotopic symmetry. For this reason the
complete theory does not possessthe exact isotopicinvariance.

Under spontaneous symmetry violation the Lagrangian possesses the invariance with
respect to the transformations of the internal symmetry group, vacuum (vacuum isthe state
with the minimum energy), however, loosesthisinvariance. Vacuum non-invariancereveals
itself through the fact, that one or more components of quantized field (as arule these com-
ponents correspond to scalar particles) acquire the non-zero vacuum averages < 0|@;|0 >
(or vacuum expectation values), which define various energy scales of the theory. Under
the spontaneously violated local symmetry the corresponding gauge bosons, which are in-
teraction carriers, turn out to be massive particles, while under exact symmetry these gauge
bosons are massless. Thus, carriers of strong interactions between quarks, which we call
gluons, are massless particles.

In al observable hadrons the color charges of quarks are compensated, i.e hadrons are
colorless (white) formations. Hadron colorlessness can result either from mixing of three
main colors (true for baryons) or by mixture of color and anticolor (true for mesons). In
strong interactions the color charges of quarks play the same role as the electric charges of
particles do in electromagnetic interaction. Color charge is the source of gluon field. As
this takes place gluon carries on its both color and anticolor charges, that is, its color com-
position is the product of color and anticolor. When quark emits gluon its color changes,
depending on a gluon color. For instances, red quark, emitting red-antiblue gluon, turns
blue. Anaogously, blue quark, absorbing red-antiblue gluon, turns red, etc. A tota of
3 x 3 =9 "color-anticolor” combinations are possible. Among them there is one corre-
sponding to colorless state

Jo= RR+ BB+ GG,

which does not change the quark state under emitting or absorbing by quark and, conse-
guently, can not play the role of gluon transferring interaction between quarks. Then only
eight gluons are left. Gluons are electricaly neutral, have zero-mass and spin equal to 1.
All thismakes them to be similar to photons. But unlike photons, gluons have a” charge™ of
the field whose interaction they transfer. Gluon can emit or absorb other gluons, changing

1The term ”local” meansthat the transformation parameters are functions of coordinates.
2Such symmetries are also called geometric ones.
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its own color in so doing. That is, gluons create new gluon field around themselves, not
depending on quarks. Photons are deprived of such a property, they have no electric charge
and no new electric field is created around them. Electromagnetic field isthe most intensive
near the charge, which causes the field and further away it is dispersed in space and weak-
ened. Charged gluons produce around themselves new gluons, which produce new gluons
and so on. Theresultis, that gluon field is not decreasing, but increasing further away from
the quark creating thisfield. In other words, effective color charges of quarks and gluonsare
increasing as the distance grows. At the distances of hadron size order (~ 103 cm) color
interaction becomes redlly strong. Perturbation theory, the main mathematical apparatus
in microworld physics, is not applicable in this domain, so there are no reliable calcula-
tions. However, one could expect on qualitative grounds, that strengthening the interaction
with distance must result in impossibility to bring isolated quarks at large separations. To
put this another way, it results in imprisonment for life of quarks in hadron prison. This
phenomenon is called confinement.

Baryon consists of three differently colored quarks. The quarks are constantly exchang-
ing gluonsand changing their own color. These changes, however, are not arbitrary. Math-
ematical apparatus of QCD restricts severely this play of colors. At any moment of time
the summarized color of three quarks must represent the sum R+ G+ B. Mesons consist of
guark-antiquark pairs, every pair is colorless. Then, no matter what gluons quark-antiquark
pairs are exchanging, the mesons also remain white formations. So, from QCD standpoint,
strong interaction is nothing el se but a tendency to maintain SU (3)c-symmetry, resulting in
conservation of white color of hadrons, while their components change their colors.

Strong interaction intensity is characterized by so called QCD running coupling con-
Stant: 5

9s

as(q) = an’

where gs is a gauge constant of SU(3) group. The term "running” reflects dependence of
o from distance or from transferred momentum q. We remind, that in the microworld to
estimate a quantity order one may use Heisenberg uncertainty relation. Then atransition to
short (large) distances means a transition to large (small) values of transferred momentum
q~ h/r.

Evolution of the running coupling constant of QCD is governed by the equation

121
(33— 2n¢)In(q?/Acp)’

where n¢ is the number of quark kinds (at given color) or the number of quark flavors,
and Aqcp is ascale parameter of QCD. Derivation of this equation is based on the use of
the perturbation theory apparatus and the structure of the total Lagrangian describing the
theory. At g”>> Adcp the effective constant os(q) is small and consequently, the pertur-
bation theory describes behavior of weakly interacting quarks and gluons successfully. At
o ~ AéCD it isimpossible to use the perturbation theory while strongly interacting gluons
and quarks start to form coupled systems — hadrons. Obviously, parameter Aqcp defines
the border between the world of quasifree quarks and gluons and the world of real hadrons,
below which confinement becomes substantial. The value of Aqcp is not predicted by the
theory. It is afree parameter which is determined from experiments. Nowadays, despite

0s(q) = (L.1)
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of joint efforts of experimentalists and theorists, the exact value of Aqcp remains unknown
(its approximate value lays between 100 and 200 MeV). Equation (1.1) leads to decrease
of effective interaction as momentum grows and in asymptotic ultraviolet limit effective
interaction tends to zero. Then the fields, participating in interaction, become free. The
phenomenon of self-switching off interaction at short distances which is a reverse side of
confinement, is called asymptotic freedom.

At distances, bigger than hadron size, there is no strong interaction between hadrons
a al, that is, hadrons are neutral with respect to color. It is similar to the absence of
electromagnetic forces between atoms at big distances, since they are electrically neutral.
However, when two or more atoms approach at a distance, when their electron clouds are
overlapping, so called Van der Waals forces, or chemical forces come into action. Their
radius of action is of the atom size order. Molecular bond is caused by these forces. Its
mechanism is based on the exchange of electrons between atoms, i.e. the molecular bond
is a complicated manifestation of fundamental electromagnetic interaction between two
volume-distributed charged systems. Analogously, hadron interaction can be aso viewed
as a complicated manifestation of fundamental strong interaction between color quarks,
which becomes observable only under approaching the quark cores of hadrons.

1.2. Electromagnetic Interaction

Electromagneti c i nteraction keeps el ectrons within atoms and binds atomsin molecules and
crystals. Thisinteraction lies at the basis of nearly all the phenomena around us, chemical,
physical and biological. Elementary particles with electric charge take part in electromag-
netic interaction. Neutra particles could also interact with electromagnetic field due to
multipole moments (dipole, quadrupole, anapole, etc.). However, only the particles with
composite structure can have such moments. Thus, electromagnetic interaction is not as
universal as gravitation one. It is easy to observe e ectric and magnetic forces, acting be-
tween macroscopic bodies. These forces just as the gravitation forces are subjected to
inverse square law, that is, they are long-range forces. For instance the Earth magnetic field
extends far into cosmic space, and the Sun magnetic field fills all the Solar system. Unifica-
tion of electric and magnetic forces into the classical theory of electromagnetic field, made
by Maxwell in 50s of 18th century, isan example of the first unified field theory. The idea
of unification can beillustrated by the example of Lorentz force

F = a{E-+ [ xH)}. (1.2)

Let us assume, that |E| ~ |H|. Then from Eq.(1.2) it follows, that at |v| < ¢ magnetic
forces are very small compared to electric ones and approach in their value to them only at
|v| — c. Thus, therelative intensity of forces is defined by particle velocity, thet is, there is
the scale on which the unification of electric and magnetic fields takes place and this scale
is determined by the light velocity. Since energy is also growing at |v| — ¢, we can state,
that unification occursin the region of ultrarelativistic energies of particles.

Quantum theory of electromagnetic interaction of electrons and positrons, called QED,
had been built up at the beginning of 50s of 20th century. QED isthe most exact of al phys-
ica theories. Here the electromagnetic interaction is exhibited in its pure form. Unprece-
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dented accuracy of calculations in QED is caused by usage of apparatus of perturbation
theory on small dimensionless parameter

&

Oem(@) = 4nthc’

which is caled a fine structure constant. oem(q) is aso a function of distance or
transferred momentum.  Its macroscopic value which is defined a g = mec equas to
1/137.0359895(61). The exact symmetry of QED with respect to local gauge group
U (1)em, Which gauge constant is equal to electron charge, leads to zero-mass of electro-
magnetic interaction carrier being called photon.

The QED perfectly describes not only electrons, but electromagnetic properties of other
charged leptons as well. Contrary to this, electromagnetic properties of hadrons are not
amenable to calculation because hadrons are basically controlled by strong interactions.
We stress, that the QED is not only the first model of aquantum field theory (QFT), but itis
also the simplest and the most extensively studied version of the QFT. Within theframework
of the QED many fundamental concepts of the QFT were discovered and formulated. All
this allowsto build up more complicated quantum field theories in theimage and similarity
of the QED.

In the QED the phenomenon of vacuum polarization results in screening of electron
charge by vacuum positrons. Polarizing vacuum, the electron attracts virtual positronsand
repulsesvirtual electrons. Asaresult, electron charge is partly screened, if one seesit from
a large distance. If one penetrate deep inside of a cloud of virtual pairs, then screening
would decrease and effective charge of electron would increase. In other words contrary to
the QCD running constant which is increasing with distance, the QED running constant is
decreasing as the distance grows. The cal culations, made within the QCD scope, define the
evolution of o,em(q) by means of equation

B 3n0Lem(MeC)
31— ctem(mec) In[0?/ (4méc?)]”

From Eq. (1.3) it followsthat at q ~ 80 GeV /c the value of oLen, is approximately equal
to~ 1/128.

Otem(Q) (1.3)

1.3. Weak Interaction

Weak interaction is destructive in its character because it is not able to create stable states
of matter in the way, as, for example, gravitation force maintains the existence of the So-
lar system or electromagnetic interaction ensures atom stability. In other words, the main
destination of wesak interaction isto regulate life-time of inanimate matter. It isresponsible
for nuclear B*-decays, for decays of particles not belonging to resonance class (we call
such particles” stable”). Only afew stable particles, for example, m°-meson, n°-meson and
>0-hyperon decay due to electromagnetic interaction.

If electromagnetic multipole moments of neutrino are equal to zero, then all the pro-
cesses with the neutrino participation are caused by wesk interaction only. Weak interac-
tion is also responsible for nuclear and atomic processes going with parity violation. The
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particles, participating in weak interactions and with the availability of eectric charge in
electromagnetic interactions but not participating in strong ones, are called leptons.

In some cases wesk interaction also influences macroscopic objects. For example, it
plays akey rolein the Sun energy release, because deuterium nucleus production from two
protonsis caused by just thisinteraction

p+p—2D+et +ve.

Neutrino emission during weak interactions defines stars evolution, especialy at their
final stages, initiates supernova explosions and pulsar production. If it were possible to
switch off weak interaction, then the matter around uswould acquire quiteanother structure.
It would contain all the particles, which decay due to weak interaction (muons, T*-mesons,
K-mesons, etc.).

Intensity of weak interaction is defined by Fermi constant

Gr = 1.16639(1) x 10~ 5(13c®) Gev 2,

whichisdimensional aswe see. Inthereference frame, where aparticlereststhe probability
of the decay I due the weak interaction turns out to be proportional to G2mP (misthe mass
of a decaying particle). In virtue of Heisenberg uncertainty relation, elementary particle
lifetime t isinversely proportional to I". For particles, decaying due to weak interactions,
the value of T is quite large in microworld scales and lies in the interval 10° — 10710 s,
The lifetime of a particle decreases as the intensity of interaction, causing decay, grows.
For particles, which instability is caused by electromagnetic interaction, t is of the order
~ 10716 s, while for the particles decaying because of strong interaction, t is of the order
1072 — 10 #s.

Notwithstanding the fact that the first process, caused by weak interaction, the radioac-
tive B~ -decay of nucleus, had been discovered by A. Becquerel in 1896, the attempts of
constructing the weak interaction theory was crowned with success only in 60s of XXth
century. For the construction of this theory Glashow, Salam and Weinberg were awarded
Nobel prizein 1979. In thistheory both electromagnetic and wesk interactions are the man-
ifestations of one and the same interaction which is called el ectroweak (EW) interaction. A
local gauge symmetry SJ (2)ew ® U (1) ew makes the base of thetheory. In this case, there
are two peculiarities, which make EW interaction different from both the QED and QCD.

First, local gauge symmetry of the EW interaction is spontaneously violated up to local
gauge symmetry of the QED

(2)ew QU (Dew — U (1)em

Second, from the very beginning the theory is not invariant with respect to operation of
the spaceinversion.

Inviolate local symmetry U (2)ew @ U (1)ew demands the existence of four massless
particleswith spin 1, two of which are neutral and remaining two are charged. It wasknown
from experiments, that action radius of weak interaction Ry is extremely small ~ 1016
cm. Consequently, carriers of this interaction must have masses of the order ~ 1/(Ryc).
To give the mass to the gauge bosons of weak interaction, a doublet of massless scalar
fields (Higgs bosons), consisting of neutral and charged components is introduced into the
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theory. In this case the neutral Higgs boson is not proper neutral. Due to spontaneous
symmetry violation (non-zero vacuum average from neutral component of Higgs doubletis
chosen) three of gauge bosons of a group SUJ (2)gw @ U (1)gw acquire masses, while the
forth one remains massless. Massive gauge bosons W* and Z are identified with gauge
bosons of weak interaction and massless gauge boson v is identified with a photon. Out of
four massless scalar fields, one neutra fields acquires mass and the remaining three leave
physical sector, asif they were eaten by gauge bosons while they are gaining their masses.
From massless vector field with two spin states and massless scalar field a massive vector
particle with three spin projections is produced, so, the number of degrees of freedom is
conserved. The mass production of the gauge field due to spontaneous local symmetry
violationis called Higgs mechanism.

By now lots of data have been accumulated, which prove, that experimentsfit the the-
ory perfectly. However, the main problem in the EW interaction theory is not solved yet,
namely, the mechanism of violation of initial U (2)gw QU (1)pw-Symmetry is not estab-
lished. The most real way to solve this problem is experimenta searching for the Higgs
boson. Since the theory does not predict its mass my, then the range of researching for is
rather wide.

The fact, that in the world surrounding us, we discriminate el ectromagnetic and weak
interactions, only means that their unification scale or the boundary of spontaneous sym-
metry violation in the EW interaction theory lies on a higher energy scale ~ myc? = 80.4
GeV, that corresponds to distances of the order 10~16 cm.

To compare different interactionsit is convenient to use dimensionless quantities. For
this purpose we introduce quantity oo, which characterizes intensity of the weak interaction
according to therelations

az(q) = ¢ ¢ = Cr .
A’ 8mg,  v2(he)3

(1.4)

1.4. Gravitation Interaction

Though gravitation interaction is the weakest of all, it possesses a cumul ative effect. Thus,
gravitation interaction between two bodies is a cumulative sum of interactions between el-
ementary masses which form these bodies. Since in the microworld the contribution of
gravitation interaction is very small compared to other interactions, it does not result in
measurable effects on subatomic level. However, on macroscopic level gravitation inter-
action is dominating: it keeps together parts of the terrestrial globe, unifies the Sun and
planetsinto the Solar system, connects starsin galaxies and controlsthe evolution of all the
Universe.

Since gravitation interaction was discovered in the first place, then just with itshelp the
term "force” appeared in Physics. Gravitationinteractionisuniversal, becauseit isin opera-
tion between all the bodies having the mass. It belongsto long-rangeinteractions. Building
the non-relativistic gravitation theory was completed by I. Newton in 1687. According to
this theory two mass points, having masses my, m, and lying in adistancer, are attracted
with the force which value and direction are given by the expression

My Mol

I::C’N 3




8 O.M. Boyarkin

where Gy is a Newton constant, Gy = 6.67259(85) x 10-8 cm3g~1s~2. In this theory the
force depends on particles position at a given time only and so the gravitation interaction
propagates instantly.

At an arbitrary mass distribution the gravitational force, operating on any point mass
my in the given spatial point, can be expressed as a product of mg on a vector Eq which
is called the gravitation field strength. In the Newton theory the superposition principleis
valid for agravitation field. Asthisfield is potential it is possibleto introduce by the usual
fashion the gravitation potential

Eg = —grad ¢g.

The potential of a continuous distribution of a matter density p(r) satisfies the Poisson
equation
A@pg = —4nGnp(r). (1.5)

The Newton gravitation theory has alowed to describe with a great precision an exten-
sive range of phenomena, including the motion of natural and artificial bodiesin the Solar
system, the motion of celestial bodiesin other systems: in binary stars, in stellar clusters,
in galaxies. On the basis of thistheory the existence of the planet Neptune and the satellite
of Sirius has been predicted. In the modern astronomy the gravitation law of Newton isthe
foundation on the basis of which the motions, structure of celestia bodies, their masses and
evolution are calculated. The precise definition of the Earth gravitational field allowsto es-
tablish amass distribution under its surface and, hence, immediately to solve the important
applied problems.

Asthe Newton theory assumes the instantaneous propagation of gravitation it cannot be
made consistent with a special relativity theory (SRT), stating that the interaction propaga-
tion velocity can not exceed c. It means, that this theory can not be used when gravitational
fields are so strong, that they accelerate bodies, moving in them, up to the velocities of the
order c. The velocity v, up to which the body falling freely from infinity (v|;—o ~ 0) up to
some point with agravitational potential ¢g4(r) has been accel erated, can be found from the
relation

mv2

> = mqg(r)

(we have put @(e=) = 0). Hence, the Newton theory of gravitation is applicable only in the
case when
|og| < 2.

For the gravitational fields of usua celestial bodies this requirement is fulfilled. For
example, on the Sun surface we have |¢g4|/c? ~ 4 x 10-5, and on the surface of the white
dwarfs |@g| isabout 10-3.

Besides the Newton theory likewise is inapplicable under calculation of the particles
motion even in aweak gravitational field with |@g| < c? if the particlesflying near the mas-
sive bodies, had thevelocity v ~ c aready far from them. Hence, it will lead to theimproper
answer under calculation of thelight trgjectory in a gravitational field. The Newton theory
also is not used under investigation of the variable gravitationa fields created by moving
bodies (for example, binary stars) on distancesr > ct, where 1 is the period of revolution
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in asystem of abinary star). Really, the Newton theory, based on the instantaneous propa-
gation of interaction, is unable to take into account the retardation effect which appears to
be essential in this case.

Relativistic theory of gravitation, that is, general theory of relativity (GTR) was built
by Einstein in 1915. It changed drastically the understanding of gravitation in classical,
Newtonian, physics. In the Einstein theory gravitation is not aforce, but a manifestation of
curvature of space-time. Flat metric of Minkowski g,y = diag(1,—1,—1,—1) in the space
of the GRT isdeformed into metric

Nuv (x) = Ouv + Ny (%)

The two postul ates make the foundation of the GTR. The first one defines the form of
the Lagrangian density Lg, describing a propagation and a self-action of a gravitation field.
On the basis of the second postul ate, namely, equivalence principle, gravitation interaction
isintroduced by means of substitutiong,, — M.y (X) into the Lagrangians of all the existing
fields, i. e. into Locp + Lew. Variation of the total Lagrangian Ly + Locp + Lew With
respect to the gravitation potentialsm,, (x) leads to the Einstein gravitation equations

R (1) — 5RO = T (), (16

where R,y (n) isthe Ricci tensor

Ruv(1) = al'%, — T, + TH 1% — 16, 1%

op” uv

Fﬁ\, are the Christoffel symbolswhich play therole of the gravitation field strength

1
F,z;;v = énxa(a,unvc + 0y Nuo — O Nuv) (1.7)

R(M) = Ryw(m)n* and T,y is the symmetric energy-momentum tensor of matter.
Outwardly the Einstein equations (1.6) are similar to Eqg. (1.5) for the Newtonian po-
tential. In both cases the quantities characterizing the field stand in the left-hand side and
the quantities characterizing matter which creates thisfield do in the right-hand side. How-
ever between these equationsthere is anumber of essential differences. Eq. (1.5) islinear
and, consequently, satisfies to the superposition principle. It allowsto compute a gravita-
tional potential for any distribution of masses moving arbitrarily. The Newton gravitation
field does not depend on the masses motion, therefore Eq. (1.5) in itself does not define
immediately their motion. To describe the mass motion we must invoke the second Newton
law. In the Einstein theory a pattern is absolutely other. As Eq. (1.6) are non-linear, the
superposition principle does not work any more. Further in this theory it isimpossible to
set arbitrarily aright-hand part of Eq. (1.6) (i.e. T,), depending on matter motion, and then
to calculate the gravitational field n,,. The solution of the Einstein equations leads both to
the definition of the motion of matter generating the field and to the evaluation of the field
itself. In so doing it is essential, that the gravitation field equations also contain the masses
motion equations in the gravitation field. From the physical point of view it is equivalent
to the fact, that in the Einstein theory the matter creates the space-time curvature which, in
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its turn, influences on motion of matter originating this curvature. Inthe GTR all the parti-
cles move along extremal lines, called geodesic curves. In flat space-time geodesic curves
degenerate into straight lines. Notice, that in the ordinary field theory operating flat space-
time, the motion equations are also obtained by means of extremum condition, however,
this condition isimposed on the system action. The stronger the gravitation field, the more
appreciable is the curvature of the space-time. Thus, non relativistic gravitation theory is
not applicable, when gravitation fields are very strong, as it occurs near collapsing objects
like neutron stars or black holes. On the other hand in weak fields one may be restricted by
the cal culation of asmall correctionsto the Newton equations. The effects corresponding to
these corrections, alow to test the GTR experimentally in the ordinary gravitational fields
aswell.

For today the experimenta status of the basic statements of the Einstein theory is as
follows. To check the principle of eguivalence of the gravitational and the inert masses
is carried out with the precision 10712, The theoretical formula for changing the light
frequency (red shift) inthegravitational field which alsoisaconseguence of the equivalence
principle, is verified with the precision 2 x 10~4. The invariance with time of Gy being
postulated by the theory was tested by radar observations of the motions both of planets
(Mercury, Venus) and spaceships, by measuring the Moon motion with the help of the laser,
by observationsof the motion of the neutron star, namely, pulsar PSR 1913+16 which enter
into the composition of double star-shaped system. All the collection of the experimental
data confirms the invariance Gy with the precision

1 do
Gy dt

<10 M years .

The GTR predicts the bending light ray when it is passing near the heavy mass. The
anal ogous bending followsfrom the Newton theory as well, however in the Einstein theory
thiseffect istwice more. Numerous observations of this effect being done under passage of
light coming from the stars near the Sun (during the complete solar eclipse) have confirmed
the GTR predictions with the precision up to ~ 11%. The much more precision (~ 0.3%)
has been aready reached under observation of the extra-terrestrial point radiation sources.

The Einstein theory also predicts the slow rotation of the elliptic orbits of the planets
spinning around the Sun. It should be emphasized that this rotation is not explained by
gravitationa fields of other planets. The effect has the greatest magnitude for the Mercury
orbit — 43" in a century. At present the verification precision of this prediction (precession
of the Mercury perihelion) reaches 0.5%.

The GTR effects should be rather considerable when the stars are moving in a tight
double system. With the greatest precision the motion of the pulsar PSR 1913+16 entering
into the composition of the binary star is explored. Here the orbit rotation due to the GTR
effects attains 4.2% in one year, and for 14 observations years (1975 — 1989) has given
~ 60°.

One more the GTR effect isthe prediction, that the bodies, moving with variable accel -
eration, will radiate gravity waves. Despite of numerous attempts it has been not possible
to register gravity waves as far. However, there are the serious groundsin support of their
existence already now. For example, the observations of the pulsar PSR 1913+16 have con-
firmed an energy loss of the double system due to the radiation of the gravity waves. As
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a conseguence of the effect the period of the star revolution should decrease with the time.
The observations confirm the GTR prediction with the precision 1%.

So, since all the GTR predictions prove to be true and there is no facts contradicting
to it the GTR is that base on which the modern cosmological model, called the Big Bang
model, has been built.

However, the quantization of the GTR faces serious difficulties. So, it follows from
the Einstein field equation, that gravitation field theory does not belong to the class of the
renormalizable theories. Let us explain what we mean talking about a renormalization. As
we know, the mathematical apparatus of the quantum theory is mainly based on the usage
of perturbation theory series. In the four-dimensional field theories these series contain
infinitely large quantities, which one must be removed in one way or another. Normally that
isreached by means of redefinition of the finite number of physical parameters, such asthe
mass, the charge, etc. Thisprocedureiscalled therenormalization and thetheories, inwhich
it eliminates divergences, are called the renormalizable theories. For non-renormalizable
theoriesthere is no procedure to ensure convergence of perturbation theory series.

The presence of dimensional interaction constant makes the ordinary renormalization
procedure impossible. To eliminate divergences in the theory, we must summarize all the
terms in corresponding series of the perturbation theory. Asaresult, some divergences are
reduced, and the remaining infinities are eliminated by the renormalization of the physical
parameters of the theory. However, if theinteraction constant isdimensional, then theterms
in the perturbation theory series have the different dimensions and their summation has no
sense. In the GTR under expanding the metric tensor 1, in a power series near the flat
space with the metric g,, the interaction constant k appears

Nuv = Qv + Kh;JV’

(1.8)

where k ~ +/Gy. Aswe see, K proves to be a dimensional quantity and the theory of the
renormalization does not work.

Another difficulty connecting with the quantization of the GTR has the experimental
nature. A particle, creating the gravitation field, a graviton, has not been yet discovered.
The theory predictsfor it zero mass, zero electric charge, and spin being equal to 2.

Just as for other interactions it is possible to introduce nondimensional intensity of
gravitation interaction o.g(q]). It is defined as follows

GnMP
(@) = 4nhe’

(1.9)

The main difference in the above-enumerated interactionsis the strength of their mani-
festation in nature. There are different waysto compare interactionsintensity.

One of them is based on values of corresponding energy effects. Thus, for example,
electromagnetic interaction can be characterized by binding energy of electron in ground
state of hydrogen atom: Egm =~ 10 €V, and energy effect of strong interaction can be defined
by binding energy of nucleonsin nucleus: Es ~ 10 MeV.

Another way is to compare running coupling constants, which describe different in-
teractions. However, since these quantities are energy functions, we must point out the
energy value, at which the comparison takes place. One should remember, that running
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constants of groups U (2)ew and U (1)gw (02 and oy = g'?/4m) can not be identified with
running constants of weak and electromagnetic interactions. The operation is legal only
at energies much less then the energy, at which spontaneous violation of loca symmetry
of electroweak interaction takes place. At the scale 1 GeV running coupling constants of
strong, electromagnetic and weak interactions are connected by the relation

Ol Olem: 0w ~1:1072:10°6.

Assoon asthe gravitationinteraction is switched on, aconfusing indefiniteness appears.
What elementary particle should be taken as a standard? Now, the mass is the " charge” of
gravitation interaction, but the mass spectrum of elementary particlesis continuous. So, for
example, theratio of Coulomb and gravitation forces has the form

F
—° ~10% (1.10)
Fg

for protonsand
F
—~10% (1.11)
Fg

for electrons. Using Egs.(1.10) and (1.11) we arrive at two different intensity hierarchies

. . . ~1-10-2- —6 . —38

Ol Olem: O :0g~1:1072:10°%:10 .

1.5. Grand Unified Theory

The extension of the electroweak theory to quarks and inclusion of the QCD resulted in
unification of strong and electroweak interactions. Cresated scheme was called the standard
model (SM). The picture of fundamental forces in thismodel is charmingly simple. Strong,
weak and el ectromagnetic interactions are caused by the existence of thelocal gauge sym-
metry group
U (3)cQ W (2)ew @U (L)ew

with its three gauge constants gs, g and g’ and twelve gauge bosons being the carriers of
strong and electroweak interactions. At sufficiently small distances all these forces mainly
resemble each other and lead to the potential of Coulomb type ~ g?/r. A scale of short
distances for strong interaction represent distances much smaller than hadron size, that is,
more smaller than 10~ cm. For electroweak interactionsthe scale of the small distancesis
the distance which is much smaller than the Compton wave length of the W*- and Z-bosons
(Ac = h/mc), that is, more smaller than 10~16 cm. It is obvious, that at such short distances
the existence of the mass on the gauge boson is coming inessential .

Since the SM gauge group is the production of three not bound sets of gauge transfor-
mations: the groups U (3)c, J(2)ew and U (1)gw, then three gauge constants of these
groups gs, g and g’ are not connected with each other. The gauge constantswill bind, if the
SM gauge group proves to be embedded in a more wide group of gauge transformations G.
Symboalically it iswritten as follows:

G> V(3 QL (ew@U (Dew.
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Asaresult, all the interactions will be described by unified gauge theory, the Grand Unifi-
cation theory (GUT), with one gauge constant ggy , moreover all the other gauge constants
are connected with the latter in unambiguous way, defined by the choice of the group G.
The GUT symmetry must be spontaneously violated at supershort distances being many or-
ders smaller than those, at which unification of el ectromagnetic and weak interactionstakes
place. In other words, strong interaction with the local U (3).-symmetry, described by the
QCD, aswell as electroweak interaction with thelocal SU (2)gw ® U (1) gw-Ssymmetry turn
out to be the low energy fragments of the gauge interaction with the group G.

To estimate distance scale, at which Grand Unification takes place, one should turn to
equations defining evolution of running constants of the strong and electroweak interac-
tions. In so doing, it is necessary to represent these equations in such a form so that they
determine the constants variation not as a function of the transferred momentum ¢, but asa
function of variation of the mass scale u. The cause of changing the gauge coupling con-
stants is the vacuum polarization, that is, it is stipulated by the processes of creation and
consequent destruction of the virtual particles. To take into account these processes in the
second order of perturbation theory leads to the sufficiently simple evolution equations for
the coupling constants

1 1 9 u
as(M) — os(u) + z_n'”(m>a (1.13)
1 11, /M
W:@‘Q”(;)’ (1.14)
1 1 19, /M
oa(M) K(,,,)Jrl—zﬂ'”(;) , (1.15)

where we have performed the transition from the U (1) gw-group running coupling constant
o1 to the electromagneti c interaction running coupling constant o with the help of therela
tion

oL = 011 COS° By,

(the absence of the subscript em by o underlines the circumstance that the question is the
fine structure constant not in the QED, but already in the more precise theory, namely, in
the theory of electroweak interactions). Thus, according to the theory, the dependence of
1/0; on InM islinear, its slope value defining the polarization effect of relevant vacuum.
So, the larger value of the slope of 1/0s compared to the slope of 1/ayy is caused by the
fact that the number of gluonsis larger than the number of carriers of weak interactions
(W*- and Z-bosons) and, as a result, gluons give the bigger anti-screening effect. In 1/
the screening effect predominates (tangent of the slope angle is negative by now) and for
this reason the value of 1/a drops with the growth of M.

Further one may show that in the limit of the exact unified symmetry (M = Mgy) the
following relationisvalid

OCz(Meu) :OCS(Meu) ZSQ(MGU)/SZOCGU(MGU)- (1.16)
Then, from Egs. (1.13) — (1.16) it iseasy to obtain

(%) =il ] w3
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This relation defines the unification scale Mgy . Having set the values of u, o(u) and
os(u) it is possible to estimate both the value of Mgy under which the relation (1.16) is
fulfilled and the value of the unified constant o,y (Mgy ). Having chosen the following
parameters values

premy,  ogi(my)~10, o Y(mw)~ 128,

in Fig.1 we present the dependence of the running coupling constants o, o and o, on M
described by Egs. (1.13) — (1.15).
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Figure 1. The M-dependence of the running coupling constants ois, o0 and oc.

As it follows from Fig. 1, the Grand Unification takes place at Mgy ~ 2 x 10%4
GeV/c?. The analysis based on using, as the definite GUT group, SU (5)-group leads to
the estimation: Mgy ~ 2 x 10°Aqcp. The obtained values correspond to the distances
Leu ~ hC/Egu ~10-28 cm.

At distances, shorter than Lgy, the initial symmetry is restored and the interaction is
described by a single constant oy, which evolution law is defined by the structure of the
G-group.

At thispointitisnatural to pose a question: "whether it is possibleto trust calculations,
altogether ignoring gravitation interaction”.

Gravitation effects are of the order 1, when masses of interacting particles have such
values, that potential gravitation energy is comparable to the particle rest energy

M2
GnMp MpC2. (1.18)

If we set the distance between masses equal to the Compton wave length, that is to
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quantity 7/ Mpc, then condition (1.18) isrealized at

he\ Y2
Mp = (G—> =1.22 x 10" GeV /. (1.19)
N

The obtained mass valueis called the Plank mass. The time and the length, correspond-
ingtoit
tp = RN 5.4 104 s, Lp= PN 16x 103 cm, (1.20)

c® c3
are called the Plank time and length. Since Lgy > Lp, then on the Grand Unification scale
we have the right to neglect gravitation effects.

Probably, in laboratory conditions we shall never be able to produce energies, corre-
sponding to the Unification scale, consequently, experimental check of the GUT is a very
complicated task. Among the GUT consequences being available for observationswe note
the predictions of such effects as proton instability and neutron-antineutron oscillations
(neutron transformation into antineutron in vacuum and the reverse process).

In electroweak interactionsthe gauge constantsg and g’ are not bound together and their
ratio

9 = tanBw
e] ’

where By is the Weinberg angle, is an experimentally obtained parameter. Opposite to
that, the GUT alows to calculate the Weinberg angle. The GUT models explain naturally
electric charge quantization, manifested through the fact, that quark charges are multiple of
e/3, while lepton charges are equal either to e or to 0.

GUT’s have some cosmological consequences as well. According to adopted point of
view, our Universeis made up approximately 2 x 10'° years ago as aresult of the Big Bang
and itis still expanding. This expansion is described by the GTR equations. Universe size
changed from the value of the Plank length order (102 cm) to contemporary value which
is of the order 10?2 cm. Compressed in such a small value, substance began its evolution
with energy of the Plank order, that is, early Universe is a gigantic laboratory, where the
GUT consequences could be checked. Within the GUT frameworks it is possible to get
explanation of the fact, that the matter at the moment is prevailing over the antimatter in
the Universe (baryon asymmetry). The value of the ratio of the baryons concentration ng
to photons concentration n, in cosmic microwave background can be also obtained in the
context of GUT.

Alongside with the above mentioned achievements, there are some weak pointsin the
existing GUT. Let us enumerate some of them. The models have a great body of free
parameters, which number exceeds the number of thosein the SM. It isnot possibleto make
any statement concerning the number of fermion generations within the frameworks of the
models. The gravitation is excluded from the unification scheme. Serious difficulties are
produced under explanation of difference by twelve orders of the distances scales at which
unified symmetry G and electroweak interactions symmetry are broken (the hierarchies
problem).
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1.6. Supersymmetry

Isthere any more " grandiose” unification, unified field theory, which includes both gravita-
tion and the SM? Before we discuss the directions, in which the construction of the theory
isgoing on, let usfirst get acquainted with one more type of symmetry — supersymmetry.

Up to now we have been considering space-time and internal symmetries. Geometrical
translations and rotations do not change the nature of a particle: the photon remains the
photon after any space-time transformations. Internal symmetries can change the nature of
aparticle but not its spin value. So, under action of isotopic rotations proton can turn into
neutron, but it can not transform into n®-meson, for instance.

Unlike the above mentioned symmetries, supersymmetry transformations can change
not only space-time coordinates of a particle and its nature, but its spin value as well. In
other words, supersymmetry impliestheinvariance of physical system under fermion-boson
transitions, that in its turn, alows us to call it as the Fermi-Bose symmetry. The basis
for supersymmetric theories is the space-time extension to superspace, which besides the
normal space-time coordinates x* includes aso the internal space coordinates 6. In the
most general case the pointsin superspace are characterized by four even coordinatesx and
4N odd coordinates 8),, where j = 1,2,..,N (N-extended supersymmetry). Let us restrict
ourselves to the supersymmetry with N = 1. In the ordinary four-dimensional space-time
thereis Poincare transformation group with 10 parameters, whilein superspace for the case
N = 1 the extended Poincare group with 14 parameters, comes into action, where besides
rotations and trandations in the ordinary four-dimensional space the supertranslationsin
theinternal space have been added

X = x4 5B, } (1.21)

0=0+¢

where 6 is represented in the form of 4-column consisting of 6., and ¢ is the quantity,
defining the supertranslation, is determined by four real parameters (€ = €'yo, Y. are the
Dirac matrices).

Since every boson is associated with supersymmetric fermion and vise versa, then the
number of particlesin the theory isdoubled. Supersymmetric partners get their names either
with prefix ”s’ for scalar partners of normal fermions (for example, squark, selectron) or
with ending "ino” for fermion partners of normal bosons (for example, photino, gravitino).

In supersymmetric theories divergences in perturbation theory series, corresponding to
bosons and fermions have the opposite signs and mutually compensate each other. Thus,
there is no need for renormalization at al. In other words, supersymmetry allows con-
structing finite, divergence-free theories. To include the supersymmetry in the SM brought
the minimal supersymmetric standard model (MSSM) into being. The discovery of super-
partners of the known fundamental particles will experimentally prove the existence of the
supersymmetry in nature. By now, the search of the superpartners has not given the positive
results.
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1.7. Supergravitation

In the 60s of the X Xth century some papers appeared in which the GTR was reformul ated
in the form of gauge gravitation theory. For this purpose the symmetry group of the flat
space-time, the 10-parameters Lorentz group, was chosen and its localization was carried
out (that is, the transformation parameters became the coordinate functions). As a result,
the gauge fields appeared, which were associated with gravitation field of the GTR. The
theory obtained was completely identical to the GTR and in fact, produced no new results.
The development of gauge interpretation of gravitation was defined mainly by hopesto use
it in the coming time for unification of gravitation interactionswith the other ones. The star
hour of agaugevariant of gravitation camein the 1970swhen the supersymmetry theory had
appeared. The theory, appearing as a result of merging of two origins, the supersymmetry
and the gauge principle, was called supergravitation. The supergravitation geometry is as
simple and elegant as that of Einstein’sGTR (the latter correspondsto supergravitation with
N = 0). Thebasis of supergravitationisarelativity principle, which reads, that " the form of
physical laws does not depend on the choice of a coordinate systemin superspace’.

In the simple supergravitation (N = 1) the fourteen-parametric L orentz group, extended
by supertranslation transformationsis localized. In thisvariant of supergravitation familiar
to us the graviton and its superpartner gravitino (with spin 3/2) are the carriers of grav-
itation field. In the simplest extended supergravitation (N = 2) a symmetry group with
18 parameters is localized, and consequently, there are more interaction carriers, they are:
graviton, two gravitino and graviphoton. The N = 2 supergravitation represents the first
supergravitation theory, which unifies gravitation with electromagnetismin principle. It be-
comes possible to unify particles with spin 2 and 1 due to the presence of the intermediate
stage, particle with spin 3/2. There are much less divergences in supergravitation com-
pared to quantum gravitation theory. Many viable supersymmetric field theories contain
the supergravitation as an important component, which helps to spontaneously violate the
supersymmetry. In such modelsthe hierarchy problem findsits solution.

1.8. Kaluza-Klein Theory

To get acquainted with another direction in construction of unified field theory, let us con-
sider T. Kaluza concept later developed in the works by K. Klein. The idea was to unify
the GTR and Maxwell electrodynamics on the basis of hypothesisthat our Universeisthe
curved five-dimensiona space-time. One of the coordinates denotes time, while the four
are spatial coordinates. In such aspace thefive-interval squaredS’ is defined by the relation

dS? = gag(x)dxdx®, (1.22)

where A,B=0,1,2,3,4, and gag(X) isametric tensor with fifteen independent components.
Then ten combinations gag(X)

94(X)9av(X)

9 () 944(X)



18 O.M. Boyarkin

are associ ated with ten components of metric tensor in the GTRn,,y (x). The following four
combinations

_ 9

—0aa(x)

are connected with four components of el ectromagnetic potential A, (x). Let usexplain why
this operation is legal. Remember that Christoffel symbols'ac g are the field strengthsin
the curved space-time. We set one of the indices C equa to 4, A and B equal to 0,1,2,3.
Then, using (1.7) we abtain

1 Igw(X) | 9gva(X) _ 09,4(X)
Ty =3 ( x4 OxH oy ) (1.23)

When one assumes, that the fifth coordinate is cyclic, then the expression (1.23) takes

theform 1 (30u(x)  9gu(x)
_ Gva(X Qua(X
Fﬂ“v“‘é( X ox > (1.24)
or, having set
F (x)—ir A(x)—i (%) (1.25)
uv - \/G_N IR 2 - 2\/G_Ng4'u ’ .
for (1.24) we arrive at
~(9A(X)  9AL(X)
FMX)_( e ox )7 (1.26)

that is, gav(X) and I',4,, can be really identified with potential and tensor of electromagnetic
field, respectively. The eguations, governing system evolution, follow from the |east action
principle

3(Sn+S¢) =0, (1.27)

where Sy, and S¢ are actions for matter and field, respectively. Variation of thefirst termin
Eq.(1.27) resultsin five equationsfor geodesic lines, four of which coincide with the known
four-dimensional equationsfor charged particlesmoving in gravitation and electromagnetic
fields

d?x,  adx,dx e _,dx,
a2z — v EE+EFV a5’ (1.28)
and the fifth equation
dxg 1 q
e 1.2
ds 2/GnMm ( 9)

shows, that while a body is moving in gravitation and electromagnetic fields, its electric
charge is conserved.

Varying only the potentialsof five-dimensional space-time, we obtain fifteen equations,
which break down into the system out of ten of the ordinary four-dimensional GTR equa-
tions (1.6) and the system out of four of the Maxwell equations

oF*v . oF*  ogFY®  gF°H

—ju -
ox¥ " 0X° + X + ox¥ 0. (1.30)

In so doing, the equation for the scalar component ga4(X) isout of use again.
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Despite of obviousmerits, the Kaluza-Klein theory has been leaving two questionsto be
completely opened. 1) What isthe physical meaning of the fifth coordinate x4 and why it is
not observable? 2) Why all the physical quantitiesare cyclic with respect to x4? The obvious
answer could be that the manifestation region of the additiona dimension is beyond the
existing experimental technology. At the end of the XXth century such statements become
the rule of the good form and the mighty imagination of the theorist-physicists produces
agreat oasis of exotic phenomenain the energy scale close to Plank energy. However, by
1938 only A. Einstein and P. Bergmann could come up with such an idea. They suggested
that the fifth coordinate can change from O to some valueL, that is, five-dimensiona world
is confined in alayer with thickness L. The assumption was aso made, that any function
Y(x), related to physics, changes little along x4 over alength of the layer, so that

d¥(x)

de4

< Y(x)

and in the average W(x) may be considered as a function only of four-dimensiona coordi-
nates. Actually, instead of restricting X4 values to quantity L, it is possible to assume, that
thefifth coordinate varies withininfinitelimits, however, only functions, periodicinxs with
the period L are under consideration. It means, that it is possible to glue together all the
points, being distant from each other along x4 oninterval L, without any harm for generality
done. Asaresult, we arrive at five-dimensional space-time being closed by x4. The world
with such a property we shall call cyclic, closed or compactified in the fifth coordinate. In
such atheory thereisno need for postulating of cyclic character of x4, since the gauge prin-
ciple of switching on electromagnetic interaction, which had been armed by us, resulted in
the conclusion, that wave functions of charged particles have the form

iec
Y(x) =Y 131
0= ¥x) e erxa). (131)
where ¥(x,) isaordinary wave function in four-dimensional space. The expression (1.31)
describes cyclic dependence of W(x) on x4 with a period

L = dmvOnh VeSNh ~ 10 cm. (1.32)

Thus, the cyclic period or the world compactification scale in fifth coordinate is in-
finitesimally small compared to the scale of phenomena, studied by contemporary physics.
Conseguently, it is not surprising, that the fifth dimension has been skillfully hiding itself
from experimentalists up to now. Of course, extension of space-time dimensions can be
generalized on larger dimensions as well.

According to the Big Bang theory, the early Universe was a substance, compressed in a
volume with radius of the Plank length order 10~33 cm. It is easy to understand that evolu-
tion of the Universe is completely defined by the structure of elementary particle physics.
Consequently, the idea of closed dimensions must find its place in the Big Bang theory, too.
The Universe is thought to have carried out the space-time compactification in additional
dimensionsat the early stages of evolution when its energy was rather high. At present this
hypothesisis the required attribute of the contemporary multidimension theories.
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1.9. Superstring Theory

The quantum field theory (QFT) and the GTR contain all human knowledge of fundamental
forces of nature. The QFT brilliantly explainsall the microworld phenomenaup to the dis-
tances up to 1071° cm. The GTR, initsturn, is beyond any competition in describing both
large-scale eventsin the Universe, as well as evolution history of the Universe itself. The
striking success of thesetheoriesis caused by the fact, that taken together, they explain both
behavior and structure of matter from subnuclear to cosmological scales. All the attempts
to unify these theories, however, have been awaysfacing two main difficulties. The former
deal s with appearance of divergences, while the latter demands to refuse one or more ideas
about the Universe nature, which are highly respected nowadays. The QFT and the GTR
are based on few postul ates, which appear to be mandatory and natural. The postulates, the
abandonment of which helpsto unify two theories, are asfollows: 1) space-time continuity;
2) causality; 3) theory unitarity (the absence of the states with negative norm); 4) interaction
locality; 5) point (structureless) particles. The first four items are rather serious. Against
their background the abandonment of the fifth item looks like the children’s prank.

Any local theory, operating with structurel ess objects contains divergences at energies,
higher than Plank energy Ep. It is caused, as we know, by the fact, that Ep is that very
energy value, when quantum theory of gravitationis needed, whileit isnot renormalizable.
To achieve renormalizability, another model can be introduced, in which at ”low” energies
(jEp) fundamental objects behave as point ones and their composite structure reveal s itself
only at energies, higher than Ep. If one adds to this hypothesis some latest inventions,
concerning unification of all interactions (supersymmetry, Kaluza-Klein theory, etc.), then
one more way is being opened to the unified field theory, called the superstring theory.

String theories were used by hadron physics as early as 1960s. Their creation was in-
spired by the fact, that at the distances of the order 10~13 cm gluon fields, binding quarks,
are concentrated in space not evenly but aong the lines connecting quarks. It resulted inin-
terpretation of hadrons as nonlocal objects, one-dimensiona strings, on the ends of which
either quarks for baryons (fermion strings) or quarks and antiquarks for mesons (boson
strings) are placed. Thus, the infinitely thin tube of gluon field is modeled by relativistic
string. Relativistic string theories managed to explain many anomalies of quark Universe.
Thus, for example, sincestring energy is proportional to itslength L, and string mass square
ism? ~ L2, then the string angular moment of the string having the form of linear segment
is proportional to L?. Really, experiments confirm linear dependence between the hadron
spinJ and itsmass J &~ (m/GeV )2. Relativistic string, which binds the quark and antiquark,
generates potential, linearly growing with distance, that is, it allows to explain quark con-
finement. Thetheory isbuilt such away, that after string breaks no free quarks appear, since
at both newly formed string ends apair " quark-antiquark” is produced.

However, string relativistic theories have some very serious deficiencies, such as, for
example, tachyon existence, massless hadrons with spin 2, etc. It aso turned out, that
consistent quantum theories could be only formulated in 26-dimensional space-time for
boson strings and in 10-dimensiona space-time for fermion strings.

The renascence of interest in string theories took place after in 1986 M. Green and
J. Schwarz proved, that 10-dimensional gauge superstring theory, based on the interna
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symmetry group SO(32) or Eg(® Eg * (subscript indicates the group rank) can be used to
unify all the interactions.

Superstringsare one-dimensional in spatial sense (two-dimensional, if the timeistaken
into account) objectswith the typical length of the order Lp. They are put in n-dimensiona
(n > 10) space-time manifold. To turn to the observable space-time dimensionality is
achieved by compactifying unnecessary dimensions at distances of the order of the Plank
length. The theory contains mechanism, ensuring spontaneous compactification of addi-
tional dimensions. The initial symmetry is broken up to a symmetry group, involving su-
pergravitation and supersymmetric GUT with fixed parameters and given particles content.
If the gauge group Eg @ Eg is used then one Eg-group contains all the low energy physics,
while the other Eg manifestsitself only in gravitation interaction and for this reason it de-
scribes a shadow matter in the Universe. Phenomenological propertiesof superstring theory
depend in many respects on compactification mechanism. As an example, let us pay atten-
tion to the following circumstances. Since the division into normal space-time dimensions
and compeactified onesis not very strict, then it is possible, that some Universes with non-
conventional dimensionsof space-time exist.

The important difference between superstring theory and local field theory isthat in the
former theory the free superstring is characterized by infinite number of supermultiplets,
while in the latter one every field describes particles of only one kind. Superstrings have
the same number of fermion and boson degrees of freedom. Superstring excitations, (which
are: rotations, vibrations or excitations of internal degrees of freedom) are associated with
the observed elementary particles. The particle mass scale is regulated by the superstring
tension T with v/T ~ Mpc2. The number of stateswith masses, smaller than Plank mass, is
finite. It defines the number of elementary particles existing in Nature. Thereisalso agreat
number of excitations with masses, bigger than Plank mass. The majority of these modes
are unstable, however, there are also stable solutions with exotic characteristics (magnetic
charge, for example). It is remarkable, that in particle spectrum, which corresponds to
superstring theories solution, one massl ess state with spin 2 appears, which is described by
the GTR equationsin low energy limit, that is, it isagraviton.

The strings appear in two topologies: as open string with free ends and as closed |oops.
Besides this, they can possess internal orientation. Quantum numbers of open strings are
located at their ends, while in closed loops quantum numbers are evenly spread along the
string. The string interaction has the local character, despite the fact, that they are extend
objects. When interacting the strings can scatter, produce new strings, and emit point parti-
clesaswell.

The devel opment of superstring theory showed that it was a fruitful generalization of a
local field theory. However, nowadays the superstring theory is still undergoing its devel-
opment stage and has got no experimental confirmationsyet. Let us note that experimental
check of superstring models is very difficult due to many unknown parameters they con-
tain. We would like to believe that the completed superstring theory would contain only
two fundamental parameters: tension and superstring interaction constant.

1Eg together with the groups G,, Ea, Eg, and E7 constitutes the exceptional group class. Therank of the ex-
ceptional groupisfixed, while the normal (regular) group can haveany rank (for instance, 3J (2), SJ(3), U(5)
and so on).






Chapter 2

Three Steps of Quantum Stairway

2.1. Atomic Theory

Two and a haf thousands years ago Greek philosopherslaid the foundations of our under-
standing of matter nature, when they embarked on the first attempts to reduce variety of the
world to interaction of few initial components, fundamental particles or elements. In IV
B.C. Phales suggested water to be the single primary element, of which al existing world
was made up. Later Anaximen from Milet extended the list of primary elementsto thefour,
such as sail, air, fire and water. It is generally agreed that Democritus (460 — 370 B.C.) is
the creator of the atom idea, however, the history also mentions histeacher Levkipusin this
connection.

A legend tells that once Democritus sat on sea shore with an apple in his hand. His
stream of thoughtswas as follows: ” Suppose, | shall cut thisapplein halves, and then every
half | shall cut in halves again, so that there will be a quarter of an apple left, then one
eighth, one sixteenth, etc. The questionis, if | continue to cut the apple to the end, will
the cut parts always possess properties of an apple? Or, may be, at a certain moment the
remaining part of the apple will have no properties of an apple any more?’ Upon serious
consideration the philosopher arrived at the conclusion, that there was a limit for such a
division and he called the last indivisible part an atom. His conclusions mentioned below,
he stated in his book " Great diacosmos”.

"The beginning of the Universe is atoms and emptiness, other things exist only in our
imagination. There exists infinite number of worlds, and they all have their beginning and
end in time. And nothing appears from non-existence, nothing goes into non-existence.
Atoms are uncountabl e both in collection and in variety, whirling likethe wind they rushin
the Universe and so all composite substances create: fire, water, air, soil. The point is that
these substances are compounds of some atoms. Atoms are unaffected by any influence,
they are unchangeabl e due to their hardness’.

Democritus could not prove his statements, so he suggested his contemporaries to en-
trust his words. The mgjority of contemporaries did not believe him, and Aristotle was
among them. Aristotlewas the author of the oppositeteaching. According to him, the pro-
cess of the apple partition could be infinitely extended. Natural philosophy is not based on
experiments and mathematics, it used the element of faith as the single criterion of truth.
So itisnot surprising, that both teachings for the ancients seemed to be equally reasonable
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and acceptable. It isdifficult to tell, what has weighed down the weights bow! in favour of
Aristotle philosophy. Maybe, it was the gleams of military glory of Alexander the Grest,
whose teacher Aristotlewas?. Anyway, the teaching of Aristotle becomes dominant, while
Democritus had been forgotten for many centuries.

In XVII the idea of Democritus about atoms has been restored to live by a French
philosopher Gassendet. When spring comes, all violets bloom at once. So was with the
atomic hypothesis. After twenty centuries of oblivion all the contemporary advanced sci-
entists believed in atomic theory, including great |. Newton, whose credo was " not to build
any hypothesises’. One of the burning questions of atomism was, undoubtedly, the ques-
tion, whether the variety of bodies in nature means, according to Democritus, the same
variety of atoms? If the answer is positive, then the atomic hypothesis not ajot brings us
closer to understanding the world. Luckily, the answer was negative. The variety of sub-
stances in nature is caused not by a variety of different types of atoms, but by the variety
of different compoundsthese atoms (howadays, these compounds are called molecules). In
1808 D. Dalton, upon studying many chemical reactions, precisely formulated the notion
of achemical element: "Chemica element is a substance, consisting of atoms of the same
type”. It turned out, that there were not so many chemical elements. In 1869 D. Mendeleev
could manage to place al of them in one periodic table (at that time only 63 elements were
discovered, while now their number is reaching 120).

Thework by botanist R. Brown (1827) may be considered as thefirst experimental proof
in support of atomic theory. He observed chaotic motions of flower pollen in water (Brow-
nian motion). The discovery by Brown did not attract scientists attention immediately and
for along timeits nature remained unclear. Only seventy eight years later, the atomistic the-
ory of Brownian motion was established in works by A. Einstein and M. Smoluchovski. In
1908 J. Perrin carried out a series of experimentsto study Brownian motion. Not only did he
proved experimentally the works by Einstein and Smoluchovski but he aso measured sizes
and masses of atoms. The last and, probably, final proof of atomic matter structure wasthe
work by E. Rutherford and Royds on measuring the number of o-particles in radium. By
that time it had been known, that in minerals, containing co-radioactive el ements (radium,
thorium), heliumisaccumulated. The task wasto determine the number of o.-particlesemit-
ted by a sample and to measure the volume of helium produced on the sample. In a second
13.6 x 10'° particles are emitted by one gram of radium. Having captured two electrons
al these o-particles turn into helium atoms and occupy the volume of 5.32 x 1072 cmq.
Consequently, 1 cm® contains L = 2.56 x 10'° atoms. Let us compare the value obtained
with Loschmidt number calculated as early as 1865 on the basis of molecular-kinetic the-
ory. Onemole of helium (or any other gas) occupies avolume 2.241 x 10~2 cm® /mole and
contains 6.02 x 10?3 atoms, that is, 1 cm? contains 2.68 x 10%° atoms. The coincidenceis
impressive. So, existence of atoms got the final experimental proof. That has completed
climbing of physics on the first step of " Quantum Stairway”. The picture of the world on
thisstep isvery simple: the matter in our Universe consists of indivisibleatoms of different
types, which make all the elements of Mendeleev periodic table.

The variety of elements and explicit systematization in periodic table by Mendeleev
install in us far from being utopian belief that the result obtained is not final yet. Existence
of the next step of Quantum Stairway became obvious after a series of experiments, which
may be called "Roentgen” of atom according to Rutherford (1909 — 1911).
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2.2. Nuclear Model of Atom

Thefact, that al atoms contain electrons was the first important piece of information about
the internal structure of atom. Electrons have negative electric charge, while atoms are
electrically neutral. Consequently, every atom must contain enough of positively charge
meatter to compensate negative charge of electrons. In 1903 in the book " Electricity and
matter” D. D. Thomson introduced a model of a radiating atom, which was satisfying to
totality of chemical and spectroscopic experiments existing in that time. Thomson’s pre-
decessor in the model was his famous namesake William Thomson (Lord Kelvin), who in
1902 suggested coming back to atomic theory by F. Epinus (1759). Epinus atom was a
sphere, being uniformly charged with positive el ectricity, in the center of which a negative
charged corpusclewaslocated. D. D. Thomson devel oped thismodel by assumingthat el ec-
tronsrotated inside of a sphere, the number of electronsand their orbit configuration having
depended on atom nature. Electrons are spaced as concentric rings (shell) and perform pe-
riodic motions, which are causing the observed atom spectrum. Investigating stability of
the electron combination, Thomson gave the physical interpretation of valence. The atom
model by Thomson was the first real attempt to explain chemical properties of substance
and periodic low by Mendeleev. His model, called a "pudding with raisins” was warmly
accepted by the scientific public. One should not be to think that spirit of contradiction, be-
ing so characteristic for scientific creativity, has led to the construction of some aternative
atom models. So, for example, in 1901 A. Perren published the articletitled ”Nuclear Plan-
etary Structure of Atom” in scientific popular journal ” Scientific Review ”. Two yeas |ater
Japanese physicist Ch. Nagaoka (disciple of Bolzman), suggested the model according to
which atom consists of positive charged nucleus and of electrons ring rotating around nu-
cleus (atom of Saturntype). First Nagaoka published hisresultsin even less popular among
physicists journa " Proceedings of Tokyo Physical-Mathematical Society”. Then in 1904
he published the article on the same topic in ” Philosophical Magazine”. However, physi-
cists paid no attention either to Perren or Nagaoka models, although these models could be
regarded as predecessors of the atom nuclear model later suggested by Rutherford.

Nine more years passed before the atom model by Thomson had been brought under
serious experimental testing, results of which showed that the model had as low as single
drawback, namely, it had nothing in common with physical reality. The creators of quantum
theory liked to tell "in order to check, what is inside of a pudding with raisins one must
simply put finger init”. In reality Rutherford used the method being rather similar with one
described above. o-particles from radioactive sources were used as a probe, and thin foils
of different substances with typical thickness about 10* atomic layers were used as targets.
In Fig. 2, the scheme of these experiments done by G. Geiger and E. Marsden under the
guidance of Rutherford is represented.

An ampoule with radioactive source (radium C, Po-214) was placed behind a lead
screen with a small opening. o-particle beam was passing through a lead collimator and
was directed at a target. After interacting with target atoms, o-particles got into a mobile
screen of sulphureous zinc causing scintillationson it, which were registered by means of a
mi croscope.

Aswe know from optics, to see an object, one must use el ectromagnetic waves having
wavelengths the same order as its size. The same rule takes place in quantum world, only
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Figure 2. The plan of Rutherford’s experiments.

here we are dealing with de Broglie wavelength A. Of course, in 1909 nobody knew about
de Broglie waves, but the Nature once again proved to be favorableto Man, and o-particles
with energy 7.7 MeV (typical energy valuesin Rutherford experiments) had wavel ength of
~ 5x 10713 cm, which was quite enough to ”see” anucleusin an atom.

The Thompson atom model predicted, that the main part of o-particles flew straight
through a foil, while the remaining particlesis subjected to the small deviation. In reality
the behavior of most o-particles fitted in the frames of this model, but parallel with that
some particles deviated on big angles. Let us show, quantitatively, that Thompson model
isnot able to explain the results of these experiments. When, according to Thompson, one
assumes that a positive charge Q is spread evenly all over the volume of a gold atom and
does not take into account the influence of electrons, then electric field strength inside of an
atom at adistancer from its center is given

r
B (1) = 2o
where R is the atom radius. o-particle maximum deviation takes place, if it is slightly
touching atom surface where E, (r) reaches values of the order of 10'® VV/cm. Thus, the
maximum value of the forceis determined by the expression

_ Qlef
X onR2”

Since this force rapidly decreases with distance, then for approximate estimation, one
can consider interaction on small interval L, which includes the distances before and after
contact between o.-particle and the atom. We accept L ~ 2R, and take the force value being
maximum, that is, during time interval At = L /v, =~ 2R/V,, o-particleis subjected to Fyax.
In this case, transverse momentum, transferred to o-particle, isequal to

Qlel
APy, = FnaxAt ~ ——.
P max TRV

o

Conseguently, the maximum deviation angle is given by the expression

Qle|
< .
T mRmv2
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Using the values 6.6 x 10727 kg and 2 x 107 m/s for the mass and the velocity of the
o-particle respectively, we obtain in the case of the gold atom (Q = 79|€|)

0, <0.02°.

Now |et ustakeinto account the influence of atomic electrons on the o.-particles motion.
We assume that their initial velocity is equal to zero. Then the momentum transfer to an
atomic electron is maximum under the head-on collision. From the conservation laws of
momentum and energy (in non-relativistic case) it follows, that after collision an electron
has acquired the vel ocity

wherev,, istheinitial velocity of the o-particle. Certainly, at such acollisionthe o-particle
doesnot deviate. At asliding collision the electron momentum change Ap would be aready
less 2mev,,. To obtain avalue of a maximum possibledeviation 6_ under scattering off the
o-particle on the electron, we assume that the electron after collision flies out at a right
angle to the initial direction of the o-particle motion and has momentum being equal to
2meVe,. Then, the result follows

L Apa _2me

Po

0 ~ 0.02°. (2.2)

Notwithstanding the fact that the deviation of the incident o-particle caused by both
atomic electron and positive charged sphere is as low as of the order of 0.02°, whether a
series of such deviations could give rise to a big scattering angle. Let us suppose, that an
average deviation about theangle © ~ 0.01°, caused either by the positive charged sphere or
by the electron, occurs under transition through one atomic layer. Using statistic methods
to obtain result of a sequence of random deviations, we find out, that after passing through
the N = 10* atomic layers, the total average deviationis equal to

6 = 0vN ~ 10, (2.3)

Redlly, the experimentally measured average deviation represented about 1°. However,
some part of the o-particles was scattered at much bigger angles. For example, one out of
8000 o-particles deviated at angle ® > 90°. The probability, that the o-particle is subjected
to summarized scattering at the angle larger than 6 under average deviation 6, is

62
P(=6)=exp (—_—2> : (2.4)

O

For Thompson atom model P(> 90°) = exp(—8100) ~ 10~35%, that is, only one out
of 10%%% -particles can be scattered by the angle > 90° that contradicts the experimental
data

To explain o-particles scattering results Rutherford suggested the planetary atomic
model, which essence was as follows. Practically al the atom mass was concentrated in
its nucleus which was located in the center and had the size of 107 — 10~? cm. Elec-
trons are rotating around a nucleus at a distance of the order of 10~8 cm. Soon they found
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out, that nucleus el ectric charge exactly equal ed the element number in the periodic table by
Mendeleev. In the beginning of 1913 thisideawas introduced by a Dutch physicist Vander
Broek and some months later Rutherford disciple G. Moseley produced its experimental
proofs. Moseley performed a set of experiments to measure X-ray spectrum for various &l-
ements. It turned out, that the X-ray wave length systematically decreases while the atomic
number Z in periodical table increases. Moseley got the conclusion that this regularity is
caused by increasing the atomic nucleus charge. The chargeincreasesfrom atom to atom by
one electronic unit and the number of such units coincides with the number of the element
position in the Mendeleev table. Since the atom is electrically neutral, it means, that the
total number of electronsin the atomisequal to Z aswell.

Then, in the Rutherford atom at the nucleus surface the electric field strengthis > 10?1
V/cm, which is almost eight orders higher than that at the atom surface. In Fig. 3 (Risthe
atom radius) the distribution of the electric field strength E. (r) in the atomic models by
Thomson (Fig. 3a) and Rutherford (Fig. 3b) are showed for comparison.

E,[r'} 3 E,[r'} f

('_F:j

Figure3. Theelectricfield strengthin the Tompson’satom model (a) and inthe Rutherford’s
atom mode! (b).

It isobvious, that a strong field in the planetary model can cause a strong deviation and
even scatter o-particle backwards, when it isflying close to nucleus. However, the secret of
therapid development of physicsliesin the fact that for confirming physical hypothesisnot
only qualitative, but al so quantitative coincidences are needed. Let us prove that Rutherford
model correctly describes the scattering of a-particlesat atoms.

To analyze both elastic and non-elastic collisions either laboratory reference system
(LRS) or center of mass systemis used (CMYS). The LRS corresponds to the standard per-
formance of experiments, namely, abeam of particle of type| strikeson afixed target, built
up from particles of typell. In the CMS, however, the equations, describing scattering pro-
cesses, are much more simple, since total system momentum equals zero p; +p2 = 0. In
the CMS particle collision is reduced to amotion of one particle with a reduced mass

_ MM
my + Ny
inthefield U(r) of astationary force center, located in particles inertia center. In the LRS
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scattering angles 61 and 0, (the second particle rested before collision) are connected with
scattering angle in the CMS by the relations
T—X% mpsiny

0, = tang= —————. 2.5
2= N = Fmpcosy, (2:5)

Noticethat the CM S can be practically realized under performance of experiments with
colliding beams.

In classical physicsthe collision of two particles is completely defined by their speeds
and impact parameter p. However, during real experiments we deal not with individual de-
viation of a particle but with scattering of a beam, consisting of identical particles, striking
on ascattering center at the same speed. Various particlesin abeam have a different impact
parameters and, consequently, scatter at different anglesy. Let dN be anumber of particles,
scattered in aunit of time at angles belonging interval x and y, + dy. Since dN isafunction
of afalling beam density, that is not convenient to characterize scattering process. For this

reason we use quantity

dcs:d—N,
n

where n is a number of particles passing in atime unit through the unit of area of a beam
cross section (we assume beam homogeneity over the whole section). In given interval
of angles only those particles scatter, which fly with impact parameters enclosed in the
interval between p(y) and p(y) +dp(x). The number of such particles is equd to the
product of n and area of a ring between circles with radii p(y) and p(y) +dp(x), that is,
dN = 2np()dp(x)n. Thus, the effective cross section of scattering within interval of flat
anglesdy (itisalso called differential cross section) is defined by the expression

d
do=21p() | LY | ay. (26)
X
Bearing in mind that the derivativedp () /dy could be also negative we used its absol ute
value only. Passing to solid angle dQ, we obtain

_ P I |y (2.7)
siny ' dy

To integrate the differential cross section over al values of solid angle produces the
total cross section 6. The cross section has the dimension of area: it isthe "useful” area
of the interacting system, consisting of the incident particle and the target- particle. Thus,
for the incident particle atarget is like an area, collision with which results in interaction.
Effective cross sections can be smaller or bigger than the geometrical cross sections of
target particles, and can coincidewith them as well. To obtainin the L S the scattering cross
sections for the incident beam, one should express  through 61 and 6, by means of Egs.
(2.5).

In the scattering quantum theory the statement of the problem on its own is changed
since the conceptionsof trajectories and impacts parameters have no sense under the motion
with definite speed. Here the aim of the theory is to calculate the probability, that in the
result of the collision the particles scatter at one or another angle. Once again, we can
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introduce the conception of the effective cross section, which characterizes the transition
probability of a system, consisting of two colliding particles, as a result of their elastic or
non-elastic scattering to definitefinal state.

Differential cross section of scattering within angles interval dQ is equal to ratio be-
tween probability of such transitionsP,_, s per time unit to the incident particlesflux jo

Wit
jo

do = dQ,

where W_,+ = B_, ¢ /At. Integration over the entire interval of solid angle variation gives
the total cross section

o an VVI~>f

In the CGS system of units the square centimeter cm? is the unit of the effective cross
section. Thisunit, however, isvery large for microworld and we use a unit having the order
of ageometrical cross section of anucleus 1 barn=10~26cm?.

Let us calculate the differential cross section of the o-particles scattering in Born ap-
proximation. In the SCM Born formula has the following form

2
do = 4n2h4y/u exp(hqr)dr] dQ, (2.8)
where dQ = 2rsinydy, U (r) = Z€?/2nar, Z is the target atomic number, g = p —p’, p and

p’ are the momenta of the particles before and after collision. Using Poisson equation for
potential of point charge, located in the beginning of coordinate system

A(7) = —4nes(r),

and Fourier transformation for delta function

_ W/exp(ikr)dk

we obtain the following expression for Fourier transform of potential energy

1 [
:Zez/z—mexp[ﬁ(q / / p{ +k]r}dr
Ze2(2n)3/ 1.p—p 27€*h?
=—— | S50(———+k)Jdk = —.
! K= o
Taking into account that
|p—p'|=2psin?,

where | p |=| p’ |= p, the expression for the differential cross section takes the form

ZEM\?  dQ
do = <4np2> ST (2.9)
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Notice some interesting peculiarities of formula (2.9), which is called Rutherford for-
mula. Solving the task exactly (no relativistic effects taken into consideration) we arrive at
the expression (2.9) aswell. The solution obtained does not depend on the potentia energy
sign, that is, the solution is the same for both attracting and repulsing force centers. Since
the differential cross section does not contain Plank constant, then one can analyze Ruther-
ford scattering by classical or quantum mechanica method with the same success. The
latter fact followsfrom the rule, which reads, that ”if forces of interaction between particles
depend on distanceasr", than the cross section of scattering of such particlesat each other
is proportional to 7142 ",

If wetry to integrate the expression (2.9) over scattering angle, then we obtain infinity.
Itis caused by long-range character of electrostatic forces. For thisreason the particles are
scattered, no matter how far away from a scattering center they fly. To obtain areasonable,
that is, finite result, we must take into consideration a screening effect of electron shell.
Thisis achieved under use of the potentia

Ze r
U(r)= Z—Map(_a)’
where a has the value of the order of the atom radius.

Now we must take the last step, namely, to compare theoretical formula (2.9) with
experimental results. Let us turn to the LSR and consider the cross section for incident
o-particles, taking into account that my > m,, (my isnuclear mass). Inthiscase =61~
and M ~ my, so that

2
Ze? dQ
do = 5> —5- (2.10)
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Figure 4. The 6 angle dependence of the number of scattered o.-particles.

InFig. 4 theresultsof calculationsaccording to formula(2.10) are plotted, which define
the scattered particles number in relation to the angle 6 at Z = 79. The experimental data
obtained by Geiger and Marsden are displayed by small triangles. Excellent agreement
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between theoretical and experimental resultstestifies that the internal structure of the atom
indeed includes hard and massive core, which is nucleus.

It should be stressed that the formula (2.10) is valid under fulfillment of the following
conditions.
1) The atom nucleus must have the mass exceeding the a-particle mass to such a degree
that the recoil energy of nucleus may be safely neglected.
2) Nucleus potential consists of a Coulomb part and the part, which is responsible for nu-
clear attraction forces @n. For the o-particle not to be influenced by nuclear forces the
collision diameter d, defining the minimal distance on which the incoming particle can ap-
proach to the scattering center, must greatly exceed the action radius of the potential @y. In
this case the collision diameter is determined by the help of the energy conservation law

MV  Ze?
2 2nd’

By alucky chance these both conditions have proved to be satisfied in experimentswith
gold targets. However, inlater experimentswith aluminum targets (Z = 13) deviationsfrom
Rutherford formulawere especially noticeablein the region of the large angles.

Using Rutherford formula, we can approximately estimate the size of the atom nucleus.
Let us assume, that geometrical cross section of nucleusis of the same order as differential
scattering cross-section of the o-particles deflected through the angle being greater than
90°. Then for Z = 79 and E,, = 7.68 MeV we have do/dQ = 6.87 x 10728 m?, which
produces the wholly plausible result R= 1.5 x 10~1* m. If the core were absent in the
atom center, that is, Thomson model were true, then decreasing the o-particles deflected
through big angles 6 would take place a ong the shortest curve, which isastraight line (see
Fig. 4). Thus, the excess of the differential cross section over the straight line crossing
the horizontal axis provides direct confirmation of the fact that atoms are not indivisible
elements of matter, but represent in themsel ves acomposite structures, consisting of positive
charged nucleus and electrons.

Thus, according to Rutherford, the atom is similar to the Solar system. The character
of resemblance to the Solar system represents not only qualitative but also quantitative, that
is very strange and has not been found an exhausting explanation till now. If one takesthe
ratio between the diameters of the Sun and the Solar system then this ratio proves to be
approximately equal to one between the diameters of the nucleus and the atom. Further on,
according to the quantum theory, the electronsin atom are not located at arbitrary distances
from nucleus. Their orbital radii are defined by the relation

M= 4n—hznz
n— rnez ’

It turns out, that the planets have analogous behavior, namely, distances between the
planets and the Sun are not changed in a random manner but are subjected to the definite
law. This fact was known to J. Kepler, but it was first mathematically formulated by D.
Titiusin 1772.

Later on Bode made some corrections and the law was given the title Titius-Bode law.

If the distance from the Sun to Mercury is adopted as 0.4 arbitrary unit, then formula for
the planet radii takesthe form

(2.11)

n=123..

R,=0.3n+0.4,
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where n=0 (Mercury), 1 (Venus), 2 (Earth), 3 (Mars), 5 (Jupiter), 6 (Saturn), 7 (Uranus), 8
(Neptune), 9 (Pluto). It isremarkable, that in the scheme a planet with number n=4, which
should be spaced between Mars and Jupiter, is missing. Instead of it exactly in this place
asteroid belt is located, which represents in astronomers view the fragments of the planet
Phaeton to have existed in former time.

Asaresult of triumphal success of Rutherford atom model the traditional picture of this
model with its precisefigure of the electron orbits becomes universally recognized emblem
of the passed XXth century. It has wandered in books covers, exhibitions and conferences
booklets, stamped papers of institutes and universities. Although nowadayswe know that
in reality there are no electron orbits in classical understanding, these figures have been
remaining the deserved tribute of respect to Rutherford atom model.

In the experiments, described above Rutherford has discovered not only the atomic
nucleus he has also established the main type of experiment in microworld physics, which
is the particle scattering on each other. By the example of Rutherford experiments we
see, that scattering experiments are characterized by three time intervals. During the first
interval the systems are prepared and brought into contact. During the second interval
the interaction takes place. During the third interval the systems appeared in the result
of interaction (reaction products) move towards the measuring devices (detectors). Since
during the first and the third intervals the systems are isolated from each other, then the
systemsinvestigations are reduced to anaysis of free motion equations. The description of
the second interval demands deriving the solutionsof the interacting systems equationsand
asaresult thisis one of the most important and fundamental physics problems.

2.3. Proton-Neutron Model of Atom Nucleus

Thediscovery of thefirst isotopesin 1919 by F. Aston and establishingthe integral numbers
rule (all atomic or molecular masses are integral numbers within the limits of observation
precision) set in turn the question about the composite structure of nucleus. Long ago
forgotten Proud hypothesis(1815), stating that the hydrogenisthe part of all atoms, became
popular once again. Anaogously to "protil”, introduced by Proud, Rutherford suggests
to use a term "proton” for the hydrogen atomic nucleus (1920). As far back as years of
the first World War Rutherford started to investigate the collisions of the a-particles with
nuclei of such light elements as hydrogen, nitrogen, oxygen, and air. At centra collisions
nuclei emitted particles, causing scintillationsat a screen made of sulphurouszinc. At that
time a deep belief existed, that only nucleus components can be knocked out of a nucleus.
Due to lucky coincidenceit really took place in experiments on the o-particles scattering,
because o-particle energy E,, was not enough to produce even the lightest hadron m°-meson
(Eq. < 135 MeV). Basing on studying behavior of knocked out particles in magnetic field,
in 1924 E. Rutherford and D. Chedvick presented in their paper the final proof that those
particles were protons. They also suggested, that the o-particle was stuck in a nucleus.
Using Wilson camera, in 1925 P. Blackett made a photograph of thereaction, which showed,
that the o-particle was captured by nucleus and its track was ended by the typical "fork”,
in which the short fat track belonged to the residua nucleus while the long thick track did
to the knocked out proton. The reaction, in which one was shown for thefirst time that the
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proton entersinto the composition of the nucleus
fHe-+i'N —§0+p,

was defined as an example of the first two-particle reaction.

Since nuclei masses are always larger than Z proton masses, then it is obvious, that
some more particles must enter into the composition of the nucleus. It is natural to assume
that a nucleus contains electrons and that protons exceeding nuclear electrons cause total
positive nuclear charge. However, this hypothesis, despite its charming simplicity (no need
to introduce new particles), ran into sequence of serious contradictions. Let us enumerate
them.

1) Protons and electrons are fermions having the spin % Then, as follows from the rule of
summing up the spin moments vectors, nuclei with even number of protonsn,, and electrons
ne must have integer spin, while nuclei with odd n, and ne must have half-integer spin. For
example, for deuteron (nucleus of deuterium atom) spin should equal either 3/2 or 1/2
depending on orientation of el ectron and proton spins. In reality the observed deuteron spin
isequal to 1 which isin no way reconciled with hypothesis of nuclear electrons.

2) If electrons were present in nucleus then nuclear magnetic moment would be of the Bohr
magneton order (ug = eh/2meC). However, experiments exhibit, that nuclear magnetic
moments are of the nuclear magneton order (un = €h/2mgc) which is 1000 times less than

UB-
3) From Heisenberg uncertainty relation
Ap-AX>h/2

it follows that in nucleus (Ax ~ 10~1* m) Ap for the electron has of the order of //Ax ~
10?9 kg- m/sec. Since the momentum must be no less than this value then for energy of
such an electron we obtain the value ~ 20 MeV. Maximum energy of electrons emitted in
[-decay of various nuclidesisintheinterval 0.011— 6.609 MeV that is much lessthan the
energy of electronsinside of anucleus, if electronswere inside of it.

In 1930 W. Bote and H. Becker obtained deeply penetrating radiation, which arouse
under a-particles bombardment of light elements nuclei 9Be, B, and 3°F. Since this
radiation went through lead layer several centimeters thick and did not deflect by magnetic
or electric fields, for several years unsuccessful attempts had been made to identify it with
high energetic photons. February, 27, 1932 |. Chadwick published the article in journal
"Nature’, where he showed that Bote-Becker penetrating radiation was a flux of neutra
particles having the masses close to the proton mass (nowadays these particles are called
neutronsn). After appearing Chadwick’sarticle, the events developed at striking quickness.
In the same journal D. Ivanenko published the letter, in which he proposed a hypothesis of
proton-neutron nuclear structure. Soon the proton- neutron model was also introduced by
W. Heisenberg in his article, published in journa ”Zeitschrift fur Physik” (1932, June).
Due to numerous similarity of proton and neutron (neutron spin equals 1/2 and my ~ my)
acommon name "nucleon” is used for both of them.
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In the nucleus nucleons form not such a hard lattice as atoms in crystal do, but
rather a liquid structure in which nucleons can move like moleculesin liquid. Successful
explanation of structure elements in Mendeleev periodic table by means of only three
types of particles, namely, protons and neutrons contained in nucleus, which electrons
surrounded, provided al the reasons (at that time) to consider that e, p and n were
structureless matter blocks, of which al the Universe was built. Establishing this level of
the matter structure was the climbing on the third step of the "Quantum Stairway”. The
list of the "elementary” particles, known at that time, was rather short: eectron, proton,
neutron, photon, and positron (electron antiparticle which was discovered in 1932 by K.
Anderson in cosmic rays). So, the world used to be described by a fascinating simple
scheme. One could think, that the third step, reached with such trouble, was the last one on
the way to Creator. However, it was nothing else, but illusion of understanding which, like
acat that walking in herself, calls on us whenever it wants.






Chapter 3

L eptons and Hadrons

In 1936 muons ™+, discovered by K. Anderson and S. Niedermayer in cosmic rays, were
added to the list of elementary particles. Before 1953, when the first accelerator was con-
structed (Brookhaven proton synchrotron with maximum energy 3 Gev), the elementary
particle investigations were intimately connected with cosmic ray investigation. In 1947
the group by S. Powell discovered ™ and n~-mesons. The situation with elementary par-
ticles already became not entirely simple. Electrons and nucleons are necessary to build
atoms. Photons and pions play arole of the carriers of electromagnetic and nuclear forces
respectively. Electron antiparticle, positron, can be viewed as a delicate hint (for the expe-
rienced mind) on the existence of antimatter searching of which should be continued until
antinucleons are found. However, what shall we do with muons, which do not find their
placein thisworld scheme?

In late 1940s — early 1950s a real demographic explosion has occurred in the ele-
mentary particle world. A whole zoo of new particles, called "strange’ particles, has been
discovered. A main peculiarity of those particles and the ones, discovered later, isthat they
are not the component of matter observed. They live for a very short time and decay into
stable particles (protons, eectrons, photons and neutrinos). The first particles from this
group, K- and K~ -mesons, A-hyperons were discovered in cosmic rays, the next ones —
in accelerators. From the early 1950s the accel erators become the main tool to investigate
matter microparticles. The accelerators energy is growing and the tendency for increas-
ing the number of fundamental particles becomes more and more apparent. Nowadays the
list of elementary particles has become tremendously large ~ 400. The properties of dis-
covered elementary particles prove to be unusual in many respects. To describe them, the
characteristics taken from classical physics, such as electric charge, mass, momentum, an-
gular moment, magnetic moment, proved to be not sufficient. It was necessary to introduce
many new quantum numbers, having no classical analogs, which we call internal quantum
numbers. The first reason for their introduction deal swith additional degrees of freedom of
elementary particles. The second reason iscaused by striving to explain the non-observation
of some ” acceptable” reactions! by means of existence of internal symmetry which leadsto
conservation of corresponding charge. The latter circumstance allowsto carry out the gen-

1By the "acceptable” reactions are meant the reactions which are allowed the conservation laws of energy,
momentum, angular moment and electric charge.
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erous dispensation of the conserved charges to some groups of particles, according to the
following principle: dynamic symmetry correspondsto a closed channel of an ” acceptable”
reaction. It is possible, that areader, being experienced by any sort direct and inverse theo-
rems about the existence and uniqueness of the solutions, will feel no deep satisfaction. As
an quieting reason, one may call attention to aesthetic attractiveness of symmetric approach
in al spheres of our life (it is hardly probable that the statue of Venus from Milos being
deprived of symmetry could find the place within the walls of Louvre).

L et us proceed to classification of the known particles. Elementary particlesare divided
in three categories. 1) Hadrons, which participate in strong, weak, gravitation interactions.
Being electrically charged they also participate in electromagnetic interaction. 2) Leptons,
which do not participate in strong interactions. 3) Field quanta, which carry strong, elec-
tromagnetic and weak interactions. Hadrons are divided in baryons with half-integer spin
and mesons with integer spin. Maximum spin values of discovered by now hadrons reach
the value 6 for mesons ag(2450) and fg(2510) and the value 11/2 for baryons N(2600) and
A(2420), where in brackets the hadrons masses are given in MeV/c?. Electron (€), muon
(1), tay-lepton (t) and corresponding to them neutrinos (ve, v,,, V1) belong to lepton class.
They dl have spin 1/2. If one subtracts from the total number of discovered particles 12
interaction carriers (8 gluons, W*, Z and photon) and 6 leptons, then the total number of
hadronsis obtained.

For divisionof particleswith spin 1/2intoleptonsand baryonsto have sense, transitions
between these particleskinds must beimpossible. For example, neutron must not decay into
electron-positron pair and neutrino

n—e +e +ve (3.1)

In reality, this decay has been never observed. Let usintroduce two quantum numbers,
namely, baryon B and lepton L charges connecting them with dynamic symmetries with
respect to global * gauge transformations. For baryons B = 1, for antibaryons B = —1, for
non-baryons B = 0. In case of leptons, it is accepted to speak of not lepton charge, but
lepton flavor. One discriminates total lepton flavor L and individual lepton flavors Le, L,
andL;. Fore (") —Le=1(Le=-1),fory= (u")—L,=1(L,=-1),fort (t7) —
Le=1(L,=—1)and

L= ) L.

i=eut

All non-lepton particles have L = 0. By now no reactions with violation of either total
or individual lepton flavors have been observed. However, there are no serious reasons
in support of the Iepton flavor conservation law. Consequently, many vital electroweak
interaction theories predict the existence of processes, in which either total or individual
lepton flavor is not conserved. Scientists are intensively searching for reactions, which
can help to establish upper limits on their cross sections. Some Iepton decays going with
violation of L; are given below

1When the transformation parameters do not depend on coordinates the transformation is called global.
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uo—e +y  (49x10°1), (3.2)
u—e +et+e (1.0x1071?), (3.3)
T - 4y (3.0x1079), (3.4)
T —e +n°  (37x1079), (3.5)

where in brackets the upper bounds on their branchings ! have been pointed. The com-
parison of theoretical expressionsfor partial decay width with experimental ones resultsin
establishing the bounds on parameters of the theoriesin which these decays are allowed.

Despite the fact, that baryon charge conservation law ensures matter stability, its cor-
rectness is subjected to question too. Within framework of some GUT’sB isnot aconserved
guantum number and that leads to proton instability. Some decay channelswith fixed upper
limit on life-time with respect to the given channel are given below

p—et+n®  (55x10%yrs), (3.6)
p—e +vi+vy  (L1x10%yrs), (3.7)
p—e +ut+ut  (6x10% yrs) (3.8)

Since the age of our University is as short as 10° years, there are no special reasons for
inconsolable grief over possible proton instability.

Thereisan important difference between el ectric charge conservation and internal quan-
tum numbers conservation. Electric charge is not asimple number, similar, for example, to
baryon charge, which is ascribed to various particles. Electric charge governs the system
dynamics and is a source of electromagnetic field in itself. Interaction between charged
particlesis carried out by means of electromagnetic fiel ds whose quanta are nothing but the
massless photons. Since with the help of the corresponding devicesthe electric field is eas-
ily measured, then it is possibleto measure the object e ectric charge from alarge distance,
that is, without close contact with this object. Nothing similar takes place with baryon
charge. Baryon does not influence upon space around it, since there exists no baryon field,
similar to electromagnetic one. For thisreason it isimpossible to measure baryon number
of an object some distance away.

In consistent description of interacting systems, the above mentioned difference be-
tween electric charge and " charges’, not being the sources of physical fields, isin different

1Branching is the ratio between the width of the given decay channel (partial decay width) and the total
decay width.
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character of gauge transformations, responsible for conservation lawvs. For a conserved
guantity to be a field source, the theory must be invariant under the local gauge transfor-
mations. Thus, the electric charge conservation corresponds to the invariance of the theory
under the following transformations

Uen(1) = explien(x)]. (39)

The conservation of the charges, not producing physical fields, is connected with the
invariance of the theory under a globa gauge transformations (transformation phase is not
afunction of coordinates)

UN(l) =exp [iNOCN], (3.10)

whereN =B, Le, Ly, L, ...

Let us proceed to introduction of inexact internal quantum numbers, that is, numbers
which are aready conserved not in all interactions. Above we mentioned the so-called
strange particles which are produced by pairs (one or more) under colliding -mesons with
nucleons. Since a production of these particles had been caused by strong interaction the
probability of their birth waslarge. However, they decayed into ordinary hadrons or leptons
at the expense of only weak interaction and as a result the probability of their decays was
very small. The behavior uncommonness of these particles once again reminded to physi-
cists the famous phrase by F. Bacon: ” The perfect beauty without touch of strangenessis
not available in the world”. When in 1954 at Brookhaven cosmotron these particles were
obtained for the first time, among the other processes the following one was observed

ch—l—p—>A—|—K0.

The large value of its cross section indicated, that it is going on exclusively due to the
strong interaction. On the other hand, long lifetimes (~ 10719 s) of particles A and K® with
respect to decays

A—p+n, KO —mt4+m~
testified that these decays are caused by weak interaction. For some reasons A and K©°
decays into lighter hadrons are forbidden due to strong interaction and as aresult, they live
long time. M. Gell-Mann and K. Nishijima independently from each other introduced a
new additive quantum number, strangenesss. They postulatedits conservation in strong and
el ectromagnetic i nteractions and non-conservationin processes, caused by weak interaction
(for weak interaction |As| = 1). For aready known hadrons s takes the values -3, -2, -1, 0O,
1. Further extension of hadron sector demanded introduction of such quantum numbers as
charm (c) and beauty (b). They are also additive numbers and are conserved in strong and
electromagneticinteractions. In hadron decays dueto weak interactionsthey vary according
totherule
|A| = |Ab| =1.

Using characteristics introduced by us, we can divide known baryons and mesons into
the following families: 1. normal (s= = b = 0) hadrons (nucleons, n-mesons); 1. strange
(=b=0,s# 0) hadrons (A-, Z-, E- Q™ -hyperons, K-mesons); I11. charmed (s=b =0, #
0) hadrons (A¢ - and > %-hyperons, D-mesons); 1V. beautiful (s= = 0, b 0) hadrons (Ap-
baryons and B-mesons). There are also mixtures of the last three families: V. strange and
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charmed (b = 0,s# 0, # 0) hadrons (E¢ - and Q8-baryons, Ds-mesons); V1. strange and
beautiful (= 0,s7 0,b # 0) hadrons (Ep-baryons, BS -mesons); V1I. charmed and beautiful
(s=0, # 0,b +# 0) hadrons (B;-mesons).

However, looking at this megapolis of hadrons, we understand, that the above men-
tioned division is nothing else, but a scheme of streets and squares which does not a jot
bring us closer to understanding the idea of the architect creating this elementary particles
Babylon. This pictureisalso far from that, so the human mind could experience reverential
delight under a sight on it. Let us remind the guiding thread, which brought us from the
first step of Quantum Stairway to the third one. Mendeleev periodic table was built on
the basis of accidentally discovered periodic alteration of chemical properties of elements
alongside with increasing their atomic masses (nucleus electric charge, to be exact). Sixty
three years later with the help of this table we managed to construct hundreds of elements
from only three fundamental (as then it seemed) particles p, n, and €. Let us concentrate
our effortsto find asimilar table for hadrons.






Chapter 4

Periodic Table of Hadrons

4.1. Yukawa Hypothesis

In language of quantum field theory, the force field influence on a particle isinterpreted as
emission and absorption of the quanta of thisfield. For example, electromagnetic interac-
tion between two electrons appears due to photons exchange. Photon masslessnessrevea's
itself in long-range action of Coulomb forces, that is, Coulomb potential decreases with
distanceas 1/r. It isnatural to expect, that the massive carrier of interaction will produce a
short-range potential. In analogy with exchange nature of electromagnetic forces, in 1935
H. Yukawa introduced a hypothesis about massive quantum exchange, between nucleons
in anucleus. The ideawas, that interaction between this massive quantum (rt-meson) and
nucleon N appears as a result of combination of virtual process

N < N +1. (4'1)

In other words, Hamiltonian, causing interaction between nucleons in a nucleus Hiy
must be of the form
Hint ~ NN (x)71(x). (4.2)

Now we should more carefully consider the concept of virtual states. Physical laws de-
scribe only experimentally measurable quantities. In quantum theory uncertainty relations
for dynamical observables, represented by hon-commutating operators, impose restrictions
on precision of simultaneous measurements of these quantities. Thus, Heisenberg uncer-
tainty relations impose precision limits on simultaneous measurements of particle coordi-
nates and momenta

Apax> 2 (i=129) (4.3)

aswell asitsenergy and time
AEAt > g (4.4)
Theuncertainty relation (4.4) can beinterpreted by the way which is somewhat unusual
from the view point of the classical physics. In microworld the processes, going on with

the violation of the energy conservation law on the value of AE are alowed, provided that
thisviolation lastsno longer than At ~ i/AE. In this case the viol ation cannot be registered
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by any physical device. Anaogously, the momentum conservation law could be violated
on the value Ap in the region Ax ~ /i/Ap. We emphasize, that uncertainty relations reflect
the inner nature of microworld and have nothing to do with imperfection of our measuring
devices.

When considering interactions between particles by means of field quanta exchange,
one naturally thinks of AE to denote brought in or taken away quantum energy and At to
denote the exchange duration or the lifetime of thisquantum. The particles stateswith such
lifetimes are called as the virtua states. All the elementary particles can occur bothin rea
and in virtual states. Inherent in real particles connection between energy E, momentum p
and massm

E? = p?c® + mPc? (4.5)

isviolated in case of virtual particles due to appearance of AE. Keeping in mind the vi-
olation of this equality they say the virtua particles to lay beyond the mass surface. So,
according to Yukawa hypothesis, an interaction between nucleonsin nucleusis carried out
by means of virtual particle exchange. Emitting and absorbing the virtual m-mesons, pro-
tons and neutrons turn into each other. It is easy to guess, that for p «<» n coupling to exist,
nt and m~-mesons are necessary. Reasoning from experimentally determined principle of
nuclear forces charge independence

W = Vpp =Vm= Vnp, (4-6)

where Vy is nucleonsinteraction potential, one might be concluded that a neutral 7°-meson
isneeded to describe p <~ p and n < ninteractions. Of course, p «<» p and n« ninteractions
can take place dueto two charged m-mesonsaswell. Thus, for example, interaction between
two protonstakes place as follows. Both protons emit one w*-meson each, in so doing they
turn into neutrons. Then, these neutrons absorb 7 -mesons and turn into protons again. A
corresponding mutual conversion chain for each proton has the form

p—nt+n, n+nt —p, (4.7)
and p < pinteraction on itsown isdisplayed by the reaction
p+p—n+n"+n+n" — p+p. (4.8)

Quite obvious, that emission of two m-mesons necessitates larger value of AE and con-
sequently, lessens At. In shorter lifetime t-mesons cover shorter distance and that reduces
(approximately twice) the action radius of nuclear forces between identical nucleons, and,
as aresult, the condition (4.6) will be violated.

Let us estimate the m-meson mass by means of uncertainty relation (4.4). We consider
interaction between a proton and a neutron. The proton emits the ™ -meson and turnsinto
the neutron, while theinitial neutron having absorbed the " -meson becomes the proton

p—n+mt, n+nt —p. (4.9)
The chain of the reactions (4.9) can be represented as follows

p+n"5pin. (4.10)



Periodic Table of Hadrons 45

If one neglects the proton recoil momentum, then the emission of the virtual = -meson
leads to the energy violation by the value ~ m;c? at the minimum. The virtual meson exists
during the time At ~ /i/AE ~ h/(m;c?). In At time the virtual At-meson, even if it moves
at a maximum possible speed ¢, covers the distance, which defines maximum value of the
force field action radius

Rreat~ S (4.11)
myC myC

Substituting in Eq.(4.11) the experimentally obtained value of nuclear force action ra-
dius R, ~ 10713, we obtain m; ~ 280 me (me is the el ectron mass).

In reality, Yukawa predicted, that the mass of nuclear interaction carrier might be equal
to 206 me. That was caused by using the improper data concerning the value of R,. Being
guided by this number, experimentalists began to search and have found the particle with
the mass 207 me which was called amuon (u). However the muons turned out to be weakly
interacting particles. Consequently, they are not suitable for the role of a nuclear field
guantum. As later as 1947 in interactions between cosmic rays and upper atmospheric
layers the predicted by Yukawa m-mesons were discovered.

The notion about the interaction law, caused by m-meson exchange, is given by the
Yukawa potentia, that is, the potential energy which is derived under assumption that the
interacting particles are immovabl e (particles masses are so large that one may precisely fix
their positions and neglects their recoils under emitting and absorbing quants). It could be
shown that the interaction potential of two nucleons separated by the distance r is deter-
mined by the equation

Wn(r) = p(—kolrl), (4.12)

@ ex
where C is the constant connected with the " nuclear” charge of nucleon and ko = m;c/h =
1/An (Ar is the Compton wave length of the m-meson). From the expression for Vi(r)
follows the same result as from uncertainty relation: nuclear forces have the finite action
radius, approximately equa to the Compton wave length of the m-meson. Notice, that the
negative sign in the expression for the Yukawa potential pointsto the attraction character of
the nuclear forces.

The process of emitting and absorbing the -meson lasts no longer than 10-23 s. In all
modern experiments such aprocess may be considered as an instant one. Roughly speaking,
protons spend one part of their life in nucleus being protons, while during the second part
they are neutrons. So, it is natural to consider proton and neutron as two different states of
the same particle given thetitle nucleon. All nucleons consist of identical cores, surrounded
by a cloud of virtual -mesons. The only difference between p and n liesin the character
of such a cloud. When two such clouds are approaching each other at the distance of
the order of the m-meson Compton wave length, the m-meson exchange between clouds
takes place!. So the m-mesons are constantly scurrying between interacting nucleons. The
situation reminds alittle bit covalent coupling carried out by electronsin molecular ionH, .
Since in this case the electron can transfer from one to another proton, the exchange forces
appear and they are added to the ordinary Coulomb forces.

1At smaller distances exchanging the heavier particles (vector mesons p , ¢, o etc.) begins to be more
substantial.
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Obviously, the m-meson clouds (fur-coat), surrounding neutrons and protons, contribute
to nucleon magnetic moments. Since such virtual conversion chains

p—nt+n, n—n +p

are possiblefor proton and neutron, then anomal ous parts of the particle magnetic moments,
caused by the m-meson field, must be approximately equal in value and oppositein sign.

L et us consider the process of originating the neutron magnetic moment dueto itsvirtual
dissociationinmt— and p. Since t-meson hasa zero-spin, it also hasazero intrinsic magnetic
moment. Then only the m-meson with non-zero orbital moment, for example, in p-state
(I = 1), contributes to neutron magnetic moment. For the moment momentum conservation
law in this virtual process to be fulfilled, the following demands must be met. @) The
direction of orbital moment of the virtual m-meson being equal to 1, must coincide with the
neutron spin direction. b) The virtual proton spin must be directed oppositeto neutron spin.
Since the m~-meson is negatively charged, then the neutron magnetic moment induced by
the ™~ -meson, is negative as well.

To estimate the neutron anomal ous magnetic moment value, we must know, how long
neutron exists in dissociated state or, what amounts to the same thing, the probability of
transition into this state. Since my, ~ 6.72my, the magnetic moment of the system p+
isin value order equal to (—6.72+ 1)un (un = €h/(2mpc)). Then the neutron magnetic
moment observed is

tn = Woup — 5.72(1 —Wo)u, (4.13)

where 13 is the neutron intrinsic magnetic moment, that is, the quantity equals zero, W is
the probability to find a neutron in anaked neutron state, (1 —Wp) is the probability to find
aneutron in a dissociated p+ n~-state. The experimental value of the neutron magnetic
moment u, = —1.913 uy is obtained if one setsWh =~ 0.665. . Anaogoudly, for the proton
anomal ous magnetic moment we have

Hp = Woun —|—6.72(1—W0),uN, (4.14)

where we took into consideration that the intrinsic magnetic moment of the proton is equal
to un and assumed that the probabilities of the proton and neutron virtual dissociationsare
equal. Then thetotal proton magnetic moment is pretty closeto itsexperimentally measured
value pp = 2.793 un.

Experimentally proved Yukawa theory of nuclear forces is a milestone in the develop-
ment of Physics. It has finaly strengthened the assurance that quantum interpretation of
interaction as exchange of virtual quanta is a correct one. Such interaction interpretation
underlies the foundation of modern physical theories. Taking into consideration virtual par-
ticles changes our concepts of physical vacuum under transition from classical to quantum
theory. The example of electrodynamics is very significant in this case. Electromagnetic
field in aclassical theory is defined by the values of the strengths of the electric and mag-
netic fields (E and H) given in all points of space and in all moments of time. Under tran-
sition to quantum el ectrodynamics in places of those strengths, the operators appear which,
in particular, do not commute with operators, defining the number of photonsin a given
state. However, only the physical quantities, to which commuting operators correspond,
can simultaneously have definite values. If operators do not commute, the more precisely
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the quantity corresponding to one of these operators is defined, the lessinformation can be
obtained for the second quantity. At exact definition of E and/or H the number of photons
is absolutely undefined. In the same way, if the number of photonsis exactly defined, then
fields strengths are not defined.

In the quantum theory we determine a vacuum as a state without real particles or as a
state with the least energy. Then, since for the photon vacuum (el ectromagnetic vacuum)
the number of particlesis zero, i.e. isexactly defined, the fields strengths are not defined,
and thisfact, in particular, does not allow to accept these strengths being equal to zero. The
impossibility to simultaneously set both the fields strengths and the photons number equal
to zero make us to consider the vacuum state in the quantum theory not as the field absence,
but as one of the possiblefield states having the definite properties which are displayed in
real physical processes.

Virtual production and absorption of the photons should be viewed as manifestation
of photon vacuum, or, in other words, as taking account of photon vacuum effects. The
concept of vacuum being the lowest field energy state can be analogously introduced also
for other particles. Considering interacting fields, the lowest energy state of all the system
could be called a vacuum state. If sufficient energy is supplied to afield in a vacuum state,
then the field is exited, that is, the field quantum is produced. Thus, a particle production
can be described as atransition from ”unobserved” vacuum stateto areal one. Without real
particlesand externa fieldsvacuum, as arule, does not reveal itself through any phenomena
due to itsisotropy. A presence of rea particles and/or externa fields leads to vacuum
isotropy violation, since a production of virtual particles and their subsequent absorption
resultsin changes of the state of the real physical system. Virtual particle production and
absorption of particles is limited by conservation laws, the electric charge conservation
law among them. For this reason a virtual production of a charged particle is impossible
without a charge change of real particles (if there are any). If rea particles charges are
invariable, thenin virtual processes the charged particles are created and destroyed in pairs
only (particle-antiparticle). Thus, in the case of the charged particles one can speak only of
particles-antiparticles vacuum: e ectron-positron vacuum, proton-antiproton vacuum, etc.
From thisit aso follows, that since, for example positrons and electrons can be produced
only in pairs, one can not speak of electrons as of isolated and solitary type of matter, just
as one impossibly draws a demarcation line between electric and magnetic field.

Electron and positron fields make up a unified el ectron-positron field, and this circum-
stance remainsimperceptible, provided the processes of pairs productionsand pairs destruc-
tions may be neglected. Analogoudly, as in the case of photon vacuum, electron-positron
vacuum or any other particles- antiparticles vacuums will lead to observable effects, one
of which is a change in physical properties of a particles. The above mentioned effects of
charge screening and appearance of nucleons anomal ous magnetic moments can serve as
example.

So, in quantum theory every particle is enclosed by the fur coat consisting of cloud of
virtual quanta, produced and subsequently absorbed by the particle. Quanta can belong to
any field (el ectromagnetic, electron-positron, meson, etc.), with which the particleisinter-
acting. The fur coat contains many layers with different density. For example, since meson
interactions of nucleons are hundred times more intensive as el ectromagnetic ones, then the
meson fur coat of the proton should be several orders thicker than the electromagnetic fur
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coat. The fur coat is not something hardened, since quanta, its components, are continu-
ously produced and destroyed. One can say, that in quantum theory a particle is suffering
from striptease- mania, since one part of its lifetime it spends in the dressed state, while
during therest of thetimeit is naked.

4.2. Feynman Diagrams

Although in the quantum field theory typical non-classical objects are considered, it does
not hinder us to give the visua graphical representation for the processes of interactions
and conversions of particles.

Such a kind of graphs was first introduced by R. Feynman and now bears his name.
Diagrams, or Feynman graphs outwardly resemble the displays of trajectories of all the
particles taking part in interaction. Classical description, however, is not applicablein this
case, so that interpretation of graphs as classical tragjectoriesisincorrect, one can speak only
of outer similarity.

By the example of non-relativistic quantum mechanics we became aware of the fact,
that only in the case of most simple potentials we manage to obtain exact solutions for
guantum systems. For this reason, perturbation theory method is the main mathematical
method in quantum theory. The essence of perturbation theory method is most transparent
in the Green function formalism. So, if a system wave function in initial state y(rj,t;) is
known, then itsvalue at an arbitrary moment of timet = t¢ in the point with coordinatesr ¢
is given by expression

w(rf,tf) = /G(rf —TIj,ts —ti)w(ri,ti)d“xi. (4.15)

The Green function in non-relativistic quantum mechanics is represented by series on
perturbation Hipe (1, t)

G(ri—ritr—t) =G O(r¢—ri ty—t;)—

. .
_%/G(O)(rf_rlatf_tl)Him(rl,tl)G(O)(rl_ri’tl_ti)d4xl+ (_%) %

></d4X1/G(O)(rf—rl,tf—tl)Him(rl,tl)G(O)(rl—rz,tl—tz)Him(rz,tz)X

XG(O)(rZ—ri,tZ_ti)d4X2+ ..... R (416)

where G(O)(r,t) is the Green function in zero approximation. Expression (4.16) brings us
to the idea, that the evolution of a quantum system can be plotted as a chain of transitions
from the initial state to the fina one through the totality of points (vertices) correspond-
ing to interaction acts. In so doing the number of vertices corresponds to perturbation
theory order. These are non-relativistic prerequisites for appearance of Feynman diagram
method. This method is also unambiguously connected with taking account of every order
of perturbation theory by steps. Diagrams topology is completely defined by the form of
interaction Lagrangian. By the appearance of a Feynman diagram, it is possible immedi-
ately to write down the corresponding expression for scattering amplitude, i.e. thereisa
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set of rules, so-called Feynman rules connecting any diagram element with particle char-
acteristics. To depict a free particle one or another line is introduced (which is, of course,
only a graphic symbol of particles propagation), while lines knot (vertex) corresponds to
particles interaction. External lines describe rea initial and final particles and the internal
ones describe virtual particles. Since particles in initial and final states are considered to
be free (it is guaranteed by experiment conditions), then real particles correspond to wave
functions, which are solutions of free equations of corresponding fields. Virtual particles,
describing interaction, are put in correspondence of the Green functions of the equations,
which they would satisfy, if they werereal. A coupling constant, characterizing the given
interaction, must be in every diagram vertex. In the case of quantum electrodynamics it
equals \/€?/(4mhc). Moreover, in every vertex the momentum conservation law must be
taken into consideration (interaction, taking place at a vertex, can take place at any space
point, so that Ax; = oo, and it means, that momentum is precisely defined). In every vertex
of "charges’ (electric, baryon, lepton, strange, etc.) conservation laws which are valid for
the given interaction, must be fulfilled. The Feynman diagrams can be plottedin coordinate
and momentum space, in the latter case four-momentum of a corresponding particleis as-
cribed to every line. The content of the Feynman rules is determined by the structure of the
interaction Hamiltonian Hix:. In the QED this quantity is given by the expression

Hint = €q(X) v,y (X) A (), (4.17)

that is, Hiy has the trilinear structure. It means that in every vertex three lines are encoun-
tered, namely two fermion and one photon lines. As this takes place, the electric charge
conservation law demands direction invariability of the fermion line over its length. Let
us display photon with a dashed line, fermion with a solid line. Sometimes a symbol of a
particle will be also mentioned near every line. We agree to direct time axes from left to
right in al the diagrams. In fermion lines we put arrows which denote particle propaga-
tion direction. The arrows, directed to the time axis denote particle, while antiparticles are
indicated by the arrows being oppositeto the time axis direction.

~ /
\\kl kz“:/
~ ’
1i 2
Pa P2
a b

Figure 5. The Feynman diagrams corresponding to the Compton effect in the second order
of perturbation theory.

Let us illustrate diagram method by some examples from the QED. In Fig. 5ab the
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Figure 6. The electron vacuum loop.

-

Figure 7. Thediagram of the photon self-energy in the second order of perturbation theory.

diagrams for the so-called Compton effect — the el astic scattering of photon off electron
e +ty—e +v,

are displayed. Fig. 5a should be read as follows. In theinitial state one photon and one
electron are present. In point 1 they annihilateinto a virtual electron, in point 2 the virtual
electron turnsinto thereal photon and electron. The second order of perturbation theory (in
el ectromagnetic interaction constant) correspondsto two vertices of the diagrams. In Fig. 6
thefollowing processis plotted. In point 1 an electron emitsavirtual photonand turnsinto a
virtual electron. In point 2 thevirtual electron and photonturninto areal el ectron. Thus, the
diagramin Fig. 6 describeselectroninteraction with thevirtual particlesfields, namely, with
photon and electron-positron vacuums. As aresult of thisinteraction the electron energy is
changed. For thisreason the corresponding diagramis called the diagram of the self-energy
electron, or the electron vacuum loop. Anal ogous photon vacuum loop, describing the self-
energy photon in the second order of the perturbation theory, is represented in Fig.7. It is
obvious that every of the above mentioned diagrams can be complicated by adding new
vertices. Thus, for example, the electron vacuum loop can be inserted in theinternal line of
thediagram in Fig. 5a(Fig. 8). In the diagram obtained there are four vertices, that is, the
corresponding amplitudeis proportional to &* and makes up one of theterms, describing the
Compton effect in the fourth order of the perturbation theory. Thetotal number of diagrams,
corresponding to the definite order of the perturbation theory is defined by the interaction
Hamiltonian structure. Let uscalculate the number of al the possiblediagrams of thefourth

~
~ |3|k kz P

Figure 8. One of diagrams describing the Compton effect in the fourth order of perturbation
theory.



Periodic Table of Hadrons 51

order for the Compton effect. The electron vacuum loop can be inserted to the diagram in
Fig. 5ain thefollowing ways: 1) into theinner line, 2) into the two external electron lines.
The photon vacuum loop can be inserted into any of the two external photon lines. Besides,
avirtua photon line can connect theinitial and finite electrons, while avirtual electronline
connects the initial and finite photon. So, the total number of the diagrams of the fourth
order for the Compton effect in the QED is equal to 14.

4.3. Elementsof the Group Theory

The concept of symmetry is the main concept of Physics. Its role in Physics has been
already perceived after the classical Noether theorem which has connected the physical
system symmetry with conservationlaws. With the help of symmetry one managesto reveal
the basic structuresin variety of the physical phenomenaand to reduce this variety to afew
tens of fundamenta formulas. The group theory is the natural mathematical language for
describing the symmetry. To study isotopic and unitary hadron families and subsequently
to get over to quark models, we should get acquainted with foundations of the group theory.
We start our digression to the group theory with studying the three-dimensional Euclidean
space transformations. Let us consider the transformations

X = Rx, (4.18)
leaving a scalar product (x -y) invariant, that is, for which the followingis true

(X' -y) = (x-y). (4.19)

Asit followsfrom (4.19), these transformations are carried out through orthogona ma-
trices
RRT =R"R=1.

Since
det(RR") = detR" detR= (detR)? = 1,

then detR= +1. In case detR = +1 we have proper orthogona transformations or rota-
tions, while when det R = —1 we obtain improper orthogonal transformations. The latter is
exemplified by a spatial inversion, which is represented by the matrix

-1 0 0
R=(0 -1 o]. (4.20)
0 0 -1

Any rotation can be represented as a product of three consecutive rotations around or-
thogonal axes Ox1, Oxz, X3Q by angles 61, 6,, 03.
Whilerotating around axis Ox; coordinates x transform in the following way

X’1:X1—|—OXX2—|—OXX3,

Xp = 0 X X1 +C0SO1%2 + SiNO1X3,

X7 = 0 X X3 —SiNO1Xz + COSO1X3.
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In matrix form it looks as follows

X’1 X1 1 0 0 X1
X, | =Re, [ X2 | =[O0 cosB; sinb; Xo | .
X3 X3 0 —sinO; cosO, X3

In the same way we can represent transformations of rotationsaround axis Ox, Oxg

cosf, 0 sino, cosb; sSnbz O
R, = 0 1 0 , Ro, = —sinB3 cosBz O |.
—sinB, 0 coso, 0 0 1

The matrix of arotation around an arbitrary axis is defined by the product of matrices
Re, Re,Re,. We pay attention to the fact, that the final result depends on the order of mul-
tiplication of Ry matrices, that is, rotation transformations are not commutative. Totality
of al the orthogonal transformationsin the three-dimensional Euclidean space makes up a
group, namely, an orthogonal group O(3) (in the name of a group it is indicated by letter
0). Transformationswith the determinant being equal to 1 are called either " unimodular” or
"specid” (theletter S). Thus, the rotation group is the group SO(3). The groups, in which
the elements are commuitative, are called Abelian groups while the groups with noncommu-
tative elements are called non-Abelian groups. The group SO(3) is a hon-Abelian group.
The group SO(3), supplemented with reflections, makes up the group O(3). It means, that
SO(3) is asubgroup of O(3). For matrices in n-dimensions the group O(n) is orthogonal
and itsdimension d is defined by the formulad = n(n—1)/2. At thispoint it is high time
to introduce the rules of the game, adopted in the group theory.

A groupisaset of elements G, which meets the following demands:

1. On the set G the group action is defined (call it "multiplication” conventionally),
which puts in correspondence to every pair of elements f and g a certain h element from
the same set. The element h is called the productions of elements f and g, i. eh= fg. In
the most general case fg # gf.

2. The set contains such a unit element e, for which the relation ef = fe= f istrue,
where f isany element from the set G.

3. Alongside with any element f, the set G contains an inverse element f~1, which
possesses the following property

ffl=f1lf=e

The group is finite (infinite) when the number of its elements is finite (infinite). The
three-dimensional rotation group isinfinite whilethe reflection group isfinite.

The group is called discrete (continuous) when its elements take discrete (continuous)
values. The three-dimensiona rotation group is continuous, while the reflection group is
discrete. The order of group isanumber of independent parameters, which defined a group.
Three-dimensional rotation group is a group of the third order (itsindependent parameters
are 01, 62, 63). The order of reflection group is the same.

The order of transformation matrix* (two-row, three-row, etc.) defines dimension of the
group. The dimension of three-dimensional rotation group and of reflection group equals

11t should be square matrix.
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three. Let us note, that the order of group differs from its dimension. In the case of the
orthogonal group this coincidence is accidental. Continuous groups of the finite order are
Lie groups. Three-dimensional rotation group is an example of the Lie group.

The next goal isto define al representations of orthogonal group. In general, a repre-
sentation of a certain G group is a mapping, which compares every element g of G with
linear operator Uy, acting in some vector spaceV. In such a mapping a multiplication table
for agroup is maintained, and the unit element e of the group G is represented by identity
transformation of | inV

UgUgp, =Ug; (3 =0102), Ue=1.

Subspace V; of the spaceV is called invariant subspace with respect to representation
Ug in case if al the vectors v in V; are transformed by any Uy into vectors V' belonging
again to V. A representation isirreducible, if the only subspaceV invariant with respect
to representation g — Uy is the whole space and subspace, consisting of one zero vector.
Otherwise arepresentation is reducible. Studiesof representations can be limited to studies
of irreducible representations. Moreover, only inequivaent irreducible representations are
of main interest for us. Two representations Ug and Ug are equivalent, if there is a unitary
operator M, which ensures

-1
Ug = MUgM vV =My,

where v and V' are vectors of representation space. Thus, two equivalent representations
could be seen as realizations of one and the same representation in terms of two different
bases in vector space. All irreducible representations are finite-dimensional and any repre-
sentation is a direct sum of irreducible finite-dimensiona representations. The direct sum
of two square matrices D1 and D> is by definition a square matrix D3 for which

(D1 O
Ds = ( 0 D2> ‘
istrue. Symbolicaly it iswritten down as followsD3 = D1 @ D».
Further on, infinitesimal rotations and matrices, corresponding to them will play a fun-
damental role. Their importance is caused by the fact, that they produce one-parameter
subgroups and any finite rotation can be composed of a sequence of infinitesimal rotations.

To obtain matrices for infinitesimal rotations, we expand every element of matrix of finite
rotationsinto Taylor series and constrain ourselves by the terms of the first order

A= RO (=123 (4.21)

The obtained matrices A; we shall call generators of rotations about ith axis. Their
obviousform isthe following

0 0 O 0 0 -1
0 -1 0 1 0 O
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0 10
As=|-1 0 0]. (4.22)
0 00

From (4.22) it is clear, that infinitesimal rotations commute with each other. A rotation
about afinite angle 6; can be viewed as aresult of n rotations by angle 6; /n

R(O) = lim <1+%Ai>n:e>(p(Aiei)- (4.23)

Thus, the matrices of transformations corresponding to finite values of the transforma-
tions parameters are defined with the help of the generators A;. This generators property is
common for any class of transformations. It is possibleto check by direct calculations that
the generators A; satisfy the commutation relation

[ALA] = —giknA (4.24)
and commute with the reflection operator
[A,R_]=0. (4.25)

The set of generators A; constitutes the so-called Lie algebra of a three-dimensiona
rotation group.

The set of elements N is Lie algebra, corresponding to a certain group, if it meets the
following demands:

1. If X andY are elements of set N, then both the sum of X +Y and the product oX
(where o isan arbitrary number) belong to N once again.

2. Commutator of two elements X and Y belonging to set N isagain expressed in terms
of elements of the set N.

3. Commutators of elements of set N satisfy the relations

X, Y]+1Y,X] =0, X, (Y+2)] = [X,Y]+[X,Z],
X, [Y,Z]] + Y, [Z,X]] 4+ [Z,[X,Y]] =0, (Jacobi identity). (4.26)

Therepresentation of Lieagebraisacorrespondence X — T(X), which confrontsevery
element X with the linear operator T (X) acting in vector space in such away, that

TX+Y)=T(X)+T(Y),  T(cX)=cT(X),
T(XY]) =[T(X), T(Y)].

By the exampl e of rotation group we shall show, that representation of Lie algebra of a
group uniquely determines a representation of the group. An infinitesimal rotation by the
angle 30 is set down as follows

R(80) = | +A;86; + O(562).
The corresponding representation operator has the form

U (80) = I + M;36; + O(562), (4.27)
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where M; constitute a representation of Lie algebra generators and obey the same commu-
tation relations as A;
[Mi, Mk] = —€ik |\/||‘ (4.28)

Let us consider two rotations about the finite angles ab and b6. Since rotations about
one and the same axis commute then

R(a0)R(b) = R((a+ b))

and as conseguence

U(aB)U (b6) =U((a+b)0). (4.29)
Differentiating (4.29) with respect to a, using (4.27) and taking into consideration that
d_4d
da db’
with a = 0, we obtain the equation
%U(ae)U(be)ya_oz d%u(be) = (M;6;)U (bO). (4.30)

To integrate Eq. (4.30) with the initial condition U (0) = 1 produces the expression for
operators of representation of athree-dimensional rotation group

U(0) = exp(M;6;). (4.31)

Since in unitary representations the operators U are unitary, then the operators M; are
anti-Hermitian. We pass to Hermitian operators J; = —iM;, which satisfy ordinary permu-
tation relations for angular moment operators

[k, Im] = i€kmndn. (4.32)

The problem of finding all the irreducible rotation group representation is reduced to
finding all the possible set of matrices Ji, Jo, Js3, complying with the permutation relations
(4.32).

Shur lemma has the fundamental meaning in theory of representation of group, realized
by complex matrices. It reads: "For representation to be irreducible, it is necessary and
sufficient, that the only matrices, which commute with all the representation matrices are
the matrices being multiple to the identity matrix”. Such matrices being polynomials of
generators, are called Casimir operatorsU/. According to Shur lemma, arepresentation is
irreduciblein the case of

UK =l

and as aresult
Uy = Ay,

where y denotesthefield function. Since Casimir operators enter the complete set of com-
muting operators (which undoubtedly contains the Hamiltonian as well), then conserved
physical quantities correspond to them. So, if we have found all the Casimir operators,
have chosen one eigenvalue from each operator and built up a representation which acts
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in space spanned on corresponding eigenfunctions, such arepresentation is irreducible, ac-
cording to Shur lemma. In other words, the problem of classifying the irreducible group
representationsis reduced to finding the spectrum of eigenvalues and eigenfunctions of the
Casimir operators.

Three-dimensional rotations group has one Casimir operator

P=0R+254+3%, (4.33)

which is nothing else but the squared angular moment operator with eigenvalues j(j +1),
where j = 0,1/2,1,3/2,2,.... Consequently, every irreducible representation of three-
dimensional rotation group is characterized by the positiveinteger or half-integer number j,
which also defines representation dimension by theformula2j + 1. From quantum mechan-
ics we know, that squared angular moment operator commutes with projection of angular
moment operator onto a certain direction singled out in space, for example, axis x3. Thus,
basic functions of representation are eigenfunctionsof operators J?, Js and could be marked
by their eigenvalues. Passing to the classification of irreducible representations of orthog-
onal group we keep in mind that the linear operator U_ corresponding to the operation of
spatial inversion R commutes with all the operators of the rotation group representation.
According to Shur lemma, in every irreducible representation the operator U_ must be mul-
tiple to the identity operator. Thus the irreducible representation of orthogona group is
classified by a pair of indices (j,np), where the latter is the eigenvalue of U_ correspond-
ing to the given representation. Representations with integer j are called single-valued or
tensor representations, in the case of half-integer j representations are two-valued or spinor
representations.

a. Tensor representations of the group SO(3). Since at integer values j the relation takes
place
(U )2y =1y,

then eigenvalues of the reflection operator are +1 and —1. Thus, there are two different
representations of the orthogonal group, intheformer U_ =1, and in the latter U_ = —I.

At j = 0 the representation is one-dimensional, each group element is mapped by
the identity operator, and generators are identically equal to zero. Let us call represen-
tation {0,1} ascaar and {0,-1} — pseudoscalar. The quantitiestransformed according to
(pseudo)scalar representation are called (pseudo)tensor of zero-rank or (pseudo)scalars.

At j = 1 therepresentation is three-dimensional. One might use matrices of generators
of three-dimensional rotation group as matrix representation of generators M; (representa-
tion, constructed directly from generators of transformation group is called regular or asso-
ciated representation of group). For the representations {1,-1} and {1,1} we use terms vec-
tor representation and pseudovector representation, respectively. Three-dimensional quan-
tities transformed with respect to (pseudo)vector representations are called (pseudo)tensor
of thefirst rank or (pseudo)vectors. Very often pseudovectors are called axia vectors and
vectors are called polar vectors. All the representationswith j = 0,1 are irreducible, while
the representationswith j > 2 are reducible.

To summarize the aforesaid, we can give the following definition: three-dimensional
tensor (pseudotensor) of the n-rank is a quantity, which transforms under the representation
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{n,(=1)"} ({n,(=1)"*1}) of the group O(3). In more convenient for practical use lan-
guage, tensor and pseudotensor of the n-rank are the quantities, which components, when
rotating, are transformed according to the law

Vik.m("") = RipRa---RasW | s(r)- (4.34)
~ ~—~

n n

So, under rotations they behave in the same way. However, under reflections we have

Wik m() = (=1)"wjk_m(r), (4.35)
~—— Y
for atensor
Vi . m) = (=)™ ik m(1), (4.36)
— ~

and for a pseudotensor, respectively.

Ability to expand reducible representations in irreducible ones will make one more
element of our mathematical culture. As an example, we consider a field function ik
which is atensor of the second rank with respect to three-dimensiona rotation group and
consequently it has nine components. A tensor of the second rank is aproduct of two three-
dimensional vectors, which transform with respect to three-dimensional representations.
Schematically it can be written down in the form

33 (4.37)

Let usrepresent yix as asum of symmetric and antisymmetric tensors

1 1
Wiskzé(‘lfik+\lfki)a Wﬁ(zé(Wik—Wki)-

By the direct check one can be sure, that
1) 51 1)1
Vik = Ri(m) Rt(m)‘ufnn Vik = Ri(m) R;in)llf?nn,

i. e, under rotations the components of the symmetric and antisymmetric tensors are not
mixed with each other. In other words, under transformation of the group SO(3) the nine
components of the tensor i fall into two independent totalities: three-dimensional yf, and
six-dimensional 3. The symmetric tensor can be also further expanded in two independent
totalities
o 1 1 1
Y= §Sp{Wmn} =3¥m= §(‘If11+llf22 +W33)

scalar (we remember, that scalar product of three-dimensional vectors is invariant under
rotations) and five components, which constitute a matrix with a zero-trace

S

1
Wi = Wi — §6ikWnn-

So, from the viewpoint of rotation transformations, the second rank tensor ik is the
sum of the three independent quantities: the one-dimensional P, the three-dimensional y



58 O.M. Boyarkin

(k= 1,2,3) and thefive-dimensional y} (I = 1,2, 3,4,5). The corresponding representation
of the rotation group consists of matrices of reduced dimensions and has the box-diagonal
form

llf"il U11 U12 U13 0 0 0 0 0 0 llf"il
IU% U21 U22 U23 0 0 0 0 0 0 IU%
llf% U31 U32 U33 0 0 0 0 0 0 llf%
w3 0 0 0 Ua U Ug Uszz Ug O w3
U W% = 0 0 0 U54 U55 U56 U57 U58 0 W% . (4.38)
W3 0 0 0 Uss Ues Ug Uz Ugg O W3
A 0 0 0 Upm Ups Up Ui Ug O A
W2 0 0 0 Uss Ugs Ugs Ugz Ugg O e
0 0 0 0 0 0 0 0 0 1)\

If arepresentation matrix can be written down in the box-diagonal form, then the cor-
responding representation is reducible (otherwiseit isirreducible). Then Eq. (4.38) means

33=9=5p3Pp1 (4.39)

® ® e = @ & ®
-1 0 1 -1 0 1

Figure 9. The basic vectors of the representations 3 and 3.

Let us present al the chain of manipulations from (4.37) to (4.39) in a more obvious
form. In Fig. 9 we plot basis vectors of representations entering the left-hand side of Eq.
(4.39), where the angular momentum projection eigenvalues m; are denoted with dots. To
obtain the totality of the basis vectors, composing representations in the right-hand side
of Eg. (4.39), one might use the moment multiplication rule, which is well known from
guantum mechanics. In order to get the product of two moments, we combine the center
Jz = 0 of the second diagram with each of the three states J; = 1,0, —1 of thefirst diagram,
then we calcul ate frequency n; with which every summation result I3 appears (in our exam-
plelz = +2 occurs once, 13 = +1 does twice, and 13 = 0 does triply). From the obtained
states we single out diagrams with the same value of J. This procedureis displayed in Fig.
10. When one has taken into account that the number of states having the angular moment
eigenvalue j isequa to 2j + 1, that is,

2j1+ 1) Q) (2j2+1) = j1(X) iz,
then the generalization of Eq. (4.39) takesthe form being aready familiar to us
1 i2=Y 1, (4.40)
@

where every | representation occurs once, j =| j1— j2 |,| j1—j2+21],.... | j1+ j2 | and
subscript @ indicates, that the sum is direct, not normal.

b. Spinor representations of three-dimensional rotation group. At j = 1/2 representa-
tions of rotations group is two-dimensional, consequently, operators of the wave function
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.

™ ™ ®
. ™ eX e . *=-9 e . ] o
-1 0 1 1 0 1 -2 -1 0 1 2

Figure 10. Graphical interpretation of the moments addition rule.

transformations and generators, together with them, constitute 2 x 2-matrices. Since any
2 x 2-matrix could be expanded in terms of the Pauli matrices ok and the identity matrix

I1, then the generators Jlil/ 2 mi ght be chosen in the shape ioy/2, where the Pauli matrices

have theform
0 1 0 —i 1 0
01:<1 o>, Gz—(i o>, G3—<O _1>, (4.41)

and satisfy therelation
OKOl = i + i€KmOm. (4.42)

The operator, transforming a wave function under rotations by the angle 6 about axis
with direction unit vector n = (ng, Ny, n3) iswritten down as follows

st -emnat - £ (o) <53 (2)'+ (9

k=0

3 5
....]+i(n-o)[g—3—1! (g) +5—1! (g) —...]:Icosg+i(n-cs)sing. (4.43)

From Eq. (4.43) follows that the rotation matrices are unitary and their determinant
equals 1. The objects transformed with respect to representation j = 1/2 are called spinors
of the first rank. As a basis in space of such spinors, one might choose eigenvectors of
matrices (1/4)c? (spin square) and (1/2)c3 (Spin projection on the third axis) which have
the following form:

Since: 1 3
2+ 25— >
200" =00 =7
and
}cs o= +}w+ }cs 0 = —}w’
2730 TR TR T

it becomes obvious, that spinors of first rank are used to describe particles with the spin
1/2.
The system rotation by the angle 2rt causes quite unexpected result

U2 (n,0+2m)y = -UY2(n,0)y, (4.44)

1The matrices o and | are linear independent, i. e., they constitute the complete set.
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namely, that the system does not return to the initial state. It means that observable quanti-
ties can not be represented by a spinor, since spinors have no definite transformation proper-
ties under rotations. From the physical point of view, it makes the main difference between
spinor and tensor representations. It should be reminded, in tensor representations the ob-
servable quantities could be connected with field functions directly (electromagnetic field
strengths may serve as an example).

Hermitian conjugation of a spinor is carried out in a ordinary way, that is, it consists
of transposition and complex conjugation. Needless to say a bilinear combination of Her-
mitian conjugated spinors will possess single-valued transformation properties. Thus, for
example, quantity &'y behaves as scalar under rotations

gy =EeTU 2T (n,0)U /2 (n,0)x =Ex.

It can be shown in the same way, that quantity &'y isa vector and so on.
From Eq. (4.44) followsthat representation of weight j = 1/2 istwo-vaued, namely,

R(n,0) — U2 (n,0). (4.45)

It brings usto theidea, that from the point of view of the SO(3)-group, the existence of
two kinds of spinorsis possible.

Let us slightly alter the above mentioned facts in form. In two-dimensional complex
space S12) (spinor space) we introduce basis e; and e, by which any spinor & can be ex-
panded

E=t'a+&%

Under rotation about angle 6 around an axis with a direction unity vector n spinors

belonging to S? are transformed according to the law

g =y /2o e, (4.46)

where o, and 3 are spinor indices taking the values 1 and 2. The operation of raising and
lowering indicesis carried out by means of an antisymmetric metric tensor

0 1
SQBZSOLB: (_1 O>

i. e € =ioy. For any basis ey, &) of the spinor space S2) one may build dual basis (¢!, €2)
of the space S? by the sole way. In so doing the both bases are connected by therelation:

i _sa_ J O a#P
do=si={T &b

We supplied spinor indices of the space S? with pointsto emphasize the fact, that the
transformation law for spinors in this space differs from that for spinors of space S2) in
these very indices. Arbitrary spinor n from S2) is expanded in dual basis according to the
relation _ _

M =nge" +n,e’.



Periodic Table of Hadrons 61

Under three-dimensional rotations the spinor transformation law of space S?) has the
form L o
n =GP, (4.47)

Matrix of transformation U(%/2) fits the choice of My rotation generators in the form
—ioy /2. Itisobviousthat such achoice ensuresthe fulfillment of the commutation relations
(4.28) aswell.

Passing in Eq. (4.47) to spinors with lower indices with the help of the metric tensor

esp = P = €*P, we obtain
Ny = ea60 ¥2% 3 (n,0)ePm: = UL (n, )N (4.48)
When writing this expression we have taken into account
026"0, = —0.

Now we adopt the following terminology: the two-component quantity

= (3).

which under three-dimensional rotationsis transformed according to the law (4.46) will be
called the contravariant spinor of the first rank, while the one

o (M
i <n2>

which are transformed according to the law (4.48) will be called the covariant spinor of the
first rank. From now we shall omit dots above indices, but aways imply that the trans-
formation law on subscripts is determined by formula (4.48). Now it is possible to obtain
bilinear form from covariant and contravariant spinors, which is invariant with respect to
three-dimensional rotations

(&,m) = E%qpnP = My +E2na.

We can interpret it as a scalar product.
Spinors of the higher ranks are built by analogy with tensors theory. The set 2" of
complex numbers o, oy, ..o, Which is transformed according to the law

!~/ ! !
(Walaz..an> = Ua/IOLlUOUzOLz . ‘U%anwalaz»ﬂn . (4'49)

is called contravariant spinor of rank n. Similarly, covariant spinor of rank n is defined
through its transformation properties

! / / /
(W&B&»»Bﬁ) = UPPTURRT BTy g b, (4.50)
The totality of quantities, which is transformed according to the rule

PR ANG / / /
(ngng> = Uggo,Uoa -+ Ungo UPIPHTUPEPZT Y RBiTy gae- oo (4.51)
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will be called mixed spinor of rank n+-1. For the spinors of lower rank to be obtained one
should summarize over covariant and contravariant indices of the higher rank spinors.

All representations with j > 1/2 are reducible. Let us consider, for example, a field
wave function, which is the mixed spinor of the second rank wg, i.e. it is transformed
under representation j = 3/2. Using the above formulated diagrams rule for expansioninto
irreducible representations, we obtain

2Q2=3P1,

where 2 (2) denotes covariant (contravariant) components of the representation of rotations
group. Hereinafter the term “representation of group” is used in two meanings. as an
operator, transforming the field wave functions, and as field wave functions transformed
under the given representation.

In order to describe the relativistic phenomena in the ordinary space-time we have to
assign four-dimensional meaning to the developed classification. However, this general-
ization is beyond the framework of our book. The three-dimensional classification will be
extremely useful for the basic laws of microworld to be understood. With its help we could
study properties of tensor and spinors in abstract spaces, such as the spaces of isotopic,
unitary and color spins.

4.4. |sotopic Multiplets

The experiments show that nuclear forces, acting between a proton and neutron, a proton
and a proton as well as between two neutrons, are practically the same (of course, particles
are in the same states). In the other words, peculiarity of interaction between nucleonsis
that the switching off proton charge liquidates difference between a proton and a neutron.
All this alowed us to consider a neutron and a proton as two states of one and the same
particle, a nucleon. We had already faced the ssimilar problem in the atomic physics when
we took into account the spin of electron. Redly, the electron can be in two different
states corresponding two possible spin directions. Then for the charge degree of freedom
to be described, one may use the mathematical formalism of the spin theory and calls the
new degree of freedom as an isospin. Further, except for the isospin operator, we shall
have to introduce the whole set of spinlike operators, namely, unitary spin, color spin and
weak isospin operators. For the spinlike operators we agree to use the symbol Swith the
superscript defining the operator class (S8, SU, S and SV). As for the eigenval ues of
these operatorswe shall use for them the notations adopted in " Review of Particle Physics’.
So, the eigenval ues of the isotopic spin S (ordinary spin S) operator are marked as| (J).
Thedifferent values of aprojection of isotopic spin operator on thethird axis correspond
to two possible nucleon states. We agree to ascribe I3 =1/2totheprotonandlz3 =—1/2to

the neutron (I3 is the eigenvalue of the operator 5(3 ). Thus, nucleon wave function can be
presented in the form

Pn =N w(xJ), (4.52)
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N= Y a, Wp=<é>a Wn:(?)’

i=p,n

where

|ap|? and |aq|? define probability of nucleon to be found in the proton and neutron state,
respectively (|ap|? + |an|? = 1) and y(x;J) is apart of wave function which includes coor-
dinate and spin dependence.

At this point we should recollect some facts, related to the ordinary spin. Although
the spin describes particle behavior with respect to rotationsin ordinary three-dimensional
space, it can not be connected with any particle spatial rotations. Spin can be related with
indestructible particle rotation only in the internal space. Despite belonging to different
kind of spaces, spin and orbital moment of momentum can be summarized, their sum being
the total moment of momentum of a particle. A more convenient and quantum streamlined
spin definition is simply indicating the existence on particles of the new (spin) degrees of
freedom, which are the eigenval ues of spin projection operator Sz, their number being equal
to 2J+ 1. Isospin is also connected with particle behavior in the internal space, where the
third axisis correlated with a charge. The number of isospin degrees of freedom, that is, the
number of the possiblevalues of §3'S) , isagain equal to 2| + 1. However, unlikethe ordinary
spin, the isospin does not contribute to the quantities, which define the particle behavior
in the ordinary space. It can be checked easily, that with our agreements concerning the
eigenvalues of the operator §3'S) for nucleon, Gell — Mann — Nishijima formula takes
place

Q=lstz, (4.53)

where Q is a nucleon charge, expressed in units of |e|. From the aesthetic point of view
it is attractive to explain the aforesaid by the existence of isospin symmetry, which is the
mathematical copy of the spin symmetry. It means that the isospin generators satisfy the
same permutation relations as the operators of the ordinary angular moment (4.32). Thus,
in the states space thereis a SJ (2)-group of special (det U = 1) unitary (UTU = 1) transfor-
mations, for which states ® and M® (M is the transformation matrix of the U (2)-group)
describe one and the same phenomenon when only strong interactions are taken into ac-
count. A nucleon is the most simple (spinor) representation of the rotation group in the
isotropic space. In this case the generators of the SU (2)-group themselves form the group
representation, that is, in theisospace the transformation matrix of nucleon state at rotations
about angle 6 looks as follows

U(8) = expli(c-0)/2]. (4.54)

Thus, the Pauli matrices, multiplied by 1/2, play roles of representation generators §ls)
(=1,2,3). Since
i _1(1 0 1y _1/1\_1
S5 ve = 2(0 —1> (o ~2\0) 7 2% (4.55)

S CIEVICRS 1R
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then the operator S, really istheisospin projection operator. From S, , S thefollowing
operators can be composed. They influence the proton and neutron states in the following

way
QY0 we (Y@

Sy, = (2 8> (é) —vn, Sy, = (2 8> (2) =0. (4.58)

From Eqgs. (4.57) and (4.58) it is obvious, that operator S (S') raises (lowers) the
isospin projection value by 1 for the nucleon states. In what follows we shall call S

and S asthe raising and lowering operators, for short. Their meaning can be understood
without resorting to their obvious form (not to be relating to concrete representation), but
by using only commutation relations

ERECKIEPCRENNT G- G -C) (4.59)

For this purpose it is enough to find the result of acting the operator Sgs) on the state

S(f)‘lﬁ I3, Where in the wave function ¥ ,, for the sake of simplicity the spin and spatial
variables are neglected. Egs. (4.57) and (4.58) are the specia cases of relations

S L =V F13)( £+ )W) 1yer. (4.60)

~ Let us prove these relations, using the angular moment operators L; as the operators
Sis), We build the "raising” and ”lowering” operators

and act by them on the eigenfunctions of the operators L2 and Lz which are the spherical
functionsY™ (6, ¢)

L2Y™(0,0) =1(1 +1)r2Y™(0,0),  LaY™(0,9) =m7iY,™(0,0).

Asaresult we give therequired relation

LY (0,0) = hy/(Fm)(T£m + )Y *(8, ). (4.61)

For antinucleonsthe scheme of building the wave function must be changed. It iscaused
by the fact that wave functions of the form y,C and y,,C (C is the charge conjugation
matrix) correspond to antinucleons. Thus, relation

N’ =U ()N, (4.62)

means, that
N =UT(6)N. (4.63)
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Having used the obvious form of the transformation matrix U (6), one can be easily
persuaded, that

U*(6) = exp[~i(c”-0)/2] = (io2) expli(c-0) /2|(—ic2) =

= (io2)U(0)(—io2). (4.64)
Consequently, if we write down for the antinucleon
— i~ (NC) — —$C>_<—Wn>
= —joo(NC) = _n = , 4.65
= —ioa(No) = () = () (469
then we get the transformation law
& =U(0)E. (4.66)

Sincein isospacetransformation propertiesof & and N are the same, thenworkingwith &
and not with antinucleon doublet directly, we do not make any difference between particles
and antiparticles. Thereby, thereis no need to modify the theory of momentswith an eyeto
extending thistheory in case of antiparticles.

Since nucleons are fermions, then, according to Pauli principle, no more than one nu-
cleon can present in one state, in this case the state now is characterized by one more
additional number, the eigenvalue of the third component of the isospin operator. Conse-
quently, the wave function of two nucleons must be compl etely antisymmetric with respect
to nucleons transpositions.

Let us consider, as case in point, a two-nucleon system, a deuteron, which is described
by a production of two wave nucleon functions ya and yg. Since the isotopic spin isthe
additive quantum number, then the two-nucleon state can possess the isotopic spin being
equal either to 1 or to 0. Theisospin operator of acompound system with the wave function
Y ag is defined by the expression

st =59 + 57, (4.67)

where subscriptsindicate, on which a wave function of the subsystem the operator acts. It
is convenient to represent the square of the operator S in the form

(819)2 = (4%)2+ <s&.is>>2+z n S = (Sa)+ <s&.is>>2+ <s£ii° +19:5) (557 -

—iS3) + (Sh —iS) (S +S53) + 253 Shg = +(si2y
+875Y + 5787 + 250 5(53 (4.68)

Two-nucleon function in states with the definite values of | and I3 is the linear combi-
nation of the states

v, we® wi, wPul. (4.69)

It is absolutely obvious, that the states

wh v and  yiPyl (4.70)
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enter to theisotopic triplet (I = 1), and thevalueslz = 1 and I3 = —1 correspond to them.
A certain combination of the remaining states wE,A) wE,B) and wE,A)wE,B) must play the role of
the third component of the triplet with I3 = 0. Finally, the other orthogonal combination of
the states wE,A)wﬁ,B) and wE,A)wE,B) can only belong to the singlet state with| =0 and I3 = 0.
To single out the triplet state, with 13 = 0, the state with I3 = 0 must be acted by lowering
operator s = Sﬂf') + S(B'f'), which, aswe see, is symmetric with respect to indices A and B.
Since the state wE,A)wE,B) is also symmetric with respect to these indices, then the emerging
state has the form

Syt = const x (wE,A)wﬁ,B) + wE,A)wE)B)> , (4.71)

where from the normalization condition follows the value 1/+/2 for the constant const.
Because the state with | = 13 = 0 must be orthogonal to that defined by Eq. (4.71), then it
is given by the expression

1
75 (vl ). (4.72)

Using the eigenval ues equations

(S19)2Wag =1 (1 +1)¥ps,
(Se¥)2ya = Ia(la+ Dya, ¢, (4.73)
(S5¥)%ys = la(ls +1)vs,

and the expression for (S09))2 (4.68), one can easily check, that the symmetric states

PP, |3 =1
Z(pn+np),  13=0 H1=1, (4.74)
nn, I3=-1

really form theisotriplet, and the antisymmetric state

% (pn—np) (4.75)

is the isosinglet (in formulas (4.74) and (4.75) we switched over to more economic and
obvious notations). The deuteron, which isthe spatially symmetric two-nucleon state, must
have such aisospin, that its total wave function is antisymmetric. Thus, the conclusionis,
that the deuteron has the isospin being equal to zero.

For a nucleon-antinucleon system (NN) the isotriplet and the isosingl et states now have
theform

—pn, I3=1
Z(Pp—nn),  13=0 S1=1, (4.76)

%(pﬁ%—nﬁ). =0 (4.77)
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Isodoubl ets are al so formed by some strange particles, for example, by K-mesons

(%) s=u (&) 6=

cascade =-baryons

and so on. Since the masses of the strange particles, constituting the isodoublet are very
close to each other

Mg+ =493.577+0.016 MeV/c> m = 497.672+0.031 MeV /2,

Ko K°
me =1321.3240.13MeV/c>  mgo = 1314.9+0.6 MeV /c?,

then it is possible to speak of confirmation of conserving the isospin under strong interac-
tions between the strange particles. However, the appearance of a new quantum number,
strangeness, forces usto change Gell — Mann — Nishijimaformula (4.52) to

Q:|3+B?+S:|3+;, (4.78)
whereY isaparticle hypercharge. Theformula(4.78) can beviewed asthe Nature' sdelicate
hint at the structure of electroweak interaction gauge model, which many years later will be
destined to be discovered by Weinberg, Salam and Glashow. Actually, the first term in the
right-hand side of Eq. (4.78) is connected with the SU (2)-group, while the second one is
connected with the U (1)-group. Both the isospin and hypercharge symmetries are not exact
ones. However, the quantity in the left-hand side of Eq. (4.78), the electric charge, belongs
among the exactly conserving quantities. So, if one suggests, that the Creator was using
the same rules of the game to produce both strong and el ectroweak interactions, then elec-
troweak interaction theory must contain the following elements: 1) the weak isospin group
U (2)gw and weak hypercharge group U (1)gw; 2) the SU (2)gw- and U (1) gw-Ssymmetries
must be violated to the level of the U (1)en-Symmetry. In Chapter 6 we shall learn, that
these very elements made the foundation of Weinberg — Salam — Glashow model.

According to Yukawa hypothesis, the nuclear forces between nucleons are caused by
n*-, n%-meson exchanges (although, as we know at present, it is a very approximate state-
ment). Consequently, pion-nucleon interaction must be isotopically invariant aswell. From
the reaction

N — N +m,

whichisthe basisfor Yukawahypothesis, followsthat m-meson must have theisospin equal
eitherto | =1 or | = 0. Since there are three m-mesons having the same spins, parities
and amost equal masses, then it is natural to assume, that the Nature choose the possibility
with | = 1. Thus, m-mesons can be viewed as the different charge states of one and the
same particle, whose wave function is transformed as a vector in the isospace, that is, has
the following form

Yy =TI P(xJ), (4.79)
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where
3

3 1
/ / Ot ;
1= bWa ’ b ’2: 1’ Wn+ = I 3
v 41 V2

1 i=1

0 o 1
W/OZ O 9 W;r =— _I 9
T\ V2 1\ o

and o1 are phase factors, which we choose later. Now the matrices

_ 00 0 _ 0 0 i
%IS)/: O O —| 5 %IS)/: O O O )
0Oi O -i 00

| 0 —i 0
S¥=1i 0 o.
000

play the role of the representation generators. It is easy to check the correctness of the

relations _ _ .
S =vi, Ve =0, Vv =y,

Raising and lowering operatorsin this case are of the form

_ 00 -1 _ 0 0 1
s¥=(0oo0 —i|, S9=|0 0 -i].
10 0 1 0

Their action on the isotopic parts of the wave functions of the pion triplet is governed
by the relations

S0 = —v2(o) Mg SV = V20 v, (4:80)
S(ls)/qf;r+ — _\/§a+w;to’ S(,IS)’W;IO == \/é((x*)ilw;g’ .

The choice of phase factorsin the form of

makes the right-hand parts in Eq. (4.80) positive to turn the relations (4.80) in particular
case of formula (4.60). However, it is often more convenient to work with the representa-
tion, in which the matrix 19" is di agonal. Thetransition to such arepresentationis carried
out by the transformation

v = Oy,

1 i 0
o-2L|o o vz|.
1 i 0

where matrix O has theform

S
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In the new representation the generators are defined according to

| Lo o : (4.81)
s¥=(0 0 o0 |,
00

and the isospin parts of the m-meson wave functions have the form

1 0 0
Yo+ = (O) , Yo = (1) , Y- = (O) . (4.82)
0 0 1

Besides, there are isomultiplets formed of one particle only, so-called isosinglets. The
isotopic parts of the waves functions for such particles are isoscaars, that is, invariants
under the isotopic transformations. The A-hyperon can serve as an example.

Toillustrate the power of the formula (4.60) under obtaining the spin or isospin parts of
wave function of composite systems, let us define the isotopic wave function of the pion-
nucleon system (TIN). According to the rule of vector composition, the total isospin of the
system can take values| = 3/2 or | = 1/2. Consequently, there are six states

(3/2,3/2),  (3/2,1/2),  (3/2,-1/2),  (3/2,-3/2)
(1/2,1/2),  (1/2,-1/2). } (4.83)

which must be expressed through the t-meson and nucleon states. Obviously, the ” highest”
stateis
(3/2,3/2)=n"p, (4.84)

since it is the only one with I3 = 3/2. Now let the operator S act on both sides of Eq.
(4.84). Then, according to (4.60) in the left-hand side we obtain

s'9(3/2,3/2) = v/3(3/2,1/2). (4.85)
In so doing, the right-hand side of Eq. (4.84) takes the form

SPmtp) =S D+ (' p) = (S p) + (T p) =

=V2(n%p) + (n' ). (4.86)
Combining Egs. (4.85) and (4.86) we get
(3/2,1/2) = \/g(nop) + \/g(aﬁn). (4.87)

Action of the operator S'® on Eq. (4.87) resultsin

s'9(3/2,1/2) = 2(3/2,-1/2) (4.88)
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s [\@ (n%) + @ (nn)] = \@ (Se7n%p) + (07 )]+
+\/§ (St + (s In)) = \@ [V2(np) + (7°n))+

+\/§[\/§(n0n) +0] = %(n p) +2\/g(n°n). (4.89)
Eqgs. (4.88) —(4.89) produce

2

(3/2,-1/2)= \/g(n p)+ §(n0n). (4.90)

Now build-up of the state (3/2, —3/2) is possiblewithout using the operator s since
the only state with S(-Q,'S) = —3/2isthe combination

(3/2,-3/2) = (n"n). (4.91)

The remaining two states with (1/2,1/2) and (1/2,—1/2) can be easily obtained, ac-
cording to their orthogonality to the states (3/2,1/2) and (3/2, —1/2) respectively, that is,

they have theform
(1/2,1/2) = \/g(aﬁn) - \/g (n°p), (4.92)

(1/2,-1/2) = \/% (n°n) — \E (np). (4.93)

Solving Egs. (4.87), (4.90), (4.92) and (4.93) we obtain the final answer

(P =(3/2.3/2),  (nn)=(3/2-3/2),
(%) = /3(3/2.1/2) -\ /3(1/2.1/2)
(mn) =/33/2.1/2) +/3(1/2.1/2), (4.94)

(np) =/33/2.-1/2) - /3(1/2,-1/2),

(nn) = \/3(3/2.-1/2) +\/3(1/2.-1/2).

Thus, we learned the mechanism of defining the isospin (or any spinlike) part of the
wave function for any compound system, that is, in this situation we have known the answer
on questions”how” , "where ..., and "from”. Theresfter it isthe high time to become aware
on the existence of tabulated val ues of the numeric coefficients, which appear in the theory
of adding the moments (orbital, spinlike, total). By means of these coefficients the isospin
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function of the pion-nucleon system @, ;, is expressed through the isofunctions of -meson
and nucleon N asfollows
|/7|/;|//7|//
D= C i Py Ny,
14,15
where C: :;Lé;' "3 are Clebsch-Gordan coeffici ents, which can befoundin”Review of Particle
Physics’ published every two years.

4.5. Resonances

From al the plurality of the elementary particles only eleven are stable, the modern ex-
periments as say us. They are: three neutrino (ve, v, V1), three antineutrinos (ve, vy, Vz),
the photon, the electron, the positron, the proton and antiproton. Other particles are unsta-
ble. Unstable particles can be divided in two classes: metastable particles and resonances.
Metastable particles decay due to weak or electromagnetic interactions, that is, they are
tolerant to decay caused by strong interaction. Normally these particles are included to the
class of stable particles. Particles-resonances decay predominantly due to strong interac-
tions (there may be the channels caused by the electromagnetic and weak interactions, but
these channels are gresatly suppressed). Typical resonance life-time belongs to the interval
10~2% — 10~ (thistime is necessary for arelativistic particle to cover the distance of the
order of the hadron size ~ 10~13 cm). Such short life-times do not allow to register res-
onance traces in track detectors. Resonances are not observed in a free state, they reveal
themselves while scattering in the form of quasi-stationary states of two or three strongly
interacting particles. They possess such the particle characteristics as the spin, the electric
charge and they can be specified by interna quantum numbers, conserved in strong interac-
tions (the isospin, the parity, the hypercharge, etc.). Resonances, however, have no definite
mass value, unlike stable particles. They are described by mass spectrum of dispersion
type, the maximum of this spectrum is called the resonance mass m. The resonance mass
spectrum width I" supplies information about the probability of resonance decay and must
not exceed mc?.

The nature of an unstable particle is the most transparent when one uses the concept of
the quasi-stationary state. Considering the unstable particle f we can write down its total
Hamiltonian H in the form

H = Ht +Ha,

where Hy is the part of Hamiltonian, which is responsible for the decay. When neglecting
Hg, the particle becomes stable and, as thistakes place, its states are eigenstates of the op-
erator H¢. In the case of the metastable particle, Hy contains the weak and electromagnetic
interactionswhile in the case of the resonancesin addition a part of the strong interactions.
With Hy, taken into account, the states of the particle f are quasi-stationary.

Let us find out the connection of the quasi-stationary state decay law with the function
of energy distribution or, what is one and the same, with the mass spectrum of this state.
Let W(a,t = 0) betheinitia state of a system. Here o denotes the plurality of variables,
according to which the system states are classified. Now we expand ¥ (o, t = 0) = ¥(«,0)
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in terms of the eigenfunctions of the energy operator y (o, E) (continuous spectrum)
W(a,0) — / a(E)y(a, E)dE. (4.95)
Then the system state at the moment of timet is determined by the expression
W(a,t) = / exp(i%)a(E)w(oc, E)dE. (4.96)

From Egs. (4.95) and (4.96) we obtain the expression for the probability of finding the
system intheinitial state after a period of timet

W(t) = | [ W' (0,0 ¥(ct)do? — / exp ("=1)[a(E)PdE [

y/ 'Et E)dE[, (4.97)

where w(E)dE = |o(E)|?dE isthefunction of theenergy distributionfor theinitial (o, 0)
and, consequently, for the final ¥(o,t)) state. So, the decay probability of the state (o, 0)
is only defined by the function of the energy distributionin this state.

In the case of a rest unstable particle, the energy distribution dW(E) = w(E)dE is
nothing else, but a particle mass spectrum. The states (o, E) therewith include the decay
products states as well. It becomes obvious from (4.97) that for the quasi-stationary state
to decay it is necessary and sufficient, that integral function of the energy distribution is
continuous. Thus, the discrete mass spectrum is excluded.

To obtain the radioactive decay law, familiar to us from nuclear physics

WD) = oep(— 1), (4.98)

where T is the total decay width of the unstable particle f, it is enough to assume, that the
function a(E) hastheform

r/2
where Ey = myc?. Really, with the help of the residues theory we have
r2/4 iEt '
’/E Eg2112/a &P (5 0E =
20T o= T e 12 L 2ep( - 1t
= e (5 en(=-) [P= 3 () 2exp(——). (4.100)

Thus, from (4.99) follows, that the mass distribution of the rest unstable particle has a
dispersion character
(T/2)?

(me2 —m;c?)?2+172/4

If one neglects the interaction causing decay, the formalism of rel ativistic quantum the-
ory can be generalized to unstable states. Such a approximationis necessary to describe un-
stable particles scattering. Asarule, in scattering processes, the particlesininitial and final

w(me?)dm =

dm (4.101)
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states are not supposed to interact, that can be realized when they are separated at infinitely
gresat distances from each other. In this case, one does not follow to forget that in reality
unstabl e particles have been decayed long before asymptotical divisionwas achieved.

The basic methods of resonances detection are based on the fact that resonances have
the mass spectrum of the dispersion type. The first method deals with investigating the
maximain the total scattering cross section. To makeit definite, let us assume, that we deal
with the reactions

at+b—-Y—a+b, (4.102)
d+f—-Y—-d+f, (4‘103)
at+b—-Y—-d+f, (4.104)

wherefor Y the both decay channels are possible
Y — a+b, Y —d+f. (4.105)

Due to fulfillment of Eq. (4.105), these reactions are going through s-channel®. The
existence of such s-channel diagrams is a necessary condition for the resonance to be ob-
served. Thus resonance peak, connected with'Y, appearsin all the above mentioned reac-
tions. If one presumes, that the reaction (4.105) is going on only by means of the production
of theresonance-particleY in avirtua state (s-channel isthe only one of thereaction), then
thetotal cross section of the elastic d f -scattering as function of the energy E near the reso-
nance is defined by Breit-Wigner formula

(C/2)
(E—Eo)2+12/4°

o(E) =00 (4.106)

Aswe see, this expression coincides with the mass distribution w(E) to an accuracy of
kinematic factor. Energy Eg, corresponding to the cross section maximum o(E) = o being
divided by ¢?, defines what we agreed to consider the resonance mass. The maximum width
informs us about the resonance decay probability. In this case the particles in the final
state appear with retardation At ~ /T as compared to scattering without the resonance
production. The main drawback of this method is that it does not allow us to calculate
resonance quantum numbers compl etely.

The next method is the phase analysis method to be more universal since with its help
it is possibleto define all the resonance characteristics (mass, width, spin, parity, isotropic
spin, etc.). The method is based on measurements of elastic scattering differential cross
section do = 2nt| f (0, E)|?sin0d0 (0 isthe scattering angle). If the particles having the spin
participate in scattering, then the scattering amplitude f (6, E) isexpanded as a seriesin the
spherical functionsY,\ (0, ¢). For spinless particles this expansion has the form

=Y Van(2 + 1) fi(E)Y(0) =Y. (21 + 1) fi(E)A(6), (4.107)
| |

where the coefficients f|(E) are partial scattering waves with the moment |, which are
determined from the experimental data as the complex functions of E. The resonance with

1The s-channel diagram is the Feynman diagram, where annihilation of initial particles takes place at one
space-time point, while final particles production takes place at the other one.
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the spin J=| revealsitself as Breit-Wigner contributionto f(E). If the spins of two particles
are equal to 0 and 1/2 respectively, then instead of Eq. (4.107) we have

f(0.6)= X van@+1)y /2I|L+11 i3 (E)Y0.0)-

_\/ziﬂf'%(E)Yll/g (6,9)]. (4.108)

In the case, when there are three or more particlesin thefina state, then the method of
maxima in mass distributionsis used to search the resonances. Let us consider the inelastic
scattering reaction

atb—-c+..+Y—-c+..+d+f, (4.109)

where the resonance Y decays into the stable particles d and f. During such scattering,
momentum and energy of particles a and b are distributed between groups of particles
c1+...andd+ f inthefina state. If the resonance Y were the stable particle, then in its
intrinsic system (rest system) its energy, and the massxc? as well, would have the definite
value. But the resonance is unstable and is specified by the distribution function w(E),
whichin particlerest systemisdirectly connected with the mass spectrum of decay products
of particle. In other words, thetota set of statesin (4.109) consistsof the two-particlestates
vyt (E) (if the decay channel Y — d + f is not the only one, and there exists another one,
for exampleY — k+m+1, then three-particle states yxm (E) will enter to Eq. (4.109) and
so on). In distribution of the invariant mass square of the particlesd and f

M3¢c* = (Eq+Ef)®— (pa+Pr)?c?, (4.110)

the brightly expressed maximum will be observed. Thus studying the distribution of the
masses in complexes of particlesbelonging to thefinal statesit ispossibleto obtain directly
the distributions on the masses of unstable particles, which are the resonance states in such
complexes. Of course, it does not necessarily mean, that every peak in the masses distri-
butions of the particles being the reaction products can be identified with the resonance,
because kinematic peaks also occur, which are inherent in the given reaction only . The
difference between the real resonance and the ghost peak is that the energy, corresponding
to appearance of the real resonance in different experiments, is awaysthe same, while the
energy, connected with the ghost peak, is changed from one experiment to another. The
distribution of invariant mass squarein the system X*n~, arising in the reaction

n+p—2t KO (4.111)

at momenta of the incident n~-meson from 2.2 to GeV / isshown in Fig. 11.
Three peaks are distinguished against the background of uncorrelated events. All of
them turn out to be the real resonances.
First resonances (A-resonances) were discovered in 1952 by E. Fermi under scattering
of m-mesons by protons
T+p—A—n+p. (4‘112)

1Such peaks are called ghost ones.
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Figure 11. The distribution of the invariant mass squareinthe Z*n~ system.

Thetotal cross section of the pion-nucleon scattering versus the center of mass energy
isdisplayedin Fig. 12.

The solid line corresponds to 6.+, While the dashed one describes 6;-,. Asit follows
from Fig. 12, a the n-mesons kinetic energy T = 195 MeV the resonance peak appearsin
both n* p-scattering (A*+- resonance) and n~ p-scattering (A%-resonance). From Gell —
Mann — Nishidjimaformula, it is evident that when A**- and A°-resonance enter to one
and the same isotopic multiplet they have S'S) = 3/2.

Further, by the example of reaction (4.112), we show how to define such resonance
characteristics as the mass and isotopic spin from the experimental data. In the |aboratory
reference system the proton rests, and consequently, three-momentum and energy of A-
resonance are defined by

1
Pa = Pr = E\/ (T3 +myc?)2 — mic?, (4.113)
Ex = T +mpc® + mpc. (4.114)

From Egs. (4.113) and (4.114) follows

1
my = 5 \/EX —pic? = 1236 MeV /c?

(contemporary datalessen down the A mass value to 1232 MeV /c?).

To find the isotopic spin value we use isotopic invariance of the cross sections of the
reactions (4.112). Since theisotopic spinsof nucleon and -meson are equal to /2 and 1 re-
spectively then their sum could be equal either to 3/2 or 1/2. We use the pion-nucleon states
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Figure 12. The resonance peak (A%-resonance) in— p scattering.

expansion in the isotopic spin eigenstates (4.94). Then, from the i sotopic spin conservation
law it follows that only the following scattering amplitudes exist

f i f ;
(‘Pﬁp"}’;ﬁp) - (‘Ps/zys/za ‘Pls/z,s/z) = Ag)2, (4.115)
f - 1 2
(Yr-pr ¥rp) = §A3/2 + §A1/2, (4.116)
f i V2 V2
(Waon Yrp) = 3 As2— 3 Az (4.117)

The total scattering cross sections in the region, where the multiple n-mesons produc-
tion isinsignificant, are given by the relations

On =p | Agp2 %,

1 2
On- =On-pon-p+ On ponon =P (g | Agja ° +3 | Ar/2 ’2> ; (4.118)

where p is akinematic factor (which is constant for al the three processes, if we neglect a
mass difference in isomultiplets). If we assume, that the isotopic spin of the A-resonanceis
equal to 3/2, then the second term in Eq. (4.118) at E = T goesto zero and we arrive at
therelation

(On+/On-) ]E:an =3,

whichisin excellent accord with the experiment.
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4.6. Unitary Multiplets

By using isospin symmetry we can reduce a humber of independent elementary particles.
For exampl e, three m-meson are simply three states of one and the same particle, etc. How-
ever, by the 1960s so many isotopic multiplets had been discovered, that it became highly
necessary to search for a higher symmetry which could unify particles into more densely
popul ated families. Since such asymmetry has been thoroughly escaping from observations
by now, it was obvious, that somehow and somewhere this symmetry has passed aviolation
stage, i.e. to date it is approximate. Once again, as a violation criteria of this symmetry,
we can take mass difference of particles, entering to new multiplets, which we are going to
call unitary multiplets. Unitary multiplets must contain isomultiplets, that is, unitary sym-
metry group containsin itself a subgroup of isotopic transformations. Thusamong Casimir
operators of the unitary symmetry group, the isotopic spin square is present. What other
operators can apply for the role of invariantsin the new group? If we agree once again to
denote particle states with dotsin some abstract space, then the dimension of a new space
of states is defined by the number of invariants of the unitary symmetry group. From the
physical point of view it is reasonable to demand, that " coordinates” of this space must be
dependent (in the same way as space and time are interconnected in the STR). The experi-
ments, which had been carried out by that time, demonstrated, that the strangenesss and the
isospin| are not independent. Let us explain what by thisis meant. In strong interactions's
and | are the conserving quantities, and as a result, the following relation takes place

As= Al3 = 0. (4.119)

Behavior of theisospin and the strangenessis not so faultlessasfar as strong interaction
isconcerned. Sincetheisospinand the strangenessare not defined for leptons, then it makes
sense to analyze only semilepton and nonlepton weak interaction. In the former case the
final stateisformed of both Ieptons and hadrons, whilein the latter case |eptons are absent
in thefinal state.

Below we give some examples of typical semilepton decays and indicate the changes
of the strangeness and the isotopic spin projection

n—p+e +Ve, As=0, Alz=1 (4.120)

nt >n0+et +ve, As=0, Alz=-1 (4.121)
A—pt+e +Ve, As=1,  Alg=1/2, (4.122)
KT —nl+ut+v, As=-1,  Alg=-1/2. (4.123)

For nonlepton decays the selection rules according to s and I3 can beillustrated by the
example of the reactions

A—p+n, As=1,  Alz=-1/2 (4.124)
Kt —snt+n°  As=-1 Alz=1/2 (4.125)

In electromagnetic interaction the strangeness remains a good quantum number. Two

typical decays
-2y, -2y,
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demonstrate this circumstance
As=0, Alz=0. (4.126)

From the aforesaid it follows that in all the existing processes for a closed system a
change in the strangeness entails a strictly defined change of the isotopic spin projection

|As|=0 — ymgyzl,o,}

As|=1  —  |Als|=1/2, (4.127)

Thus, the choice of two quantum numbers, the isospin projection and the strangeness,
for dependent coordinates of the unitary spin spaceis quite well grounded.

Si\
U, L \A
SISS) S_(;S)
-1 1 I
V. =L o U.

Figure 13. The unitary spin plane.

InFig. 13 we plotted the plane with the coordinates (s, 13) and on it we shall specify the
states of unitary multiplets. From the mathematical point of view, the transitions between
states must be carried out by means of operators, which we agree to denote by vectors. The
raising and lowering isospin operators S.° and ™ allow to cross from one stateto another

inside of one and the same isomultiplet. Since acting SELS) on a state changes the values of
I3 by +1 and in the process As = 0, then the vectors with module 1, parallel to axis I3, are
correlated with these operators. It isobvious, that in order to ensure the transitions between
isomultiplets,i.e. the transitionswith a strangeness change, the similar raising and lowering
operators must exist. It is natural that these operators must be spinlike, i. e. their agebra
is determined by the same commutation relations as for the ordinary spin algebra. Raising
operator §j correspondsto the selection rules

As=1,  Alg=-1/2,
while lowering operator S” describes the situation with

As=-1,  Alz=1/2.
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The operators S/, S? and S are the group generators of the so-called U-spin, and for
them the commutation relations are valid

S, 9] =25. (4.128)

Obviously, without introduction of one more type of generators it is not possible to
obtain on the plane (s, 13) closed and symmetric (with respect to axis s) figures, which we
are going to associate with unitary multiplets. The transitionswith the selection rules

As=1,  Alz=1/2,

As=-1  Alg=-1/2, (4.129)

are carried out by the operators &/ and S’ These operators alongside with S constitute
V-spin group, and for them the ordinary commutation relations of the moments are fulfilled

S/, =25;. (4.130)

Notice, that in the chosen scale the modules of vectors, which we correlate with the
operators S! and S, are equal to v/5/2, and tangents of angles, which the operators S and
S/ form with the strangeness axis, are equal to 1/2.

Nine generators S(l'sé) 2 S ,and S/, 5 formaclosed system and generate a group of the
second rank SU (3), the unitéfy spin g?éup, which was proposed by Y. Neumann and, re-
gardlessof him, M. Gell-Mann to classify hadrons. In this scheme, just asin the Mendel eev
periodic table, the objectsare placed in the order of increasing their masses and a separation
into families, unifying elementary particles with similar properties, is used. The proposed
theory is very often called the octal way, since, according to its statements, the majority of
particlesis grouped in 8-plets (octets).

Taking into consideration hadron classification in isotopic multiplets, practically all
hadrons which were reliably established by the 1960s, could be unified in four families.
These families are characterized by the baryon charge, the spin and the parity (JP). Let us
takethefollowing notations. After aisomultiplet symbol the approximated val ue of average
mass in MeV /c? will be given in brackets, while the hypercharge value will be indicated
under every multiplet. Then these families are as follows:

8 baryonswith1/2* and B= 1:

N(939) A(1115) X(1193) E(1317)
p,N A° >t303x- =0= (4.131)
+1 0 0 -1

8 pseudoscalar mesons and meson resonances with 0~ :
n(137) K(495) K(495) n(548)

ot n KHKO KLKC n (4.132)
0 +1 ~1 0

K
K
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8 vector resonances with 1:
p(770) K*(892) K'(892) w(782)
pt,p%p" KK KTKY o, (4.133)
0 +1 -1 0

9 baryon resonances with 3" and B = 1:

A(1232) ¥*(1385)  E*(1530)
ATE AT AO A I 30 s B0 Ee (4.134)
1 0 -1

In subsection 4.6 we shall find explicit form of both the operators of theU -, V-spin and
corresponding to them the operators of Y-, Y -hypercharge. We shall be aso convinced
that the commutation relations (4.128) and (4.130) are correct. Forestalling events we want
to point out, that all these operators are in fact definite combinations of the isospin and
hypercharge operators. However, at the moment we are not interested in the explicit form
of the operators S/, S/. Our task isfirst of all, to be sure that they are able together with
operators S to place all the known by that time hadrons in the superfamilies (4.131) —
(4.134).

Let us start from a supermultiplet including the nucleons. For the sake of convenience
on the abscissa we shall plot the hypercharge values and not the strangeness values. In the
plane (Y, I3) which we are going to call the unitary spin plane, the point with coordinates
Y =1, I3=1/2 corresponds to the proton (Fig. 14).
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Figure 14. The baryon octet.

Let usassume, that p occupiesthe highest state, that is,

sPp=gp=glp=o. (4.135)
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To obtain other particles, lowering operators must act on proton state. It gives

S9p=n, (Y=11l3=-1/2), (4.136)
p=A,2" (Y=0,l3=0), (4.137)
Fp==t (Y=0,l3=1). (4.138)

The action of ¥ on n brings forth the same result as the action of S on p, that is,
it yields the state with Y = 0 = I3 = 0 which we have already identified with A- and X°-
hyperons. A new state with the quantum numbersY = 0 and I3 = —1, the =~ -hyperon,
can be obtained, if operator S’ acts on n. Important to remember, that our final goal isto
obtain a closed symmetrical figure. Conseguently, the lowest state must have the quantum
numberswith oppositesingscompared to the highest state, that is, ithasY = —1, I3 = —1/2.
=~ -hyperon is such a state and transition to it from the X~ -state is carried out by the S’ -

operator. Then, by means of the S(f)-operator we arrive a the last state with Y = —1,
I3 =1/2, which is Z°%-hyperon. As one can see, particle masses in baryon octet are much
more different from each other, then those in isomultiplets. Thus, for example,

m(Z) —m(N)

— I ~17%.
m(Z) +m(N)

In other words, the unitary symmetry has been violated stronger than the isotopic one.

In the same way by means of operators S'¥, & and S/, 0*-mesons of (4.132) and
1~-meson resonances of (4.133) can be grouped into octets. There are also unitary singlets,
for example, n'(957)-meson forms 0~ -singlet. Unlike mesons (where particles and antipar-
ticles enter to one and the same families), antibaryons form individual families which are
the same as baryons ones (see, for example, (4.134) ).

So, we introduced a new quantum number, the unitary spin, to be a generalization of
the isospin, and involve both the isospin and the strangeness. Our world is made in such a
way, that strong interactions are approximately invariant under rotationsin the unitary spin
space. For this reason hadrons are grouped into unitary multiplets. Thisis an axiom of the
unitary symmetry theory. All the particles of such superfamilies can be viewed simply as a
set of state of oneand the same particle, degenerated in the el ectric charge and hypercharge.
According to concepts of the SJ(3)-symmetry, baryons with spin 1/2 must be unified in
unitary octet, while baryonswith spin 3/2 must be grouped into unitary decuplet.

Nine baryon resonances with 3/2% (4.134) might be placed in a decuplet with one
vacant lower place (Fig. 15).

From Fig. 15 follows, that the masses difference between neighboring isomultipletsis
constant and it is approximately equal to 146 MeV /c?. Thus, it is possible to predict the
mass, the strangeness and the electric charge of a missing member of the baryon decuplet
3/2", which we are going to denote as Q~

mo = 1676 MeV /c?,  s=-3.

The strangeness conservation law forbids the decay of this particle through strong in-
teraction. Actually, adecay channel with the least mass of the strange particles

Q —E04+K™ (4.139)
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Figure 15. The decuplet of the baryon resonances.

turned out to be closed due to the energy arguments (mg < mgo + my-). Weak interaction
with the following decay channels

A+K~
= +n
Q—¢ E04m (4.140)
E +nt+n
20+ e + Ve

can give the only chance for the Q™ -hyperon to maintain its status of an unstable particle.
Then the calculations of the Q~-hyperon life-time gave the value of the order of 10710 s,
On microworld scale it was a long-lived particle and its track had to be seen in a bubble
chamber which has aready existed by that time. In 1964 at Brookhaven accelerator the
particle was discovered, which characteristics exactly coincided with the predicted ones. It
was one of those miracul ous enlightenments, which are so rare in the human mind history.
The discovery of the Q™ -hyperon was similar to that of the planet Neptune by Leverrie
— discovery made on the pen edge. It was regarded to be a brilliant proof of hadrons
classification according to the U (3)-symmetry.

47. J(3)-Symmetry

A certain isotopic multiplet is described by awave isotopic function, being one of an irre-
duciblerepresentations of the U (2)-group. In the same way a certain unitary multiplet can
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be described by a multi-component wave unitary function, which is an irreducible repre-
sentation of the SU (3)-group. Let us study in details the U (3)-group and in particular its
Lie-algebraand itsirreducibl e representations.

The number of linearly independent vectors defined in the linear space, to act the trans-
formations matrix, iscalled therepresentation dimension. Inthe case of theinternal symme-
try the number of particles in the corresponding multiplet is the representation dimension.
The most simple representations, from which all the rest of group representations can be
built with the hel p of themultiplication, are named by the fundamental ones. For the U (n)-
group those are n-component spinors. Thusthe triplet is the fundamental representation of
the QU (3)-group. To be exact, there are two of these representations. covariant and con-
travariant triplets, but we discussit later. Let us consider the transformations, which leave
three-component SUJ (3)-spinor invariant

K — x® = Uy, (4.141)
where U are arbitrary and unimodular 3 x 3-matrices. Canonic representation of matrix U

hastheform _
U=exp ('éocaxa> , (4.142)

wherea=1,2,..8and A, are 3 x 3-matrices satisfying therelations
Sp (Aaho) = 28ap,  SPra=0 Al=2a (4.143)

We remind that the number of independent parameters and the number of generators
of the SU (n)-group is equal to n?> — 1. Here the matrices A, play the same role as Pauli
matrices do in case of the SJ (2)-symmetry, that is, A,/2 are the generators of fundamental
representation of the unitary spin. The standard writing of these matrices, introduced by

Gdll-Mann is as follows
0 1 0 O
0], A3=10 -1 0],
0 0O 0 O

010 0
M= 1oo>, k2<i
(ooo 0
00 1 00 —i 000
Mm=|00 0], a=|[0 0], x=|0 0 1],
o) m(eog) (oo

00 O L (L0 0
=00 -], ra=—[01 0. (4.144)
0i 0 v3lo 0 -2

The choice of the generatorsin the form (4.144) is convenient, because the first three
matrices A1 2 3 are Pauli matrices (they form Lie algebra of the U (2)-group). What this
means is the U (3)-group contains the isotopic spin group as the subgroup. Matrices A3
and Ag commute with each other, that is, SU(3) is realy the group of the second rank.
The permutation relations, to characterize the group and to be satisfied by the matrices A4,
resemble in form those for the matrices o

coo ool
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Structural constants fac are real and anti symmetric with respect to all theindices. They
can be determined by means of the relations

fave = (e ). (4.146)

The components of fanc being different from zero have the following values

fizz=1 fra7 = fosg = faas = fos7 = — f1s6 = — f3g7 = &
123=1, 147 = T246 = T345 = To57 15\% 37 =72 | (4.147)
fasg = fers = 5,
For the matrices (4.144) antipermutation rel ations exist as well
4
{Aa; Ao} = 2dapchc + §6ab, (4.148)

where constants dan: are completely symmetric with respect to indices transpositions. By
means of relations

1
the non-zero components of dap, can be obtained
d118 = Ooog = Uazg = —Cggg = %, dgsg = dss8 =
= degg = d778 = —2—\1@, di46 = di57 = —Oo47 = . (4.150)

1
= U256 = U344 = 355 = —Ozes = —U377 = 5

The matrices A, are usually called the unitary spin operators. Asin case of the normal
spin, the sum of the matrices squares is proportional to an identity matrix

1 00

3loo0 1

and that gives us the right to use the above mentioned term. The A,-matrices can be also
viewed as components of the eight-dimensional SJ (3)-vector. The aforesaid is aso valid
for generators of any representation of the SU (3)- group. So, from generators of the unitary

spin S the operator of unitary spin square can be obtained
sum2 — gugum, (4.152)

whose eigenval ues characteri ze the given representation. However, it isnot theonly Casimir
operator in the U (3)-group. If we introduce the U (3)-vector

2
Da= §dabcsgun) §un) (4.153)

it iseasy to see that the quantity
F =s")Da, (4.154)



Periodic Table of Hadrons 85

is the second Casimir operator. Although the Da-vector is made of the Sy -generators,
however, D, and S are linearly independent. It follows from the fact that after multiply-

ing on S both of them form two different Casimir operators of the SU (3)-group. These
eight-dimensiona SUJ (3) vectors satisfy typical for moments theory the commutation rela-

tions
S, 9] =i fapes ™, (4.155)
[Da, Sf,lm)] = i fapcDe. (4.156)
Notice, that in case of the SJ (2)-group the well-known relation

[P, Mi] = i€kmPm, (4.157)

characterizing vector property of p, is analog of (4.156). It is convenient in some cases to
usefor S and Dy, their representationsin the form of 8 x 8-matrices

(S )b = i fabe, (4.158)

Equality (4.158) is proved by substitution of Aa, Ap, Ac in Jacobi identity

[[A,B],C] +[[B,C],A] +[[C,A],B] =0, (4.160)

by a consequent multiplication on every A and by calculating the trace. Further the validity
of choice of matrix representation for D,- operator can be checked by fulfillment of (4.156).

Connection of S both with the isospin operators and with the U -, VV-spin operatorsis
given by the following expressions

iis) _ §lun):l:i un)’ SQJE _ %un) +i un)’
. un
S;/t _ SElun) +i un)’ §3|s) _ %un)’ Y — % )
Since the hypercharge commutes with the third projection of the isospin, then the hy-
percharge operator can differ from S only in constant factor. If in (4.161) we set this
factor equal to 2/+/3, then we arrive at the correct expressions for hadrons hypercharges.
Taking into account (4.161) it is easy to check the validity of the following commutation
relations

(4.161)

<, = ;’Y —s¥ =28/, (4.162)

s8] = gv +89 =28/ (4.163)

Therelations (4.162) and (4.163) prove, that U (3)-group besides the i sospin subgroup
U (2) realy contains two more SJ (2)-subgroups, the subgroups of the U- and V-spin.

Since the charge operator
1
Q=5"+ %%“”), (4.164)
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sati sfies the commutation rel ations

Q] =[Q, s3] =0, (4.165)

then the operator Y, = const x Q playstherole of the hypercharge operator for the U-spin.
It appears, that to obtain the correct values of hadron quantum numbers, the constant in
definition of the U-hypercharge must be set to —1. Similar considerations concerning the
operator Yy give the following expression

Y=SY - 2. (4.166)

The next step isto find irreducible representations of the unitary spin group. The unitary
scalar is the most simple irreducible representation. It describes particles forming unitary
singlets. Thereupon the fundamental representation of the SU (3)-group (the unitary triplet),
about which wetold above, follows. Let us add some mathematical detailsto the aforesaid.

In space E;, transformed with respect to the fundamental representation, we introduce
the orthonormalized basis vectors g (k = 1,2, 3), which can be chosen in the form

1 0 0
e = <o>, &= (1) es=[(0]. (4.167)
0 0 1

For objects, defined in unitary spin spaces we are going to use the term "vector”. Con-
crete nature of a vector is decoded in writing down its components. Thus, vectors in the
space E; are spinors of thefirst rank and arbitrary spinor W is defined by the formula

¥ = Pe,. (4.168)

Under the QU (3)-transformations the components of the spinor ¥ are transformed ac-
cording to the law
k= Uy (4.169)

Just asin case of other groups, we continueto call spinorstransforming with respect to
the fundamental representation contravariant spinors of the first rank. Thusin the space 1
the such spinorsare defined.

Using the obviousform of the fundamental representation generators, it iseasy to check
the validity of the following relations

ley, ¢ (4.170)

It isconvenient to display the basis vectors of the space £, on a unitary spin plane, what
isdonein Fig. 16.

Obviously, according to our agreements, the unitary contravariant spinor y, with the
components ! = x? = %° = 1 describes the unitary triplet of particles, in which the first
two elementsform theisodoublet (I = 1/2) and the third one forms theisosinglet (1=0). L et
usagreeto cal it asthe fundamental triplet and display it asthetrianglein theplane (13,Y).
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Figure 16. The basic vectorsin the E; space.

The space Eg, transforming with respect to the representation which is conjugate (con-
tragradient) relative to the fundamental representation of the SU (3)-group, is also irre-
ducible. In this space, just as in the previous case, arbitrary spinor ® can be presented
intheform

® = Dy, (4.171)

where the dy-spinor components are transformed according to the following rules
k= U@ = dU) (4.172)

The spinors, defined in the space Ez shall be called the covariant spinors of the first
rank. Thus under transition from contravariant to covariant spinors, in the transformation
matrix U the change takes place

Aa — —Aj. (4.173)

Inserting (4.173) in the expression for the operators Sg 9 , Y and choosing the basis vec-
tors of the space E5 aso in theform (4.167), we obtain the following eigenval ues equations

sPel=—1e,  vel=-1e,
sP@=1¢  vé=-1i¢ (4.174)
SPe=0, Ye&=12¢.

The basis vectors of space E; on the unitary spin plane are displayed in Fig. 17.

The components of the Hermitian conjugate covariant spinor ‘I’l aretransformed asthe
components of the contravariant spinor WX. Since Hermitian conjugate wave function is
connected with antiparticles, then the covariant spinor n with the componentsn; =12 =
ns = 1 describes the triplet of antiparticles. In what follows we are going to cal it as the
antitriplet and depict it as the triangle on the unitary spin plane (Fig. 17).
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Figure 17. The basic vectorsin the Ef space.

In case of the isotopic spin group two doubl ets, transforming according to the rules
K = Uk, K =UK, (4.175)

are equivalent, sinceU and U™ or, which is equivalent, ; and —o;" are connected through
the similarity transformation. This statement breaks down in case of the matrices A, and
—A%. For thisreason the representations of the SU (3)-group are characterized by a number
of the contravariant p and covariant q indices D(p, Q).

So, we got acquainted with the most simple representations: D(0,0), D(1,0) and
D(0,1). More complicated representations of the SU(3)-group are no longer irreducible.
Conseguently, the recipe is needed to divide these representations into direct sums of irre-
ducible representations.

Let us first study some concrete examples, and then we shall try to summarize the
results obtained. We start with the representation U ® U in the space E, with the basis ey .
Arbitrary contravariant spinor of the second rank with components

(I)ll (I)Zl (I)31
(I)kl — (I)12 (I)22 (I)32
(I)13 (I)23 (I)33
can be expanded into symmetric part with six independent components

DK — % (CI)"' @ ") (4.176)

and into asymmetric part with three independent components

D@k — % (CI)"' —cb”‘) : (4.177)
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Notice, that Sp(®") isnot the U (3)-scalar. Scalar can be obtained by convol utions of
covariant and contravariant indices. According to this, the space E, expands into the two
subspaces Eée) and Ef), bases of which are formed from six vectors

1
e{k|} ekI { e, K — I, ( . 8)
and three vectors 1
(3
= — — 4.179
ek = € 7 (& —ak) ( )

respectively. Using (4.178) and (4.179) we can write down any vector in the subspaces Eée)
and Ef). For example, an arbitrary vector in Eée) has the form

1
O =Y e — 52 DX (8g +a1) + Ed)kkekk (4.180)
k>|

The vector @, belonging to the space E,, can be viewed as direct product of two con-
travariant spinors of the first rank, or in other words, the components of the ®X-spinor is
direct product of the components of the ®X- and ®'-spinors. The operation of antisym-
metrization can be reduced to the multiplying the starting spinor either on the quantities

ek™ e, OF on their production. Thus, for example, since the relations are fulfilled
(@ _1

VP = P E) o =

n = Eemnpvp (4.181)

the symmetric spinor of the second rank having the components CI)ES}), is equivalent to the
three-dimensional vector V,,. Consequently, we can from the outset deal not with CI)Eﬁr), but
with the quantity eP™d,,,. Notice, that symmetrization of spinors of the highest ranks
does not cause a transition from covariant to contravariant indices and vice versa. It is
not true, however, in case of spinors antisymmetrization (see, for example (4.181). Thus
we demonstrated that the product ®* and @' is reducible and breaks down into the two
irreducible representations, that is

3R3=6P3.

Let us consider now the representation U @ U* in the space E;7 with the basis . In
this space vectors represent mixed spinors of the second rank with components CI)}‘

o ®f OF
of= | &I d3 @3 |. (4.182)
D3 @5 ©F
The track of this spinor Sp(®f) = @1 + ®2 + @3 is an unitary scalar, which is not

changed under the U (3)-transformations. Subtracting the quantity 8<@!/3 from (4.182)
we obtain the eight-component spinor

1
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jof-je3ees)  @f o
D3 D3 5P3—5(P1+ D)

which aready isirreducible. According to this, the space E;7 is decomposed into the two

irreducible subspaces Eg) and E%) . Thebasis vector of the one-dimensional subspace E%)
has the form
k_ 1 2 3
The basis vectors in the second subspace must be orthogonal to the vector (4.184).
Obviously, six quantities elk with k = | meet this demand. The remaining two basis vectors
have the form of linear combinations of vectors e}, €5 and €. They will be orthonormalized

and orthogonal to the basis vector of the subspace E%), provided the following choice is
made

S (-2,

Thusthe basis vectors of the space Eg) have the form

e%a % (e%_%)a e%a e%a %a e:;a ega %6 (e%—i_%_zeg) . (4185)

Since the vector ®, belonging to the space ‘£,1, is adirect product of the contravariant
and covariant spinors of thefirst rank, then corresponding to it representation breaks down
into two irreducible ones

393=1ps.

Thus from the very beginning we managed to find among irreducible representations
of the U (3)-group the eight-dimensional representation, which can be used to describe
particles octets.

L et us determine isospin content of the octet obtained, considering, that a mixed spinor
with components ®F is composed of a product of the fundamental triplet and the fundamen-
tal antitriplet. If we denote an isospin multiplet by (I,Y) then atriplet and antitriplet are
presented as (1/2,1/3) + (0,—2/3) and (1/2,—1/3) + (0,2/3), respectively. The product
of the two isospin multiplets (11,Y1) and (I2,Y>) contains multiplets with the hypercharge
Y = Y1+ Y, and the isospins, which according to the moment summation rule, take the
values

| :’ I1—1» ’, ’ I1—1» ’ +1,., 11+ 1o.

Thus, the isomultiplet multiplication rule has the form
(I, Y1) (I2,Y2) = ([ la=l2 [, Yo+ Y2) + ([l =12 | +1, Y1+ Y2) 4 ...+

—|—(|1—|—|2,Y1—|—Y2). (4186)
Using (4.186) we arrive at therelation

3()3=1P8=(1/2,1)EP2(0,0)P(1,00P(1/2,-1). (4.187)
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With the help of Egs. (4.186) and (4.187) we finally obtain

=(1/2,1)@(0,0)P(1,0)P(1/2,-1), (4.188)

that is, the octet consists of the two isodoubletswithY = 1 and Y = —1, theisotriplet with
Y =0, and theisosinglet withY = 0.

It could be shown that the number of the covariant and contravariant indices in irre-
ducible representation is connected with the number of particles nin multiplet by the rela-
tion

1
n(p,a) =n(p,0)n(0,q) —n(q—1,0)n(0,p—~1)= 5(p+1)(q+1)(p+
+0+2). (4.189)

The next step isto determine the explicit form of wave functions of unitary multiplets.
Let us consider a space transforming under representation which is the product of the fun-
damenta representations

U - QRQURU*--- QU (4.190)

p times g times

We introduce the orthonormalized basis eLl Iq . Then an arbitrary vector in thisspaceis

defined by the formula
Kp 13-
Y= INCAbR (4.191)
The components of the vector ¥ are transformed according to the law

/k]_

‘I’Ill = Uigmy *Ukomo Ui, Upt i P - (4.192)

afg

Acting the representation generators on the basis vectors is determined by the relations

$Un |1 |q 2 (}\a) e|k1 Ir 1| |r+1“'|q_

1k 1k
p =1 p

D lpeel
—Z‘l(ﬂ)krkrekl AT (4.193)

where we have taken into consideration the explicit form of the generators for the con-
travariant and covariant spinors of thefirst rank. Let us denote the numbers of the covariant
(contravariant) indices, equal to one, two and three by qi, g2 and gz (p1, p2 and p3), respec-
tively. Then from Eq. (4.193) and the particular form of the A,-matrices one can see, that
the basis vector with the given numbers of indices, equal to one, two, three correspond to
the following eigenvalues of the U (3)-group invariants

is) l1--- q 1 1 1-Iq
S3764 5, = {5100 — P1) — 5 (02— Pel}eg (4.194)

vl \f[ —pd+ 2—\1/:3,[Q2 —p2] - %[% —pal}el . (4.195)
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As before, we shall consider the eigenvalues of the operators Sg S and Y to be compo-
nents of two-dimensional vectors on the unitary spin plane, that is, the end of the vector

e'ljl'ff,lﬁp corresponds to the definite state of the U (3)-multiplet.

As an example we examine the irreducible representation D(1, 1), according to which
the mixed spinor of the second rank wl‘ with zero-trace istransformed. Aswe aready know,
the vectors

A= (yf)%, a=12..8, (4.196)

making up the basisin the space D(1, 1) can be chosen in the form

flze%’ —\/—(G% G%) f3:€%’ f4:%’ }
r—¢, =g =6 =L (l+g-26}),

Then the non-zero components of the vectors (yK)? of basisf2 havethefollowing values

2
W=t ()= () =
(v3) =1, (i) =% (wz) =5
W) =1 (W)= =% ()=

Using Egs. (4.194) and (4.195) it is easy to demonstrate that the vectors f2 describe the
following isomultiplets of the baryon SU (3)-octet

(4.197)

(w3) =1; (4.198)

l=1Y=0:3F=f% 30 =12, =13
l=3Y=1:p=f4 n=f>

4.199
l=3Yy=-1:2"=f  =20=f7 (4.199)
| =0,Y=0:A0=18
Now we introduce the quantity
a
B = (vl) 1,
which matrix components represent wave function of the baryon octet
150, 140 +
k ﬁz FE 1 oZ 1 A0 i
= =0 _2 A0
- B V6

To obtain a normalized wave function, corresponding to the definite octet particle, in
Eq. (4.200) its symbol should be changed by 1 and al the unrelated to it elements of the
matrix Bf must be set equal to zero.

Meson octets have a similar form. Thus, for example, the wave functions of the pseu-
doscalar and vector meson octets are defined by the expressions

%TCO—I—%T’IO ot K+
Ky _ - _ 170, 1,0 KO
(P = n BT+ 7N (4.201)
K- KO —2n0
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\%po_i_%wo p+ K*+
(V) = p — 500+ 0 KO (4.202)
*— *0 2.0
K K \/éco

respectively.

With expressions for unitary wave functions near at hand, one can use Lagrangian for-
malism to describe behavior of baryon and meson superfamilies. However, there is one
"but”, connected with particles masses in a unitary multiplet. Thus, the free Lagrangian of
the baryon octet has the form

L= [BO0n B0 — ¥ BIOOmBLOO ] - OBl (0BKX),  (4.209)
where we have assumed, that all the baryons possess the same mass my. However, in reality
the U (3)-symmetry has been violated and the particles massesin the multiplet differ from
each other. Consequently, this factor should be necessarily taken into consideration under
accomplishing the exact calculations.

Theworldismadein such away, that the weaker istheinteraction, theless symmetric it
is. The more strong interaction behaves as though it not observe slight violationsof definite
conservation laws. As aresult, such interaction conserves the given physical quantity and
consequently, it ismore symmetric. Tota interaction between hadrons can be presented as
a sum of a hypothetical super strong interaction (with the U (3)-symmetry group), strong
interaction (which violatesthe unitary symmetry, but conserves theisotopic one), and lastly
electromagnetic and weak interactions (which both violate the isotopic invariance). The
division of the strong interaction into super strong and normal strong interaction, is, of
course, rather conditional. In fact, there is no super strong interaction at all. There are only
high energy regions, where masses differences of particles in multiplets are insignificant.
When the strong, electromagnetic and weak interactions are switched off, the exact the
U (3)-symmetry takes place and al the particlesin the unitary multiplet are degenerated in
mass (M isthe degeneracy mass). Switching on strong interaction makes the mass operator
in free Lagrangians dependent on the isospin and hypercharge

(e, ) = (¥, Mow)+
(D AMEY) =M = mp- 1 4 Am™ (1Y), (4.200)

where ‘I’&n) denotes the unitary wave function written in the form of a column matrix, the
indices n and o characterize a representation and a particle state in a multiplet, respec-
tively. Switching on el ectromagnetic interaction initiates further mass splitting in a unitary
multiplet and one more term isintroduced in Eq. (4.204).

Everything, we have yet known about the SU(3)-symmetry and about symmetry in
general, concerns only with kinematic aspects of symmetry. However the real power of
symmetry reveals itself under investigation of physical systems evolution. For example,
symmetry alows usto obtain rel ationshi psbetween the cross sections of different reactions
without using the motion equations.

A wave function of the unitary multiplets are eigenfunctions of the Casimir operators
2 and SYD,. Thus, every irreducible representation can be marked with the eigen-
values of these operators. Labeling of SU(3)-multiplet only with the eigenvalues of the
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operator of the unitary spin square is generally accepted. From Eq. (4.193) it is easy to
obtain

S"2D(p,a) = gD(p.6) = [p+ -+ 5(P+ P+ 2)ID(p.0). (4.205)

3

Then, for the unitary multiplets of the lowest dimensions we have

0 for 1,
4 for 33
_ 3 g
99y 3 for 8, (4.206)
6 for 10.

Theclassification of hadrons according to unitary multipletsresembl es one of the chem-
ica elementsin Mendeleev periodictable. Like Mendeleev table, the hadrons classification
unostentatiously points up (but again for the experienced mind) a composite structure of
hadrons. In this sense the U (3)-group of the isospin and the hypercharge has served its
historical mission. It has prepared all the conditionsfor the next step up the Quantum Stair-
way, going out on the quark-lepton level of matter structure. However unlike Moor, who
had to disappear after histask wasrealized, the U (3)-symmetry, as we shall see |ater, set-
tles down firmly in physics of strong interaction. True enough, it must slightly change its
role.



Chapter 5

Quark-Lepton Level of Matter
Structure

5.1. Quark ”Atoms’

In 1964 M. Gell-Mann and G. Zweig independently from each other hypothesized that
all the hadrons are built of three particles of an unitary triplet. Wishing to emphasize the
unusual propertiesof new blocks of matter, Gell-Mann called them " quarks’. Theterm was
borrowed from " Finnegans Wake” by J. Joyce. If one compares this novel with ”Peace and
War” by L. Tolstoy, thefirst thing, that comesto mind, isthat " Finnegans Wake” waswritten
in at least 26-dimensional space-time, which never experienced the joy of compactification.
During the act the protagonist Hemphree Chaampden Ervicher is constantly changing his
appearance. He is reincarnated at one moment into Mark, the king of Cornwell, at another
into his sons, Sham and Shaun, and so on. Erwicher’s children (he has a daughter as well)
are from being not simple and they can be aso transformed into their father. There is an
episode in the novel, when the protagonist being reincarnated into king Mark, sends his
nephew, knight Tristan, by wedding boat to bring the king bride Isolda. As one should be
expected, during the travel Tristan and Isolda happen to have been struck down by Cupid
arrows practically on the spot. The seagullscircling above the ship are completely informed
about the events to be taking place at the ship, as demonstrated by their song started with
the words: " Three quarks for mister Mark”. If one distracts from the remaining part of the
song, then the above mentioned phrase can be unambiguously viewed as a prediction of the
fundamental triplet. Setting imagination free, one can assume, that mister Erwicher with
his transformations chain reproduces the hadrons spectrum and hischildren are nothing el se
but three quarks. However, the whole content of the bird’s opus suggests that the phrase
"three quarks’” may be treated as evidence that the old king was deceived triply. Time will
show whether that is the excited indication on the analogous fate of the quark hypothesis,
developing of which physicists have been devoting already for half a century.

Earlier we demonstrated, how to build singlets, octets and decuplets from unitary
triplets with precisely the same isotopic structure as the experimentally observed hadrons
unitary multiplets. It appeared, that fundamental triplet hypothesis was obvious even for
philosopherswho are constantly loitering around the building of Modern Physicsand whose
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basic activities consist in abusing their own specially invented terminology. However, such
models were constantly neglected due to inertia of thinking because they demanded frag-
mentation of electric and baryon charges of particles entering into the fundamental triplet.
Originaly aquark family included only three particles and three corresponding antipar-
ticles. Two fundamental triplets, which we denote with 3 and 3, had the following form

a1 u _
qg=|x |=|d|, 9=@.%)=(ud>y), (5.1)
03 S

where symbolsu, d, and s ("up”, "down” and "strange”) are used for components of quark
triplet g, (o0 = 1,2, 3). It isalso possibleto say, that a quark dwellsin three aroma (flavor)
states and attribute the flavor meaning to the index o.. u- and d-quark form the isotopic
doublet (1§ = 1/2and 1§ = —1/2), whiles-quark doestheisotopicsinglet. Only s-quark has
a non-zero strangeness (s = —1). Since we are going to construct particles with arbitrary
spin values, then the quarks must have spin 1/2. We also ascribe to all the three quarks
baryon charge 1/3. Then it becomes obvious, that in the unitary spin plane the quark and
antiquark tripletsare denoted by the same triangles as the fundamental triplet and antitriplet
of the U (3) group, respectively (see, Fig.18).

d u

Y y I, -y
| + >

Figure 18. The quarks and the antiquarkstriplets.

Initsturn, from Gell— Mann — Nishijimaformula it follows, that the quarks charges
in units || are fractional quantities

Qu=2/3, Qu=Qs=-1/3

Further we should define quark contents of hadrons. It is evident, that mesons must
contain even number of quarks, while baryons must contain odd number of quarks. Let us
assume, that al the mesons are built from quark-antiquark pairs

MII( = qi Ok,
and al the baryons are built from three quarks

Bik = 0igkai -



Quark-Lepton Level of Matter Structure 97

L et us see, how to build some hadronswith the help of thissimple scheme. We represent
u-, d-, s-quarksand corresponding to them antiquarksby symbolsdepictedin Fig. 19, where
the arrows show spin directions.

XX

S

i

Figure 19. The u-, d-, and s-quarks.

In Fig. 20 we display quark filling of the proton, A%-hyperon and one of the hero of
Yukawa's Odyssey " -meson.

Notice, that we woul d ensure zero-spin of the t+-meson by setting spinsof the (ud)-pair
in the same direction and accepting orbital angular moment L being equal to 1. However,
since parity Py is defined by the expression

PTI = (_1)L+1a

where we took into account that g and g have different parities, then in this case m-meson
would be ascaar particle, but not a pseudoscalar one.

Further on, hadrons made of the quarks should be placed into the corresponding unitary
multiplets. In our forthcoming design activity we are going to use the law of composition
of the unitary spins as our basic instrument. This lav must be a generaization of the
composition rule for ordinary spins (4.40). Let usformulate thislaw in such away, that it
become applicableto any spin, whether it isthe ordinary, theisotopic or the unitary one, etc.
So, to obtain all the possible spin states of a coupled two-particle system, it isnecessary: 1)
to superposethe center of aspin diagram of thefirst particle on every state of aspindiagram
of the second particle; 2) to mark the states obtained; 3) to single out diagrams with equal
spin value out of all states.

Let us begin hadron construction with meson sector. Making center of diagram 3 co-
incident with every out of three states of diagram 3, we obtain nine possible states of the
33-system (Fig. 21).

These states are separated into the SU(3) octet and SU(3) singlet. Three of them,
namely, |,I11,111 being linear combinations ut, dd and ss hit one and the same point of the
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Figure 21. The meson multiplets.

diagram with I3 =Y = 0. Consequently, they demand our great attention. The unitary

singlet | is nothing el se but
u
const (U, d, 3) (d) ,
S

where const is defined from the normalization condition. It gives

| = i(uU+d6+sg). (5.2)

Two remaining states belong to the octet. The state |1 we assign to the isospin triplet,
whose contents we can reconstruct by the replacement p — uand n — d in formulas (4.76).
So,

(du, 11, —ud), (5.3)



Quark-Lepton Level of Matter Structure 99

where 1
Il = —= (uu—dd).
5 (v i)
On the strength of the demand of the orthogonality with | and 11 the singlet in isospin
state |11 hasthe form

1] :\i@(uUera—Zsé). (5.4)

Since the spin of the (qq) system can be equal either to 1 or to 0, the quark model
predictsthe existence of the foll owing meson octets and meson singlets, which with the use
of spectroscopic symbolics 25*1L; can be presented as follows

- 1
L—o, J=01- 2 50},

1~ 35
O+ 3P0
1+ 3P1
L=1, J=012— 1+ p, (-
A

and so on with higher values of L. The states with L = 0 can be viewed as the basic ones,
while the stateswith L > 0 can be viewed as orbital excitations. It isquite natural to expect
recurrence of the octet and singlet L = 0 with bigger mass values. So, al the discovered
mesons can be placed into the SU(3) multiplets qq.. Up to 1971, when the first reliable
data, confirming the existence of quarks into hadrons, were obtained, such tests have been
the main argument in favor of the quark hypothesis.

We are coming now to investigation of quark structure of baryons. First we combine
two quarks. We plot the already familiar to us result

3 3=6P3

inFig. 22.
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Figure 22. The graphical interpretation of the formula3® 3= 6@ 3.

We remind, that the sextet 6 is symmetric with respect to transposition of two quarks
while the triplet 3 is antisymmetric. In Fig. 22 we specify only the quark filling in every
point of the diagram. For the wave function of particlesto be exactly defined we must take
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into account the symmetry properties of multiplets. So, the state ud belonging to the sextet
is described

1
ys(ud) = 73 (ud+du),
whereas the wave function of the analogous state in the triplet has the form
1
yi(ud) = 7 (ud —du).

Let us add one more quark. Thefinal result of decomposition

303R3=(6P3HR3=(6QRIPBEXR3) =10PsPsPL (55

isdisplayed in Fig. 23, where the octet following decuplet appears under summarizing the
unitary spins of the sextet and the triplet, while the second octet comes from 3 3.

: Fddd udd uud uuu udd uud udd  uud
A . i iy ¢ '\ J ,\
b Y " ;. // ;o \ 3 \
.7 Y Eds; . / ﬂuds .
/ dds / ! Ldds \ uus
R S M e L 4:----*----?
\‘\ ‘.- ‘L ,‘/ \ K ' ’l' \'.L"I 'I-.. y
-1k dss === ‘r" uss dss\—' uss dss ._‘/I.:SS
X o
" vV
L1l 7 sss

Figure 23. The graphical interpretation of theformula3® 3® 3= 106p8PH 8P 1.

We denote the relative momentum moment of two quarks by L4 and the momentum
moment of the third quark as related to the masses center of the first two quarks by L.
Then the total momentum moment of the three quarks is determined by the expression

L=L;+Lo.

Assuming the quarks parities to be positive we find that for the low-laying baryons
states (L = L1 = L, = 0) the parity is equal to (—1)- = +1. According to the vector
summation rules the resulting spin of the three quarks may equal either 3/2 or 1/2. Thus
the low-laying baryons multiplets are characterized by thevalues 3/2+ and 1/2*. Baryons
having the lowest masses values are precisely placed into the decuplet 3/2" and the octet
1/2*. More heavier baryons must have L = 1, that is, either L; =1and L, =0o0rL; =0
and L, = 1 (in both cases their parity is negative (—1)" = —1). And really, the existing
baryon resonances are finely placed into the following multiplets: singlets and decuplets
with 2~ and 37, octetswith 37, 3~ and 2.

5.2. Elastic Formfactorsof Nucleons

Today building the quark model of hadrons could be viewed as some kind of analog of
establishing the nucleon structure of atom nuclei. However, initially the quark model is



Quark-Lepton Level of Matter Structure 101

considered as only the formal scheme which was very convenient to systematize hadrons.
In the end of 60th of XX century physicistshave obtained at their disposal new possibilities
toinvestigatehadronsstructure. The created sources of high-energy el ectronsallow to probe
the distances up to 10~1° cm, that is, on two order smaller then the hadron size. To usethe
electronsisconvenient on two reasons. Firstly, they are structurel ess particlesand, secondly,
they do not participate in strong interaction. Since electromagnetic interaction of point
particles has studied thoroughly the theoretical analysisof the experimental resultsisgreatly
facilitated. At that time it was already known that hadrons have specific structure which is
described by electromagnetic formfactors. By formfactors we agreed to understand the
function characterizing the space distribution of the electric charge and multipole moments
inside hadrons (further, for the sake of simplicity, we shall talk about the magnetic dipole
moment only). Thus, carrying out ” Roentgen” of proton with the help of scattered electrons
one may investigate the proton structure more carefully and, by doing so, one gets down to
the experimental checkout of the quark hypothesis.

The first stage in similar kind of investigations consists of the analysis of the elastic
scattering. Consequently, we should start with the reaction

e +p—vy,Z"—€e +p, (5.6)

where the intermediate step in (5.6) means that interaction is performed by exchanges of
the virtual photon and Z-boson. For the sake of simplicity, we shall take into account the
photon exchange only and shall be constrained by the second order of perturbation theory.
The corresponding Feynman diagram isgivenin Fig. 24.

-—

Figure 24. The Feynman diagram for the processe™ +p — y*,Z* — e +p.

The circle in the vertex, describing interaction of the virtual photon with the electron,
stresses the circumstance that the proton, unlike the electron, has the internal structure.
When the proton were the point particle with the charge |e| and the magnetic moment
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eh/2myc predicted by Dirac theory, then the cross section of the elastic electron-proton
scattering would follow from the cross section of the process

e +u" —e +ut, (5.7)

whose Feynman diagram is depicted in Fig. 25, under changing the muon mass by the
proton mass.

~

Figure 25. The Feynman diagram for the processe™ +u™ — e +u™.

Passing to the laboratory system (the initial muon isin rest) we obtain the following
expression for the differential cross section of the reaction (5.7)

2 (¢

E 2

do _ ——5—— o —{e) co2d_ d gp? : (5.8)
dQ  \2e¥sr?(6/2)) E

CRNC)

where E® (E¥) isthe initial (final) energy of the electron, g, = (p® — p! W) _

)v = (pf
pi(”) )v, 0 is the angle between momentum of the incoming and outgoing electron.
Before proceeding to researching the expression (5.8), let us agree about the choice
of the unit of measurement. The reasonably chosen units comprise convenient tool under
description of definite phenomenaregion. The fundamental constants of the quantum field
theory (QFT) % and c enter into majority of theory equations. One may "unload” the QFT
formulae when one set these constantsto be equal 1, that is, one choosesthe action quantum
h as a action unit and does the light velocity ¢ as avelocity unit. The system of units with
h = ¢ = 1 derives the name of the natural system of units (NSU). The description of the
NSU isgivenin Appendix. Further, unless otherwise specified, we shall use the NSU over
the course of al the book. It is self-evident that, under comparing between theory and
experiment we should pass to one of the ordinary system of unitsin obtained formulae.
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The deduction of the expression (5.8) (it is named by Mott formula) needs knowledge
of the Feynman diagram formalism the consecutive presentation of which is beyond the
framework of the given book. However, in order to understand the basic detail s of obtaining
Eqg. (5.8) the quantum mechanics bases would be ample.

Recall thetime dependent perturbation theory of the nonrel ativistic quantum mechanics
(NQM). In the first order in interaction Hix = V(r,t) the amplitude of the transition from
theinitial state with the wave function ®; into the final state with the wave function @+ is
given by the expression

_ |/v.f dE Bty (5.9)

*}f -

where
Vig (t /d3XCI)* (r, t)di(r).

The expression (5.9) may be also represented in the covariant form

ally = =i [ a9V (i),
where we have used the designations
O(r)e B =d(r,t)=d(x),  V(r,t)=V(x).

In the second order of perturbation theory ﬂj(i)f takes the form
2 _ J(Er—Enlt U ng i(En—Ent!
A7 = dtvf dt'Vyi(t')€e .
n;él -

Note, that ﬂﬁ)f may be rewritten in the relativistic invariant form too. To take the
integral over dt’ one needsto makeit finite. That isachieved by including the small positive
quantity € into the exponent. After integration € must be approached to zero.

If, for the sake of simplicity, we assume, that V(r) does not depend on time and then,
taking into account the high orders of perturbation theory, we obtain the following expres-
sion for the transition amplitude

e 1
it =AY, + (—1)22ni8(Ef —En) 3 Vine——"cVhi + .. (5.10)
ni E —En

From (5.10) follows, the factor of the kind Vy;; corresponds to every interaction vertex
and the factor of thekind 1/(E; — E,) correspondsto every intermediate state. Intermediate
states are "virtua” in the sense that energy is not conserved in these states (E, # E;). The
energy conservation law is fulfilled only for theinitial and final states E; = E¢ as indicated
by delta function. Of course, in the limit of low energies we can study the reaction (5.7)
in the framework of the NQM. In doing so, we should suppose that the electron scattering
occurs on the electromagnetic potential produced by the positive charged muon.

In the QED wave functions of fields are operators which describe destruction and cre-
ation of particles. For the electron-positron field y(® (x) is represented by the sum of two
operators

V() =y (x) + ) (x),
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where the former is the destruction operator of the electron and the latter is the creation
operator of the positron. Then the quantity ¥'® (x) = y(®T(x)yo will contain the creation
operator of the electron (¢ ) (x) and the destruction operator of the positron ") (x). Since
the photon field is neutral (A;(x) = A:(X)), then A¢(x) is the sum of the operators of the
creation and destruction of the photon

Ac(x) = A (x) + AL (%),

The amplitude structure of the reaction (5.7) is defined by the form of Hamiltonians
describing interactions of electromagnetic field with electron-positron and muon-antimuon
fields. These Hamiltoniansshall ook like

HY (%) = 6@ (v @ (0AY(x),  HE (y) = e (y)yeu® () AT(y).

According to the correspondence principle the amplitude of the process (5.7) will have
the same form as that in the NQM, that is, in the second order of perturbation theory it
will be proportional to the product Hi(n?(x)Hi(r’;)(y). However, in this case, there is one
"but”. In the NQM interaction is carried out through intermediate (virtual) states. The
factors 1/(E; — En), whose procedure of gppearance is noncovariant, correspond to these
states. In the QED the interaction carriers are virtual particles and their description must
be relativistic covariant. Let us use the symbol V for the operation, which leads to creation
and subsequent destruction of virtual particles. In the result of such a operation one or
more the Green functions appear. As this takes place, every Green function multiplied by
i corresponds disappearance of operators pair of one and the same field from under the
symbol of the VV-operator. Then, in the second order of perturbation theory the amplitude
of thereaction (5.7) is determined by the expression

(2 = (<012 [ ' [ dW [R5 0oHE )] (5.11)

where we have taken into account that the reaction (5.7) does not go in the first order of
perturbation theory. In the case of the reaction (5.7) interaction between leptonsis caused
by the virtual photon, consequently, the symbol V |eads to appearance of the photon Green
function on the place of two electromagnetic field operators. Note, in this case we are
interested in the operators of the el ectron and the positive muon fields only.

Specia attention must be given to the direction of arrows in the muon part of the di-
agram. In the Feynman diagram formalism antiparticles are moving backwards in time.
The easiest way to understand that is to address to the hole theory which was proposed by
Dirac to overcome difficulties connected with appearance of the negative energies. In this
theory the states with the positive energy, i. e. the states, whose dependence on time has
theform ~ exp (—iEt), are identified with electrons while the states (y ~ exp (—iEt)) hav-
ing the negative energies are identified with positrons. It is obviousthat changing the time
direction one can achieve changing the sign in the exponent exp (iEt), that is, one passes to
solutionswith positive energy.

Let us point the way to correspondence between the elements of the diagram displayed
in Fig. 25 and the operators entering into Hi(n? (x) Hi(r’,{) (y). So, the diagram of Fig. 25 states
the following. In the point x the initial electron is destroyed (the factor (€ ) (x)) while
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the final electron (factor ¢ ) (x)) and the virtual photon are created. Two operators A¥(X)
and A*(y) from H )( )H( )(y) proves to be involved in description of the virtual photon

nt nt
moving from the point X to the point y. They lead to appearance of the photon Green
function G( )(x y) whichis called the photon propagator In the point y the virtual photon
annihilateswith thelnltlal antl muon (thefactorw ( y)) and in so doing thefinal antimuon
is created (the factor w( ') (y)). The factors —iey, and —iey, correspond to two vertices in
which electromagneti c interaction of the point-likeleptons occur. To passto the momentum
space one should use the expansionsin the Fourier integrals

00 = /o2 [atpw®(pe ™, i = [T [ dtpyl) ()
e U

)eﬁik(xfy)’

1

Y

and one should also take into account the integral representation of the deltafunction

1
(4) = 4 fIkX
3" (x) (2n)4/d ke
Proceeding such a way we obtain the following expression for the amplitude of the

reaction (5.7)

2 = (2n)* M1 (T p— Y pr) (5.12)

where the delta function expresses the four-momentum conservation law

@ = (@ Me e Me —iQvr
M = (w(pf ) E$)>( Iev)< (p) E|(E)> Lp(fe)pl(e)y] X

x (w(pf“)) ;>> (—iey") (w(p(f“)) FT)> , (5.13)
i f

and we have accepted the designationsy(") (p(!)) = y(p("). The order of writing the spinor
matricesin (5.13) is determined by the direction of the diagram detour which is oppositeto
the fermion lines direction, that is, the diagram detour is performed from the final fermion
state to the initial one (for antifermions, on the contrary). The cofactor standing in the
square bracket comprisesthe Fourier transform of the photon Green function and describes
the propagation of the virtual photon. To establish its explicit form one sufficiently writes
the equation for the Green function of the photon field

OGY (%) = gud(X).

Substituting the expansions in the Fourier integral of G,(X,) (x) and the delta function in
this equation we arrive at the result

9
Gk = —5
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Sincethe probability of the process P,_, s is connected with itsamplitude by the expres-
sion
P_t :’ fi~>f ’2a
then we have in our disposal two delta functions. One of them is needed to provide the
four-momentum conservation while the destiny of the second one seems not to be quite
obvious. Let uschange it by the integral

84 (k) = (2711)4/d4xexp(ikx), k=Y pi—Y pr

and shall consider the integration region to befinite. Thisimmediately gives

VT
SH (k) = ——
whereV istheintegration space volumeand T isthetimeinterval of the integration. Intro-
duce the probability transition in the time unit and in the volume unit

R
Wt = I—f
VT
Connection of W _, ¢ with the cross section which directly measured in experiment is
defined by the expression

W,
do = ——"dN,
Jo

where jp istheinitial density of the flux of particles participatingin the reaction and dNs is
the number of the final states. To find dNs one should recall the energy quantizationrulein
guasiclassical approximation

§ k= 2n(n+3) (5.14)

The integral standing in the left hand side of Eq. (5.14) represents the area, covered
by the closed classical phase trajectory of particle with the energy E, on the phase plane.
According to Eq. (5.14) at n>> 1 thisareais equal to 2rnn. Thus, the area being equal to
2mn correspondsto every quantum state in the phase space. To put it otherwise, the number
of states conforming to the area AxAp will be

AXAp

(2m) °
Generalizing this relation on the three-dimensional case, we obtain that for the particle
being in volume V, the maximum number of states with momenta confined in the element
d®pisequal to
Vvd3p
(2m)%
Further, for the sake of simplicity, we shall believe that the volume V, on which the
wave functions are normalized, isequal to 1. Then, in the case of the reaction (5.7) we have

d3 p(fe)d3 p(f.“)

dNr = (2m)6
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Sincein thelaboratory system (theinitial muon rests) the number of particlestransiting
the area unit in the time unit isequal to | v(® | and the number of targetsin the volume unit
isequal to 1, then

jo=|v®.

Gathering the results obtai ned we get the following expression for the differential cross
section of the process (5.7)

do =1 961 2 SEEEE a0 i) (5.15)
f (27'[)2 ’ V(e) ’ 1 1 f f/ .
When we are not interested by the particles polarization in the initial and final states
thenin | 2+ |? one should fulfill averaging in the initial polarizations and summing in the
final ones. It means that we must pass to the quantity

%; Mt = 60.3% | [P (7w (B (PF) )] 2, (5:26)

where

.

%= — e
49°E B TEfE;

and thefactor 1/4 appears at the cost of averaging in polarizations of theinitial electron and
muon. Sincein Eqg. (5.16) the matrix indices, which define the multiplication order, are rep-
resented in explicit form then the factors, entering into this expression, may beinterchanged
arbitrarily. Gathering the electron and muon parties separately, we obtain

1 e\, v €)\— e\, 1 e
2 201917 = 00 W) () ()W ) (¥ ws (P

X [Tn(PY) (1) Wi () Wi (P (¥ e Wi ()] =
— go;wﬁwp@)wp&e)) () apWp (L )Wy (L) () oy %

< (W (P TP (4 ) Wi (PX) Wi () (¥ . (5.17)

To summarize over the spin leptons states (the factor 1/2 converts such summarizing
into averaging) is fulfilled with the help of the relations

S (P (p) = (8'6“”) . (5.18)

2m

where p = y,p’, € = 1 for particles and € = —1 for antiparticles. To deduce the relation
(5.18) we addressto Dirac equation

(i, —m)w(x) = O, (5.19)

where
{Y,uaYV} = 29,uv' (5'20)
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Inasmuch as any free particle must be described by de Broglie wave then the Dirac
equation sol ution should be sought in the form

v (x) =y (p)exp(—ipx)  for positiveenergy, (5.21)

v (%) =y (p) exp(ipx) for negative energy. (5.22)

To substitute Egs. (5.21) and (5.22) into the Dirac equation gives the equations deter-
mining the bispinorsy™ (p) and vy~ (p)

(P—m)y(p) =0, (5.23)

(P+my~ (p) =0. (5.24)

Now it is necessary to establish the procedure which allows to distinguish between the
particles states and the antiparticles ones. Egs. (5.23) and (5.24) suggest that the operator
of projecting on the particles states may be presented in the form

p+m

asthanksto Egs. (5.23) and (5.24) it has the properties

Py (p)=v'(p), Py (p=0. (5.26)

When we are interested in the negative energy states, that is, the antiparticles states,
then, by analogy, we may define the operator

_—pm
P=— (5.27)
with properties
Py (p)=v (p), Py (p=0. (5.28)
Since the standard relations for the projection operators are fulfilled
Pg Pg/ — 688/’ P+ + Pf — I P (5.29)
where 54+ m
€
e = (5.30)
then P;. and P_ represent the desired projection operators.
Further, by virtue of the orthonormalization condition, we have
E\Ifoc(p)lowwﬁ(p) = lyg, (5.31)
all

where |, istheidentity matrix and the sumis already taken over all the possible states (two
electron states with the opposite spin directions and two positron states, the spins of which
are also antiparallel). Now the action of the operators P; on the both sides of Eqg. (5.31)
givesthereation (5.18).
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Let usrewrite Eqg. (5.17) in the following form
1
ZE IMi_¢|2 = goL""Myx, (5.32)
if

where we shall label LY and M,,; as the electron and muon tensor respectively. For the
€l ectron tensor we have

L = 3w (P) W (0 () g W (0o () (V) ooy =
if

_ rj(fE) +Me ( V) rji(E) +Me ( ‘E) _
= 2Me Y )op Y )ap =
Bla Bo

2me

- ﬁsm@ ey (B + mey] =

_ ﬁSp[y"(ﬁi(e) +mey (B +me)], (5.33)

where the symbol ”Sp” means the diagonal el ements sum of the matrices product and the
cyclic property

Sp[ABCD] = Sp[DABC] = Sp|CDAB] = Sp[BCDA]

has been taken into consideration. As far as the muon tensor is concerned, the analogous
operations give
Myr — Ly (p® — —p®), mg — My). (5.34)

The spur in the expressions (5.33) and (5.34) could be found by application of the
formulae

Sp(vyY) =4g"™,  Sp(¥y'¥©) = 4(gVg™ + g g™ — g*g"°) (5.35)

and by considering the fact, that the spur of the odd humber of y-matricesis equal to zero.
The calculations give

LV = [g"" (M2 — @ pi¥) + p{@ pi?" + p@ (). (5.36)

Multiplying thelepton tensors and negl ecting the el ectron mass, we obtain thefollowing
expression for the (5.17) in the laboratory system

1 e ©g©
L3 M= 2+ 4EE(°) -
4 ;;‘ ! 2q4Ei(:“) Ei(e) E;:“) E;e) [ u ! f

2e*m? 2
—Pm,(E® - E@) = K cos29 _ 9 sin29 . (5.37)
HAT q4E(:“) E;:“)
1
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Under deduction of (5.37) we have made use of therelations

o = (p” - pi”)?~ -2(p{7p%) ~
(€2, .20
4E; 5
~ —2E\9E' (1 cosp) = —4E\YE® sinzg = —%, (5.38)
1+ 55-sin’3
o = —2(qp!"’) = ~2(E® ~E*)m,. (5.39)
The latter is the consequence of the operation of taking the square of the identity g+
() (1)
B =Ps .

Let usfind the differential cross section using Eg. (5.15). The presence of the delta
functionsin Eqg. (5.15) gives an opportunity to make integration over the three-dimensional
momenta of final particles. Taking into consideration the delta function property

L s(x—a)+5(x+a)]. (5.40)

S(x*—a) = oa

and accounting that the muon is on the mass shell and its energy is positive, we can rewrite
theintegral over p(f“ ) for the cross section part, depending on p(f“ ), intheform

/ W4 q-pi) =

— [ &pidE5 () +q- p)O(ES)5(pY - ),

where
1, x>0

e(x):{ 0.  x<o.

Further calculations of I ) aretrivial and thefinal result is given by the expression

1 2
| =3 (" +@)2=nt) =5 (20 q+?) :—6<Ei E<>+q_> _

2m, 2m
(e)=(e) (e)
1 © e 2EE _ .6 1 © FE
=_— ©_g® L dnP= | = S 41
2m,,8 (E' . m. " 2] 2om, 5 ) (5.41)
where ©
2E'® 0

=1+ &n?=. 5.42
b=1+ s (5.42)

S0, our cross section acquires the form

dG 64 2 2 6 (e) EI(E)
P (cosz2 — ﬁsm —) S (Ef -5 | (5.43)
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In what followsto pass into the spherical coordinate system with the vector pi(e) direct-

ing aong the axis z allows to present d3p(fe) intheform

d*p? =| pi? [2d | pi |2 ded(cose®) = (E(”)2dE{”de.

Using the expression obtained one may carry out integrating the expression (5.43) with-
out any trouble and obtains the Mott formula.

Notice, when the el ectron scattering were on aspinlesspoint particlethenin therelation
(5.33) one would make the replacement

Myz — (Pi + Pf)v(Pi + Pt )z

which would lead to the following value of the cross section

2(e)
do o E 0
<_d£2> = —Ie) cosZE. (5.44)
0 2E7sin“(0/2) ) E

Thusthe factor —iey,, corresponds to the Feynman diagram vertex describing the elec-
tromagnetic interaction of the point particles with the spin 1/2. For particles having the
composite structure, such as the proton, form of the vertex has more complicated view and
this form is not known on the whole. However, one may define the form of the proton
electromagnetic vertex (Fig. 26) from conditionswhich are enough natural for the quantum
theory. We mean the relativistic covariance and the four-dimensional current conservation
law or, what isthe same, gradient invariance.

bt

Figure 26. The electromagnetic proton vertex.

The number of elements from which one may construct the Lorentz covariant vector
operator of vertex isnot quitelarge. They are:
four-vectors

P_v = (Pt — Pi)v, Piv = (Pf + Pi)v,

four-tensors of the second rank
A%
€vios gu
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and the Dirac matrices

vectors pseudovectors
Y,u YSY,u
tensors pseudotensors
Ouv = I§ Y Y] ¥Y50uv
Yu¥vYa Y5YuYvYa

whereys = iv%y%y3, (al the other Dirac matrices products may be reduced to the one of the
listed above fourteen combinations by application of the anticommutation relations (5.20)).
From these quantities one can build twelve independent four-vectors vy, :

1 piy 2. p_y 3.
4. 6y, pHH 5. Gy, p 6. PPy
7. PPy 8. PPty 9. p-p-v

10. yse" "™y, pp« 1L PyPopry 12 prpopy
(multiplying every vector on ys one may a so introduce twelve pseudovectors which would
prove to be claimed when the parity violation effects are being taken into account, that
is, when weak interaction is switched on). We insert the same amount of the analytical
functions F; of invariant variable g> = p? and represent the proton electromagnetic vertex

in theform:
12

ieAy =ie Y R(q?)Viv. (5.45)

i=1

From Fig. 26 it is obviousthat the vertex operator, entering into the reaction amplitude,

is confined between the wave functions of the free proton. Consequently, we are interested
in the quantity

Jy = &y (ps) Avy(pi), (5.46)

which is nothing more nor less than the four-vector of the proton electromagnetic current
under ps — p;. We cal this quantity by the transition current. Then, using the free Dirac
equation for the spinorsy(p) and y(p)

(B—mp)w(p)=0,  W(p)(pP—mp) =0, (5.47)

one may reduce the number of the four-vectors vi, at the cost of redefining arbitrary func-
tionsF(g?).

Redlly, to apply Egs. (5.47) reduces 6,8 to 1,2 and converts 7,9 into zero. Further, in
consequence of the relations

W (pr) Py Pow(pi) = W(pr)[—2m3 +2(pi pr) v (pi),
11,12 and 4,5 are aso transformed to the kind of 1,2. Theinclusion of the identity
SV'UMYSY,u — % ( GMYV + Grvyk + GV}“YT) (5‘ 48)

and the Dirac equation reduces 10to 1 and 2. All thisallowsto exhibit the transition current
in the form

&P (pr)AvW(pi) = W (pr) [Fa(0?) Py + F2(0P) Py + Fa (@)W (i) (5.49)
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Since the current J, is conserved then multiplying the expression (5.49) on p_, gives

V(pr)F(0®)qPw(pi) = O.

Thisrelation, in itsturn, means that F»(g?) isequal to zero for all real values of g? # 0.
Then, from analyticity condition of formfactorsit follows

F2(q?) =0

for any g
Carrying out the Hermitian conjugation of the space components of the expression
(5.49) we obtain

{W(pe)[FL(@®)p+ +F(@®vw(p) T = (v (pr)volFL(@®)ps + Fs(Pw(p)} =

=" () [F} (aP)p+ — F5 (aP)vlyow(pr) =
=(pi)[Fy ()P +F5 (aP)v]w(ps), (5.50)

where we have chosen the y-matrices representation with anti-Hermitian y-matrices and
taken into consideration that the matrices y and yo anticommute with each other. When
pi = pr the transition current is nothing more nor less than the electromagnetic current J, .
Since the three-dimensional electromagnetic current is Hermitian (37 = J), then comparing
the left-hand and right-hand sides of Eqg. (5.50) we have drawn the conclusion

Fi(q) =F{(dF),  Fe(q) =F3 (), (5.51)
that is, F; and 3 are the real quantities. Further, the relation
P (p) = (iowp* +my)w(p). (5.52)
appears to be useful. To prove it one should multiply the equation
TuPW(p) = my(p),

by v, on theleft and transform the | eft-hand side by the following manner

W PW(P) = (o, + 1) PW(P) = (i + )PP (p).

It is convenient to represent the quantities F; (g%) and Fz(g?) as follows

(P) 2
Ad) = T2 R = A AR, (559

wherea(P) isthe value of the proton anomal ous magnetic moment expressed in the nuclear
magneton units. Then, based on Eq. (5.52) the expression for the transition current takes
the form

Jy = & (p1)[FL(0?) Psy + Fa(0P)vo]w(pi) = €W (pe){[Fa(0?) +aP Fo(0?) vy —
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(P) 2 (P)
S50 up) = ew(py) (ﬁ(qz)vwi;—r;fz(qz)c’m‘) w(p) =
= ey (pr)Avy(pi), (5.54)
where
a®
Av = <Tl(q2)vv+i%fz(q2)0vuqu> - (5.55)
p

So, the proton electromagnetic vertex ieA, has been represented through two the form-
factors %, > which hold all information concerning the proton structure. From Eq. (5.55)
meaning of the transition F(q?) — %(q?) has become clear as well. Now, the electro-
magnetic vertex operator consists of two terms where the former describes the Dirac type
interaction and the | atter does the Pauli type interaction. When (q?) — 1 the quantity A,
transfers into the vertex operator of the point particle having the spin 1/2 and the magnetic
moment (1+ a(P))uy, as demands the correspondence principle.

When g2 — 0, then gammarraying of the protonis performed by long-wavelength pho-
tonswhich do not ”see” internal proton structure. In this case we simply observe the point
particle. By this reason the nucleons formfactors must be chosen such a way that the fol-
lowing conditions are fulfilled

F1(0) =1, F2(0)=1  for proton,
F1(0) =0, F2(0)=1  forneutron. |-

When calculating the differential cross section of the elastic electron-proton scattering
we shall make use the expression (5.55) as the proton electromagnetic vertex. Then, the
proton tensor is defined by

Pr = 2SI (B -+ Mp) A% Py + )] (5.56)

Multiplying (5.33) on (5.56) we obtain the final result, namely, Rosenbluth formula

do (do 2/.2 alP)2q? 2, 2 9 2
do = (d_9>0{f1 (q )_Tm%fz (q )_Z—m% [F1(0)+

+alP) fz(qz)} Ztanz(e /2) } . (5.57)

The factor, standing in the braces of Eq. (5.57), describes the manner in which the
scattering process is changed because of the proton structure. When the proton were the
point particle, like the muon, then at any g7 one would have

aP=0 and F(P)=1

and the expression (5.57) would coincide with Mott formula. As one should expect, devi-
ations from Mott formula are most large in the region of small wavelength of the virtual
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photon, that is, in the region of the big values of g°. For example, when the electric charge
distributioninside the proton is described by the exponential law, then at g7 — o we obtain

do _ (do) g
do ~ \de /9 -

In order to measure the formfactors experimentaly it is convenient to redefine them
in such a way that the interference term 71(g?) 72(g?) will be absent in the cross section
(5.57). With thisobject in mind we introduce the el ectric and magnetic nucleon formfactors
(they are called Sachs formfactors as well)
aNg?
4m2

NP =+ LN GNP = A +aV (5.58)

where N = n, p. Then, the formula (5.57) takes the form

do _ (do\ | (G -d*(GW?/(2mp)* &
do (d_9>o

— (G{’A)Ztanzg] . (5.59)
L N (2 N (42
From definition of Gg (g°) and Gy (q°) follows

1=/ (2mp)? 2mp

1
GR(0)=0, Gf(0)=a" =—-1.91uy.

This suggeststhat G (g?) and G}, (g%) must be related with distributions of the charge
and magnetic moment of nucleon.

The experimental method of determining the formfactors is simple in description at
least. Let usfix g7 and plot the quantity

0 do [ do
2
fars)= 4o <d9>
dong the ordinate whereas the values of tan?(6/2) along the abscissa. Then the func-
tion f is represented as the straight line (Rosenbluth straight line) whose slope is
—?[G (6?)]?/(v/2my,)? and whose ordinate in the point

tan2 = 1
2 2(1-c?/(2mp)?]
equals (GP)2[1—g?/(2my)?] L. In other words, the straight line slope gives the value of
(Ghy)? while the ordinate does the value of (GE)2. Repesting this procedure under the
different values of g? one may define the formfactors as the functions on g?. True enough,
since we are dealing with the formfactors sgquares then the confused ambiguity, concerning
the formfactors signs, is being left. However, it will disappear if we take into account the
formfactors values at g7 = O (the sole exception is provided by G2 (g?) because G2 (0) = 0).

The neutron formfactors are found from the data of scattering off el ectrons on deuteron.
For example, under the analysis of the reaction

e +d—n+p+e
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one should subtract the contribution coming from the electron-proton scattering and make
the small correction on the nucleon coupling. The obtained data are in accordance with
assumption
GR(qF)~0,  Gl(d’) ~aGE(c?).
In Fig. 27 we display the proton formfactor dependence on the square of the transferred
momentum.

0 02 04 06 08 10 12 1.4 g°.(GeV/ec)?

Figure 27. The transferred momentum square dependence of the proton formfactors.

For point particles the formfactor is the constant. The formfactor dependence on ¢
which is observed in experiments means that the nucleons have a specific structure. The
experimental data are agreed with the so-called scale relations (the scaling law)

G ()
Ple2) — OM (a2 1
wherein theregion ¢? < 0.5 (GeV)? the uniform formfactor G(g?) iswell described by the
empiric dipole formula

G(e) = (1-?/mj) 7, (5.62)

mo = 0.71 GeV. At ¢? > 0.5 GeV? deviations of < 20% from the dipole formula are ob-
served. Notice, al the experimental data concerning the elastic ep-scattering may be de-
scribed if one assumes that the scaling law is valid and the uniform formfactor takes the
form of the two poles sum

b 1-b

G(qz)zl_qz/n{rl_qz/n%, (5.63)

where
b=-0.33, m; = 1.31 GeV, mp, = 0.64 GeV.
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Basing on the experimental data by measuring the formfactors it is easy to determine
the proton space size and the charge distribution character of the proton. In nonreativistic
limit g% < mf, we may neglect the change of the proton energy under scattering. Then,
in the rest system of the proton, the formfactor GE (g%) may be interpreted as the Fourier
transform of the static distribution of the proton electric charge

GE(q /p yexp(ig-r)dr, (5.64)

(for the point particle we have p(r) = 3(r) and the formfactor simply equals 1). Then, the
exponent entering into (5.64), may be expanded in aseries

~ /p(r) <1+i(q-r)— (q-zr)z —|—> dr.

Assuming the charge distribution to be spherically symmetric (p(r) = p(r)) we obtain

Nl——/p qrzdrwl——/p r2(4nr?dr) ~

9°
~l———<r?>,
6

where < r2 > isthe average val ue of the proton radius square. Measurements of the nucle-
onsformfactors lead to the conclusion that the average radius of the proton and neutron has
the order of 0.8 Fermi.

To establish the electromagnetic structure of the proton we should check what forms
of the charge distribution lead to the dipole formula (5.62) which well worksin the region
of small values of g?. It turns out that the positive result is provided by the exponential
distribution

p(1) = plr) = 22 exp (o), (5.65)
where my has meaning of mass of particle carrying interaction between nucleons. Really,
substituting (5.65) into (5.64) and choosing the spherical coordinate system with the axis z
along the vector g, we arrive at the result (0 is the azimuthal angle!)

=3 21 T
GR(?) = S—HE/O dr/0 d(p/0 dor?sin@exp(i | q | rcosd —mor) =

= (1-?/md) °. (5.66)
So, the distribution of the charge and the magnetic moment for the proton is described
by the sufficiently simple function, the exponent. Since the quantity p(r) tends to constant
under r — O, then it is obvious, that a nucleon does not have any hard core, that is, there are
no charges congestion in the center as it was in the case of atom. From it does not follow
in any way that structure elements are generally absent inside a nucleon. On the contrary,
distribution nonhomogeneity of the charge and the magnetic moment testifies to doubtless
presence of such objects. In order to ”see” and investigate the properties of blocks which
constitute a nucleon one needs to increase the resolution of our devices. In the quantum
language it means the following increasing de Broglier wavelength of the virtual photon,
that is, theincrease of .
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5.3. Bjorken Scaling

Without doubt that the energy growth of incoming el ectrons|eads to changing the character
of the collisionswith nucleons. So, at definite values of g2 the proton may be excited into
one of the nucleons resonances (A(1238), N*(1520),N*(1688), and the like) and emits the
n°-meson under returning to thefinal state (quasi-elastic scattering). On further increasing
the values of g2 multiple hadrons generation, a proton break-up into numerous fragments
(deep inelastic scattering), will take place. In such asituation, the identification of the final
proton state is out of the question. In Fig. 28 we represent the Feynman diagram for this
case.

I
I
Y ‘
I
I
I

& hadrons
P

|
)

Figure 28. Deep inelastic collisionsof electrons with hadrons.

Here, Pisinitial four-momentum of the proton and Ps isfour-momentum of final hadron
state. It appears, that now we aready havetwo independent variabl es, as distinguished from
the elastic scattering. To make surein thiswe introduce the quantity

(9-P)
Mp

: (5.67)

which simply isthe electron energy lossin the proton rest system, that is,

Let us see what a role plays the quantity v in the electron-proton collisions. Mass of a
fina stateis defined according to

M# = P? = (q+P)? = M3 + ¢ + 2mpv. (5.68)
From Eq. (5.68) we find the values of g? for the elastic scattering
o = —2myv, (5.69)
for exciting a nucleon resonance with the mass my

qF = —2mpv — M3 41y, (5.70)
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and for deep inelastic scattering (the proton converts into continuous spectrum through the
resonances region)
qF = —2mpv — M3 + M7, (5.71)

where M? forms continuous spectrum. We select the scattered electron in the fina state
and do not concretize hadrons system on which the proton is decayed. Such reactions are
called inclusive ones, since they include al what is possibleinto hadrons system. Then the
measured cross section is the cross sections sum including different final states of hadrons.
From (5.71) follows, since M? may take any values then the quantitiesg? and v are already
independent variables in the case of deep inelastic scattering. Therefore, the additional
kinematic degree of freedom appears under the inelastic electron-proton scattering. One
is clearly expecting, thanks to this circumstance, inelastic scattering investigation gives
more information than el astic processes investigation. In the case of inelastic scattering the
electron-proton interaction dynamics will already define the formfactors Wi »(v, @?) (since
they define the proton structure they are called the structure functions). Their precise form
can be established only within sequential theory of strong interaction, that, is, the QCD.
However, in order to determine W we again call to relativistic and gauge invariance for
help. Let usgo in thisway.

There are two vectors P, and ¢, in our disposal. Aswe are going to parameterize the
cross section, which has been aready summed up and averaged in spins, the matrices y;
are not included in consideration. The set of independent tensors which are built from the
vectors P, and g, isasfollows:

PMp°, aq°, PP, oq'P°. (5.72)

Based on the fact that the metric tensor g can al'so participatein our constructions, the
most general expression for the hadron tensor takes the form

W = 219" + aoP*P° + a3 + asP*q° + as PP, (5.73)
where a; isthe function of the scalars g° and v. From the current conservation law follows
WA = goW* = 0. (5.74)

Then, muitiplying (5.73) on @, (do) and equaling the coefficients at ¢° and P° (¢ and
P"), we arrive at four equations:

a; +azq +a4(Pq) = 0, (5.75)
ay(Pq) +asq” =0, (5.76)
a; +azq’ +as(Pq) = 0, (5.77)
)

ax(Pq) +asq® = 0. (5.78

Subtracting (5.76) from (5.78), we obtain a4 = as. That, in its turn, means that Egs.
(5.75) and (5.77) coincide, i.e. there are only two equations to define four quantities. We
choose a; and ay as the independent quantities. From Eqgs. (5.77) and (5.78) we find:

az(Pq) a  [(Pg]?
a4: - q2 5 a3: —?—1— |:7 a2. (579)
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Using therelations (5.79) and introducing the designations

Wo(v, o)
= —W]_(V,qz), P=——7,
mg
we obtain the final expression for the hadron tensor W*°:
Mo 1 (Pg)a*
W — [ _gro £ T9 2, T pr_
( g+ q2 1(V’q)+m§| q2
P (6
x [P"— %] Wo(v, 62), (5.80)

where W »(v,q?) are the functions defining the nucleon structure. Multiplying (5.80) with
the electron tensor L, ( Eg. (5.33) ) and neglecting the el ectron mass we obtain the follow-
ing expression for the doubly differentia cross section of the inclusive ep-scattering in the
laboratory system

() = 0o Z\N]_(V,q )tan 5 +VVZ(Vaq ) ) (581)
dQdE; 2

where

2
o 0
() ee? 82
% <2Ei(e)sin2(e/2)> 2 (582)

From (5.81) it follows that the functions W » have the dimensionality of length. The
comparison of (5.82) with (5.44) makes obviousthefact that oy isnothing else but the cross
section of the elastic scattering off electrons on the point spinless particle having infinitely
large mass.

The structure functions Wi »(v, g?) represent the inelastic analog of the formfactors of
the elastic scattering. Technique of their experimental determination is aso simple. When
one fixes the variables ¢?, v and plots the val ues of

d’c 4

f(tan?(0/2)) = ——=0;
dQdE®

aong the ordinate whereas the values of tan?(6/2) along the abscissa, then f(tan?(6/2))
is displayed as a straight line. Its slope is equal to 2Wi (v, %) and its ordinate is equal to
Wa(v,g?) at the point tan?(6/2) = 0. In Fig. 29 we represent Wa(v, g?) as afunction on v
for different values of g2 at 6 = 6°.

At small values of v the peaks of Wx(v,0?) correspond to the elastic formfactor and
the resonances excitation. At v > 3 (GeV)? the final states hit on the continuous spectrum
region and the curve is flatten. When v > 4 (GeV)? all the experimental points of Fig.
27 lay on the same curve for any values of g°. Let us try to understand all the following
consequences.

We define the dimensionlessvariable

X = 0<x<1, (5.83)
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Figure 29. TheWs (v, g%)-dependence of v under different values of g?.

which is connected with the hadron system invariant mass Mt by therelation
M% =mj —q?(1/x—1).
Onelogically passes to the dimensionless structure function too
WL(V, 6%) = Ga(x,07/mp). (5.84)

Atv > 4 GeV? the quantity Gy (x, g%/ mf,) becomes the function on the variable x only.
In other words, when one fixes x, then the plot of G;(x,q?/m?) versus x is represented by
thestraight line being parallel to the ordinate. The experiments show that the other structure
function has the anal ogous behavior

MW (v, @F) = Ga(x, 67/mp), (5.85)
wherewe have again passed to the dimensionlessvariable. Thus, inthedeep inelasticregion
[P I>mg, v my, (5.86)

the structure functions Gy »(x, g%/ mf,) become independent from any scale or they are scale
invariant.

Recall, that the scale invariance, the scaling, is the invariance of physical theory with
respect to space-time transformations

X — PX, t — pt, (5.87)
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where p > 0 isanumerical parameter of transformation. In quantum theory the transfor-
mations (5.87) are supplemented by ones

p—pp, E—pE (5.88)

Physical quantities are changed in accordance with their dimensionalities under the
scale transformations. So, an electromagnetic field vector potential and a current are trans-
formed by the law

A — pflA, j— p73j.

It is evident that dimensionless quantities are scale invariants. The particles masses
also fal into this category. When the masses or other dimension quantities, which are not
changed under the scale transformations, do not enter into motion equations or boundary
conditions, then the corresponding theories are scale invariant. Free Lagrangians of the
photon field and the gluon one possessthe scaleinvariance. Clearly, in therea world where
gravitational, weak, electromagnetic and strong interactions are switched on, the scaling
does not take place. The absence of the scale invariance is caused in the first place by the
fact that for physical particlesthe relation must be fulfilled

= P +p>.

Itisobviousthat thisrelation is not invariant with respect to the transformations (5.88).
On the other hand, there are no reasons which would obstruct exhibiting the scaling in
Nature. As we saw, the scale invariance of the dimensionless structure functions, taking
place in the deep inelastic ep-scattering, is one of such examples. Even before the first
experiments for studying the inclusive electron-proton scattering, J. Bjorken predicted the
scaling of the functions Gy »(x,q?/m?) in the deep inelastic region, that is,

Gl X, 0%/ m2) — Fl X),
(X qz/mg Fo(x) } (5.89)
under
| |—e, Ve

and x is fixed. On this reason the phenomena of the structure functions scale invariance
is named by Bjorken scaling. More later experiments, fulfilled on electrons, muons and
neutrinos beams, displayed that Bjorken scaling is not exact (true, violation isinsignificant
and may be considered as a correction to the basic effect). We shall not go into causes of
scaling violation since that is beyond the framework of the book (successive explanation
could be obtained within the QCD only). At the given stage the more important thing for
usisto understand conclusionswhich follow from the scale invariance.

The behavior of the functions Gy 2(x, g%/ mf,) is greatly distinguished from the corre-
sponding behavior of the elastic formfactors Gg v (g?). Whereas Ggm(g?) sharply fall
down with the increase of | @2 |, at | g7 |— o~ the functions Gg m (g?) do not depend on g2
at all. Thislooks like that the proton would not have the electromagnetic formfactors in
the deep indlastic scattering region. In other words, in this case the proton behaves as a
point particle. However, the proton is not the point particle and its size defined from the
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elastic ep-scattering is far from small ~ 1 Fermi. The only reasonable explanation of the
experiments on ep-scattering resides in the fact that the electric charge inside the proton
is concentrated in severa points, that is, in particles entering into the composition of the
proton. All thismay be formulated by a somewhat different way. The presence of the scal-
ing means that such dimensional parameters as the proton mass my, and the corresponding
length ~ 1/m, do not play any significant dynamical role in the deep inelastic scattering
processes, that is, there is no distances scale in this case for the proton. Explain aforesaid
on the example of an atom. In an atom, asidefrom itsown size, there is one more distances,
scale, the size of the atom nuclear. Thanks to uncertainty relation, the scale of distances
isinversely proportiona to the scale of energies. Existence of two scales in an atom leads
to the fact that processes, taking place with it at low and high energies, are distinguished
from each other by theradical way. When the distances are bigger than the nuclear size Ry,
the system is approximately described by Coulomb potential. However, when the distances
have the order of Ry or are smaller than Ry, Yukawa potentia works. In that case when one
scale is available, the qualitative change of the processes character is not in progress under
energy increase. To put it otherwise, for the proton in particular, and for hadronsin general,
the second scale is equd to infinity in the case of the inclusive scattering. This means, if
hadron really represent the composite particle, then particles, entering to hadron, should
have the negligibly small size, that is, they should be point or, what is the same, structure-
less. At collisions with these hadron blocks the electrons can be often scattered through
large angles just as a-particles were scattered in Rutherford experiments when they were
finding their way into atoms nuclei.

5.4. Parton Mode€

To prove the scale invariance of the structure functions Gy 2(x, g2/ mf,) Bjorken used the
hadron currents algebra. One naturally expected the appearance of the model which could
explain the scaling from the point of view of the hadron structure. With thisin mind, in
1969 R. Feynman suggested the parton model, the brief content of which we shal give
below.

Extended nucleon (and any hadron as well) does not represent formation which is
smeared by the continuous way in the space, but it consists of weakly confined point par-
ticles (partons). The scattering of the high energy electron occurs on partons incoherently,
that is, the electron is elastically scattered on one of partons, not affecting others. Ev-
ery nucleon participates in the inelastic reaction by only one parton (active parton), which
transfers the fraction x; (i is the index of parton kind) of the hadron four-momentum P,.
Thus, for the ith parton we have

p=xP, E=xE, (5.90)

When one denotes the partons number density, the parton distribution function, by
fi(xi), then fi(x)dx defines the number of partons with the four-momentum x,P, in the
range from x; to x; + dx;. However, under fulfillment (5.90) the parton mass provesto be a
variable quantity which seems strange at least. The situationis clearing up in the reference
system where the time component of the vector g, isequal to zero (such systemreally exists
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since ¢? < 0). Tofind it we consider the system K which moves as related to the |aboratory
system with the vel ocity v being parallel to the vector g. Using L orentz transformation we
obtain
o= VI
V1i—2
where we have supplied the quantities in the laboratory system by the prime. When one
chooses the velocity v to be equal to

(5.91)

/
ve b

[
then from Eq. (5.91) follows that we have achieved our goal — gg = 0. It isclear that in
the system K the nucleon momentum is equal to

(5.92)

mnVv

Pl=—. 5.93
Pl= (5.99
Using (5.92) and taking into consideration g = v, we obtain
mnv
|P|=— (5.94)
/Q?
and 22
pz— TN _ TNV (5.95)

@ 27
where we have passed to the positive quantity Q> = —g? for the reasons of convenience. In
the deep inelastic region the relations (5.86) take place, therefore,

| P[> my P — co. (5.96)

Thus, in the Lorentz system where go = 0 and therelation (5.96) isfulfilled (the system
of infinity momentum (SIM) ), one may escape the question about a variable mass of a
parton, if one assumes both my and my being equal to zero. The notion of partons has sense
only in the reference system where a nucleon moves with the relativistic velocity. This
circumstance is the reflection of the aready known fact, that only the high energy virtual
photon (| ¢ |> 1—2 GeV?) may discern a parton. In the SIM the momentum transverse
component (as related to the direction of the nucleon motion) of a parton appears to be
negligibly small. Really, in the rest system of a nucleon the mean sgquare longitudinal and
transverse parton momenta are equal each other. It is clear, that in the SIM, whose vel ocity
as related to the laboratory system is close to the light velocity (v = v/+/v2 — g2 =~ 1) the
longitudinal parton momentum is much more bigger than the transverse parton momentum.
Thetransitionto the SIM has one more advantage, namely, it shedslight on a parton behav-
ior in a nucleon. In this system the interactions acts frequency of partons with each other
decreases, by virtue of the relativistic delay of the time. Thus, in the short time interval
between interactions of the virtual photon with the parton, the parton behaves as a nearly
free particle. Scattered partons (active partons) and the initial hadrons residues, which did
not take part in interactions (the set of passive partons), turn into final hadrons thanks to
strong interactions. The final hadrons produce two jets, one in the direction of a scattered
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parton, and other in the direction of an initial parton momentum. A hadron jet represents
the set of hadrons having small (the order of 300 GeV) transverse momentarelative to the
motion of the parent particle. The jets existence already on its own serves as evidence of
weakness of hadron matter interaction on the small distances. Indeed, if the hadron matter
produced what amounts to dense high excited cluster, then the isotropic configuration with
alarge value of an average transverse momentum (the order of an collision energy) would
be natura for outgoing secondary particles.

The parton model proves to be extremely fruitful. First and foremost, with its help
one managed to prove the scaling behavior of the structure functions Gy 2(x, g?/m3). This
model also gives an opportunity to establish the parameters of partons participating in elec-
tromagnetic interaction. Evidently, it would be rather attractive to identify the partonswith
the quarks. From quantum laws, quarks in hadrons can exist both in real and in virtual
states. We agree to call the real quarks by the valence quarks®. So, three valence quarks
enter into baryons whereas mesons consist of valence quark-antiquark pairs. Just valence
quarks define additive quantum numbers of hadrons (el ectric charge, strange, baryon charge
and so on). Thankstothe uncertainty relation, quark-antiquark pairs could be supplemented
to valence quarks on a short time. One natural calls the quarks forming the sea of virtual
guark-antiquark pairs by the sea quarks. For the belief to the quark-parton model to be
strengthened, the electric charges and the spins of quarks should be measured. As a con-
sequence of detail measurements and comparing the experiments on various hadron targets
they managed to select the contributions coming from different kinds partons and define
partons electric charges. It appeared that they coincide with the quarks electric charges,
namely, are equal to 2/3 and —1/3. Experiments unambiguously defined that the spin of
the charged partonsisegual to 1/2.

To investigate the electron-nucleon scattering gives the opportunity to define the nu-
cleon momentum fractions, which are transferred by quarks and antiquarks, when the nu-
cleon moves with the big velocity. The quarks and antiquarks contributions to the nucleon
momentum could be expressed through the quarks and antiquarks distribution functions

3, [ e i+ 09) = 1 (5.97)

where we have took into account the contributions coming both from valence and from sea
guarks. If one assumes that the quarks and antiquarks are the sole pretenders on the partons
role, then € must take the value 0. In the end of 60s of XX century the experiments on
probing the nucleons by virtue of the electrons were fulfilled at SLAC (Stanford Linear
Accelerator Center) and some years later (in 1973) the similar raying of nucleons with the
help of the neutrino beams was carried at CERN (Conseil Europeen pour la Recherche
Nucleaire). These experiments gave
€~ 0.5.

Thisresult means that nearly 50% of the nucleon momentum are transferred by partons
which do not take part both in el ectromagnetic and wesk interactions. In the QCD only the
gluons, which are the carriers of the strong interaction between quarks, may pretend on the
role of such particles.

1Such quarks are also named by the block or constituent quarks.
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At present we discuss the question about the quarks masses. The particle mass could
be exactly determined on its energy only for the free particle. Since the free quarks are not
discovered up till now, then one assigns the precise meaning to their masses with difficulty.
The quark mass problem is very similar to the problem concerning the electron massin the
solid state physics. The electron, when it is moving in a solid, behaves as a particle with
the "effective” mass mes, which is significantly distinguished from its true mass m. More-
over, mes may depend on the motion features, because in the reality the masses difference
Am= meg; —mis caused by interaction of the electron with objects surrounding it. In this
sense the masses of all the quarks are " effective’, because they are defined in the processes
in which the quarks are interacting with other particles. For thisreason the quarks masses
values, found under analyzing the energy levelslocation of the bound states (quarkoniums),
may appreciably differ from those val ues which correspond to theweak decay of the quarks.
They distinguish the current and constituent (block) quarks masses. Since, in the quantum
field theory the interactions are formulated on the language of currents and potentials, it is
natural to call the quarks entering into Lagrangians by the current quarks. Thus, the current
masses concern to naked quarks and they do not take into account the contributions com-
ing from their gluons and quark-antiquarks fur coats. In the QCD the current quark mass
provesto be depended on the momentum transferred to the quark and be decreased with the
momentum growth. So, at the scale ~ 2 GeV the current quarks masses are confined into
theintervals

15MeV <m, <5MeV,  3MeV <my<9MeV, } (5.98)

60 MeV < mg< 170 MeV.

Thanksto thefur coats contribution, the block masses exceed the corresponding current
masses on 300 GeV approximately. From (5.98) it becomes clear that the success of the
U (2)-symmetry is basically caused by a closeness of the masses of the u- and d-quarks.
The symmetry with respect to the SU (3)-group, which includesthe more heavier s-quark, is
aready violated much stronger. However, on the irony of fate, just the approximate SU (3)-
symmetry found the exact symmetry status in the same quark walk of life, provided that it
is being used to describe interactions between quarks.

55. Color

So, late in the (19)60s, the hypothetical quarks have been acquiring the status of objects
thereality of which, whileindirectly, manifestsin experiments. However, the quark model
has alot of unresolved problems, as before. One of problemsis connected with the quarks
statistics. Asan example, we consider the Q~-hyperon entering into the 3/2" baryon de-
cuplet. Its total wave function is the product of three wave functions which express the
dependence on the space variabl es, the spin and the unitary spin, that is,

Yo =¥ (No(S)0(SM), (5.99)
where the quark filling of the Q~-hyperon may be schematically represented by the follow-

ing way
O(S") =|s1sTs]>, (5.100)
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(the arrow on the quark symbol defines the direction of the spin projection). It is clear that
©(S"M) is completely symmetric with respect to any transposition of the s-quarks. In the
case of three spinsparalelism ®(S) isaso symmetric. Since the symmetry character of the
wave function space part is determined by the factor (—1)" (for the 3/2*-decuplet, L = 0),
then ¥ (r) proves to be symmetric under the three quarks transposition as well. Thus, the
total wave function of three s-quarks system appears symmetric. However, the quarks have
the half-integer spin, consequently, they obey to Fermi-Dirac statistics and Pauli princi-
pleisvalid for them. As aresult, the total wave function ¥o must be antisymmetric. To
prove Pauli theorem about the connection of the spin with the statistics is based on such
fundamental concepts of the quantum theory as the microcausality and locality. Therefusal
from this theorem were tantamount to Aurora volley announcing the October revolution
beginning in Russia. But the evolutions way aways was more preferable than the myste-
rious ways of revolutions. The painless solution of the conflict with the statistics proves
to be possible under introducing the new discrete variable. This variable, called color, is
assigned to all the quarks independently of the flavor. By the example of the Q~-hyperon,
it is clear that the minimum number of the new variable values should be equal to 3. We
are restricted by three values for the color degree of freedom and shall designate them as
R (red), G (green) and B (blue). To introduce the color alows to put three quarks into
one and the same quantum mechanical state inside a hadron. For Pauli principleto be ful-
filled, the baryon wave functions must be antisymmetrized on the color variables . So, the
Q™ -hyperon wave function part, connected with the unitary spin, has the form

3

1
(9(S(un))zw3 D, EijkSSiSk, (5.101)
ket

where the coefficient % is related with the normalization, and not entirely convenient in-
dicesR, G, B are simply replaced by 1,2,3.

When we are talking about the kinematic aspects of the quark systems, three internal
degrees of freedom, the colors, are conveniently considered as the eigenvalues of the color
spin operator (Fig. 30). It should be stressed that by the definition the color spin operator
has non-zero valuesfor quarks and gluons only.

B R

Y
Figure 30. The color spin operators.

If the hypothesisof the quarks confinement isvalid, the col or spin belongsto the number
of the hidden degrees of freedom. This, in its turn, means that all the particles, which
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are being observed in the free state, must have the color spin being equal to zero. Asit
follows from Fig. 30 there are two ways to obtain a colorless (or white) hadron. The first
way is to mix three different colors (or anticolors) whilein the second way every color is
mixed with the corresponding anticolor. Then, for any baryons, whose wave function with
consideration both for flavor and for color will be writtenin the form

3
B € 198 Ovks 5.102
afy = \/6 | J; i jkCoi OB j Gyk ( )

the color spins are mutually compensated and the total baryon color equals zero. Anal-
ogoudly, the mesons prove to be colorless because they consist of mixture of color and
corresponding anticolor in equal proportion

[} q (5.103)

5"‘
Mw

o
Mg =
i=1

L et us express the hadron colorless in the strict mathematical language. Assumethat a
guark changes its color, to say, it goes from one color state to another. Moreover, we shall
consider that this new state is the linear combination of all the possible old states (for the
sake of simplicity, we omit the flavor indices of the quarks)

3
o = Y Uijq;. (5.104)
i=1

Now we require hadrons to have one and the same view both in the old and in new
variables, i. e. hadrons should be the invariants of the transformation (5.104)

3 3
>.4idi = Y, qd;, (5.105)
i=1 i=1
3 3
Y eindditc= Y, iKGidjck- (5.106)
ivjvk:]- |,]7k:1

Asthe antiquarksq are transformed by the complex conjugated matrices U *, then from
(5.105) follows

3
Euijui?n = Sjm,
i=1

that is, the transformation (5.105) is performed by the unitary matrices. In its turn Eq.
(5.106) leads to the condition
detU =1 (5.107)

which means that the transformation (5.105) is special. So, the transformationsin question
consist the special unitary group in three-dimensional color space, the U (3)-group, that is,
the explicit form of (5.104) isas follows

qj = [exp(ictaTa)] jy Ok, (5.108)
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where a = 1,2,...8, o, are the real parameters and T, = A,/2 are the group generators.
Further in order to distinguish this group from the group on flavors we shall be talking
about it as the color group U (3).. The observed hadrons are invariant with respect to
the transformations of the U (3)c-group or, what is the same, are the color singlets. The
color spin introduction liquidates not only the conflict with the statistic, it also forbids the
existence of bound qg-states (of thetype RB, GR, and so on) on the strength of the postul ate:
only the colorless hadrons are observable. Thus, the color scheme explains the exceptional
role of the quark combinations qqq, g, and g in Nature.

Now we address to the dynamical aspects of the color hypothesis. It is evident that
when we are considering the quarks dynamics the quark interactions should be taken into
account. In this case, therole of the color degree of freedom ismost of al similar totherole
of theelectric or gravitational charges and, let they forgive usfor thisterminological liberty,
we shall be speaking about not the color spin but about the color charge. The quantum field
theory describing interacti ons between quarks, the QCD, isbuilt on the ground of localizing
the U (3)-symmetry by analogy with the quantum el ectrodynamics in which the Abelian
gauge S(1)-group islocalized. We shall be speaking of it in the sixth chapter. Now we are
sufficient to know that thelocal gaugeinvarianceleadsto the conclusion about the existence
of the massless gluons octet, the carriers of interaction between quarks. Since the gluons
are connected with the color quarks, they are the color charge carriers. The gauge invariant
Lagrangian of the QCD has the form

1 .
LQCD = _Zsz (X) GIE:JIV (X) +W(X) [IY,UDIRJJ' - mQSRj]qj (X)a (5 109)

wherea=1,2,..8,
Giy (%) = 3,G5(X) — 0vGE(X) + gs fancGp(X) G (%),

= 260 (halj

G| j isfour-dimensional potential of the gluon field in the point x (its components represent
the Hermitian 3 x 3-matrices in the color space). From (5.109) follows that the two color
gluons bear the color and anticolor charge. It is clear that the combination depleted of the
color charge go = RR+ BB + GG is the color singlet. Exchange of this singlet changes
by no means the color state of the quark, and consequently, go can not pretend on the role
of particle bearing the color interaction between the quarks. The color parts of the wave
functionsfor residuary eight gluons can be established by just the same manner asthe wave
functions unitary parts of the baryon octet were found. Having fulfilled the replacements

Dij = Skjdu+19:G; (%), G(x)

u—R, d— G, s— B,

inFig.21 and in Egs. (5.3), (5.4), we obtain the following expressions for the gluons wave
functions color parts

01 = RG, g2=RB, 93 =GR g4 = GB,
gs=BR g = BG, g7 = \/g (RR-GG), (5.110)
s — \/E (RR+ GG — 2BB).
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As the gluons have the color charges they can interact with each other. For this rea-
son the QCD is the nonlinear field theory or, to put this another way, the QCD includes
the Feynman diagrams with the vertices which describe emitting or absorbing the gluon
caused by the gluon. The inclusion of the gluons contribution into vacuum polarization
allowsto explain the quarks behavior specificity at large transfers of the momentum. With
penetrating in the gluon fur coat which surrounds the quark, the quark color charge is being
decreased. This means that in the limit of infinitely small distances separating the quarks,
the color interaction between them is switched off and they behave very similar to free
particles (asymptotic freedom). In the case of the deep inelastic scattering off electrons on
protons the quarks, which exhibit themselves as partons, are in the protonsjust in the same
condition.

To build the successive quantum theory of quark-gluonsinteractions we are needed to
use the so-called interaction representation in which the quarks and gluons are described
by the free equations of motion. It is apparent that in the QCD such an operation is not
absolutely lawful because the quarks and the gluons are not observed in the free states. The
guarksin hadrons might be considered as free particles at small distances, and only in this
case it is lawful to use the QCD, based on the perturbation theory methods (perturbative
QCD). With the growth of the distances between the quarks the effective coupling constant
of the quarks increases and, as a result, the perturbative QCD has not ceased to work. By
now the quarks confinement has not received the final understanding within the QCD, that
is, it has been remaining only the hypothesisconfirmed by experiments.

Let us briefly discuss some model swhich explain the confinement of quarksand gluons
inside hadrons. So, one may account for the confinement by that the hadrons in the color
states are much heavier than those in the colorless states and, for this reason, the latter are
not observed in up-to-date experiments. The analogy with atoms helps to understand this
idea. Let the neutral (nonionized) atoms correspond to the white hadrons while the charged
ions do to the hadrons color states. It is clear that theions have larger energy and are going
to come back in the neutral atom state. Such a tendency is explained by the fact that the
electromagnetic interaction, which could be approximately described by Coulomb potential
Ve ~ dlem/T in the atom case, acts between the electric charges. One naturally assume that
there exists color interaction to hinder flying the quark out the hadron. Thisidea has found
embodiment in the enough descriptivebag model. The simplest variant, the MIT bag model
(Massachusetts technology Institute), is based on the assumption: a hadron represents the
bag with the sharp borders to hinder flying out all color objects. The hadron system is
described by the Lagrangian function

L:/dr[[,QCD— £(r)], (5.111)

where f(r) defines the walls pressure and, consequently, makes provision for the confine-
ment both quarks and gluons. If the quarks become widely separated then the gluon fields,
propagating between the quarks, are stretched into straight lines and the bag takes the form
of the tube. In the case of interaction of quarks with antiquarks the picture looks the most
simple. When one forgets about the nonlinearity for the time being, then the system qq
would be similar to the electric dipole whose field lines distribution in the space is dis-
playedinFig. 31 a
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Figure 31. Thedistributionsof thefield linesin the gq system.

The presence of interaction between gluons results in compressing these lines into the
color field tube, the gluonguide (Fig. 31 b). The interaction structure is such that the
tube cross section area S is kept constant under the growth of the distance between the
members of the pair g (r). But thefield line numbers depend only on the sources charges.
Consequently thefield strength in the gluonguideis being kept constant and the field energy
increases proportionally to the tube volume S. Since the cross section area S is fixed
the energy of the system qq is linearly increasing with the growth of r. It means that
any process, in which the energy finite amount is transferred to this system, is not able to
separate the quark from the antiquark. In reality the flux tube can not be stretched infinitely
since the production of the quark-antiquark pair from vacuum has become energetically
more profitable which correspondsto the transition of the one-hadron state into two-hadron
state. In the first approximation the effective potential of interaction between q and g has
the form

Ve(r) = —g% AT 4V, (5.112)
where A and Vp are positive constant quantities, that is, it looks like awhirlpool (Fig. 32).

U(l’) ES

Figure 32. The effective potential of interaction between g and 7.

The first Coulomb-like term ~ 1/r corresponds to the one-gluon exchange (the ana-
log of the one-photon exchange in el ectrodynamics), and the linear term ~ r providing the
quark confinement inside the hadron is explained by the contribution of multigluons ex-
changes. In the next approximation the rel ativistic corrections, the spin-spin and spin-orbit
interactions, are taken into account in the expression for the potential V¢(r). Thus V®(r)
does not decrease with the distance to the source but it increases as one moves farther and
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farther away from the source. Just the same reasons can be applied to any composite color
singlet. If onetriesto disjoin some color part of thissystem (say, aqg-pair inabaryon) from
others, itsenergy will linearly increase resulting in the confinement of color components.

One more sufficiently perspective attempt of the confinement explanation is the so-
called Wilson lattice theory. In lattice theories one is assumed that the space and time do
not make up a continuum but represent the points discrete set which resemble the crystal
lattice (most commonly, the cubic one). The quarks are placed in the lattice sites and the
field lines of the gluons field connect lattice arbitrary site with its nearest neighbors only.
Further one is assumed that the energy of interaction between quarks or between quarks
and antiquarks is proportiona to a length of a string to connect them. One may draws
uncounted set of strings between two points of a such space-time. In the lattice theory
the quantum mechanics average is fulfilled on these strings. Integrals appearing in the
process may be analytically calculated in the region of so called strong coupling when the
lattice step is much more bigger than the typica scale of the quantum fluctuations of the
gluon fields (~ 10~%2 cm). The pass to the continuous space-time is realized by the way of
decreasing the lattice step. In this case since the lattice sites are merged with each other,
then the problem of calculating the large multiplicity integrals appears. The problem is
usually resolved with Monte Carlo method. As this method could be applied to the finite
multiplicity integrals the lattices with the finite number of the sites along everyone of four
axes are only considered. Inthelong run one may show that under the certain conditionsthe
guarks confinement taking placein the strong coupling regionis persisting under decreasing
the lattice step as well.

Since the gluons bear the color they can not exist in free states as well. If the QCD
is true, one should expect the existence of hadrons containing only the gluons. The most
simple bound gluon stateis two gluonsforming the color singlet. Of course, one may build
the color singlets from three and more gluons. Hadrons of such akind are called gluonium
or glueball. Different glueballs may be discriminated by the spin and the mass only. From
thetheoretical point of view the gluonium identification seemsto be very difficult because it
isimpossibleto point the decays or other properties of the gluonium which would certainly
discriminate the gluonium from the quarkonium having the same quantum numbers. On
the other hand, cal culations show that the most i ntensive gluonium formation must occur in
those reactions and decays in which the gluonsrather than the quarks are produced at small
distances. Examples are found in decays of heavy mesons y and Y. However, up to date
the gluonium has been discovered. The numerical calculations on a computer being done
within the QCD allow to obtain the definite predictions concerning the masses of the most
light glueballs. In doing so the typical masses scale proves to be of order of 1.5 GeV.

One such a confirmation of existence of the quarks and gluons is the processes of de-
tecting the hadron jets. To understand it we recall how elementary particles are observed in
Wilson chamber. The track left by the particle is not manifestation of the particle itself at
all. It isthe result of interaction between the particle and matter filling the chamber. This
interaction leads to the production of great numbers of ions along the particle trgjectory.
It is evident that the interaction distorts the elementary particle motion. For high energy
particles (only such particles have left the track) such distortions (for example, the track
jitter in a transverse plane) are negligibly small and we could state the trajectory of itself
particle is being observed directly. Analogously, the multiparticle cluster of fast hadrons
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with small transverse momenta, the hadron jet, is the track for a parton which is outgoing
from the deep inelastic scattering region. The jet is not only the visualization way of the
"free” quark or gluon but the form of their existence as well. Here a vacuum, a structure
of which is set by the QCD, plays the role of an environment filling the track chamber.
In this vacuum, just the same as in the QED vacuum, small-scale fluctuations (SCF) are
present thanks to the asymptotic freedom phenomenon. Apart from the SCF, gluon fields
long-wavelength fluctuations (LWF) caused by nonlinear character of the QCD exist. At
thistime, the notions of "small” or "large” are determined from the viewpoint of a parton,
that is, the LWF are realized on the distances of the quark Universeradius (~ 1 Fermi). The
LWF correspond to thereally strong interquarks interaction. Just they play therole of ” mat-
ter” with which a high-energy parton interacts. The average transverse momentum < pr >
of creating hadrons just conformsto the LWF scale:< pr >~ 300 MeV ~ 1 Fermi—1. Thus
the hadron jet created by the quark or the gluon may be identified with the itself quark or
gluon in just the same sense as the drops chain in Wilson chamber is considered by the
particle trgjectory.

In 1975, basing upon the results of analyzing the e” e -annihilation into hadrons on the
electron-positron storage ring SPEAR, the Stanford research group announced on the dis-
covery of the quark jets. It has appeared that when the jet energy grows the average angle
of the jet spread decreases, that is, hadrons are increasingly gathered round the direction
of flying away q and . At the jet energy of the order of 18 GeV the hadrons which con-
stitute the jet occupy only 2% of the total solid angle. Investigations have aso shown that
the correspondence quark«—jet has the universal character. This means the composition of
hadronsin jet (relationships between p, n,rt, K and so on) and hadrons distribution on mo-
menta do not depend on what concrete reaction the given flavor quark, the jet primogenitor,
is produced.

Thefirst indirect manifestations of gluon jets (1979) were connected with researching
the decays of the Y-meson! into hadrons. According to the QCD the three gluons must be
produced at annihilation of the bb-pair, that is, the decays in question must have the three-
jets nature. True enough, in the case of the Y-mesons it is difficult to observe three gluon
jets directly because the gluons energy is too small as yet. For this reason two indirect
methods are used. The essence of the former is as follows. Usudly, at large energies
in the result of the electron-positron annihilation two quark jets in the opposite directions
are created. If one increases the energy Eqn, to an extent that the Y-meson begins to be
born, the situation will be changed. In the final state instead of the quark-antiquark pair
three gluons will be created, their momenta being allocated now on the whole space. Asa
consequence, at E¢y, > my the two-stringsstructure of the created hadrons, which existed at
Ecm < my, should disappear. Just that effect wasregistered at DESY (Deutsches Electronen-
Synchrotron).

The second method of the indirect observing the gluon jets was based on the events
kinematics. At the electron-positron pair annihilation the Y-meson is created in the rest.
Conseguently, the total momentum of the created gluons must be equal to zero as well.
But three the three-dimensional vectors the sum of which equals zero must lay in the same
plane. With the good precision this should be also fulfilled for the particles momenta of

1This meson represents the bound state of two quarksb and b to be dealt in the next section.
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the final hadron state. Of course, this plane is varied from one decay to the another. The
analysis of the Y-decays showed the final hadrons momentado lay in the same plane.

In the same year, alittle bit later, under increasing the PETRA (Positron-Electron Tan-
dem Ring Accelerator) energy up to 20 GeV the bremsstrahlung of the gluon by the quark
was observed in the following process

et +e —qg+q+g.

The additional hadrons created by the bremsstrahlung gluon should lead to the az-
imuthal asymmetric thickening of one of the quark jets. With the energy increasing and
the enhancement of the statistics set one managed to select the gluon from the basic jet
and measure the distributions both on energy and on the angle of flying out the gluon jet.
Mesasurements have shown the new jet behaves similar to the bremsstrahlung photon in the
reaction

et +e —ut+u +y,
that is, just as the particle with the spin 1 should behave.

Once one has managed to " se€” the quark, the next task was to count the quarks number
(with allowance made for the color and the flavor). For this purpose the process of the
et e -annihilation into hadrons appeared the most suitable

et +e —»q+q— ljet+2jet. (5.113)

The quark and the antiquark which are produced at the reaction second stage can not ex-
istin the free states since they are the color objects. They extract the color quark-antiquark
pair suitable to them from a vacuum and recombine with this pair into colorless hadrons
which fly apart as two jets directed oppositely. At sufficiently high energies the contribu-
tions coming from created quark-antiquark pairs with different colors and flavors are non-
coherent, that is, the total cross section of the reaction (5.133) is presented in the form of
the cross sections sum over quarks of all the colors and flavors. The cross section obtained
may be compared with that of the e e annihilationinto other point particle, muons,

et +e —sut+u . (5.114)

Both the quarks and charged leptons are described by the Dirac equation. However,
mass and charge entering into this equation are quite different for quarks and leptons. In
the case of high energies one may neglect their masses to get the following expression for
theratio of the cross sections of thereactions (5.113) and (5.114)

R_ Gete —hadrons _ iOete —qT _ 2 (ﬁ)z (5.115)

Ge+ e *)Ilfrlll* Ge+ e *)Ilfrlll* i e

If the quarks did not have the color degree of freedom this ratio would bet

(s e

1Running ahead we stress, it is valid only when energies are smaller than the threshold of creating hadrons
which consist of more heavier quarks, i. e. Eg-¢+ < 3 GeV.
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The experiment gave three times as much value. But such trebling must appear with
dueregard for the color degrees of freedom. Really, every quark-antiquark pair of the given
flavor may be created in three different color states.

The origin of ordinary strong interactions between real colorless hadrons (for example,
between nucleons in the atom nuclear) is explained by interacting the charged structural
components entering into hadrons, that is, much the same way as the origin of the electro-
magnetic nature chemical couplings between the electrically neutral atoms and molecules
in matter. In particular, the n-mesons exchange between nucleons? may be connected with
the quark-antiquark pair production inside a nucleon and a subsequent conversion of these
pairsinto the t-mesons which can fly out of the nucleons because they are colorless objects.

Thus we have managed to build all the hadrons, which were known by 1975, with the
help of the u;, d;, and s-quarks. And the understanding illusion visited us once again:all
matter in the Universe consists of combinations of nine quarks and four leptons (electron,
electron neutrino, muon, and muon neutrino). It seemed that the problem of matter structure
was close to the completion. It only remained for us to make more precise the properties
of thefields describing the weak and strong interactions. True enough one”but” was again,
namely, the so called quark-lepton symmetry.

Stable matter composes of the electrons, the u and d-quarks. We have every reason to
believe that the electron neutrinois a stable particle as well. We call thistotality by thefirst
generation of the quarks and leptons. Further we introduce anew quantum number SV with
the same agebra as the ordinary spin has and consider the representation with the weight
1/2. Let us place thefirst generation particlesinto the weak isospin doublets

(;@) , (g) . (5.117)

Notice, the charges differences of the neutrinos and charged leptons are equal to those
of the up and down quarks while the charges algebraic sum of the quarks (with allowance
made for trebling on the color) and leptonsis equal to zero. There exists the second lepton

generation too
(:” > , (5.118)

whereas the second quark generation is kept unfilled

(:) . (5.119)

If one assumes that the quark-lepton symmetry is the immovable law of Nature, the
existence of the quarks of a new flavor is needed.

5.6. c-Quark and SU(4)-Symmetry

In the autumn of 1974 in Brookhaven National Laboratory the group under the supervision
of C. Ting began investigating the process of the electron-positron pair production at the

2Such a treatment of nuclear forces hold good when the distance between nucleons exceeds 8 x 1014 cm.
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collisions of the protonswith the helium target (pp-collisions) in the mass region between
2 and 4 GeV. It was discovered that majority of the e~ €™ -pairs has the mass being approxi-
mately equal to 3.1 GeV, that is, the pronounced maximum takes place in the cross section
of the process

p+Be—e"+e +X, (5.120)

where we have designated the nondetectable particles plurality by symbol X. If this max-
imum corresponds to the true resonance then it should be present in the cross sections of
some other reactions. And really, at about the same time the group working on facility
SPEAR (B. Richter as a supervisor) discovered this resonance under investigating the pro-
cesses

et +e —, e +e —e te, e +e —ut+u. (5.121)

The both groups simultaneously reported about the discovery of the new particle with
the mass ~ 3.1 GeV. Since it was highly difficult to share the palm, the new particle was
called the double name J/y (the symbol J means Ting’'s name in Chinese and the name y
was proposed by the SPEAR Collaboration). The name J/y has been saved not only as a
tribute of respect to its path-breakers but al so due to the play on words, J/y= gi/psi=gipsy,
which has been so amusing the romantic soul of a physicist.

The particle J/y has the spin 1, the negative parity and it is a long-liver by the mi-
croworld standards, that is, it has the anomalously small decay width I" ~ 70 keV whereas
ordinary resonances have I' = 100 — 200 MeV. To clarify the true nature of the new parti-
cle was being proceeded about three years. Amongst the working hypotheses which have
appeared, there was even such one:J/y is not a hadron but the long-awaited neutral in-
termediate boson, one of carriers of weak interaction. With the passage of time larger
and larger arguments arise which begin to turn the scale in favour of the hypothesis:J/ys
consists of a quark and a antiquark, ct, with a new flavor. From the simplest estimation
me =~ My, /2 =1.55GeV it follows at once that the c-quarks should be much more heav-
ier than the u, d and s-quarks. To match the theory and experiments one should make an
assumption that the c-quark is the carrier of the new quantum number, the charm = 1 for
c-quark and = —1 for ©). Then J/y represents the particle with the hidden charm and,
on its structure, is very similar to ¢-meson which is constituted of the strange quark and
antiquark (the particle with the hidden strange). This resemblance has served as a key to
understand the small decay width of the discovered particle. In Figs. 33aand 33b the quark
diagrams corresponding to the ¢-meson decay are displayed.
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Figure 33. The quark diagrams of the ¢-meson decay.
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The distinction from Feynman diagrams resides in the fact that here the quarks, when
t = 4o, are not free particles since hadrons hold them captive as before. Besides, in these
diagrams strong interactions between quarks are not usually displayed. Just the same asin
the case of Feynman diagrams the arrow directed backwards the time corresponds to the
antiparticle. In Fig. 33athe s-quarks entering into the @-meson composition get over to the
K-mesons composition. In the second case (Fig. 33b) the strange quarks are annihilated
and instead of them the pairs of the u- and d-quarks appear. The experiments show that
the @-meson predominantly decays through the channel K + K (the relative probability,
the branching, Br ~ 84%) and very reluctantly does through the channel n* + n~ + n°
(Br ~ 15%). At thisexample we see how to work the approximate semi phenomenol ogical
rule by Okubo — Zweig — lizuka (OZI) which assumes the systematization of relative
amplitudes of hadrons interaction reactions depending on a topology of quark diagrams to
display these processes. The largest degree of suppression is present in the diagrams where
the quarks and antiquarks lines going out of one and the same hadron are connected with
each other and represent the block which is not related with the rest of the diagram. In
this case the quark-antiquark pair belonging to one and the same hadron disappears. The
process where the same quark and antiquark passinto the different hadrons of thefinal state
is an aternative to such aprocess. All this shows once again the behavior uncommonness
of the quarks. In processes of inclusive scattering the created quark-antiquark pairs behave
in such away as though they beforehand deduce in what groups on two (mesons) or three
(baryons) they should be unified. The OZI rulemay be also understood as the manifestation
of the specific quark "thinking”, namely, the quarks choose the possiblevariant of the future
hadron prison already at their creating. The OZI rule, as applied to the J /y-particle, means
J/w would predominantly decay through the particles containing the c-quark and the light
u- and d-quarks (Fig. 34b).
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Figure 34. The quark diagrams of the J/y-particle decay.

These particles having the explicit charm are called the D-meson. However, by a lucky
chance, the decay
J/y —D"+D~ (5.122)

proved to be forbidden energetically (2mp > m; ). The decays on nt- and K-mesons were
allowed energetically but they were connected with the annihilation of the c-quarks and, as
a result, greatly suppressed by virtue of the OZI rule (Fig. 34a). Thus, the small value of
the J/y-meson decay width served as the indication of the existence of the new kind of the
quark c.
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About aweek later after the J/y-meson discovery, at SPEAR the narrow resonance v’
placed at slightly more high energy was detected. With further increasing an energy one
had found some resonances both with the spin 1 and with the spin 0 in the neighborhood of
4 GeV. If one displays the mass spectrum of these particles (we call them the y-particles)
graphically then this spectrum will resemble the atom spectral lines picture (Fig. 35).
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Figure 35. The charmonium spectrum.

According to the contemporary concepts, this mass spectrum can be related to the en-
ergy levels spectrum of the system cC. By anaogy with the well known positronium the
bound system ct is called the charmonium. However, unlike the positronium where the
binding forces have electromagnetic nature, the charmonium owes its existence to strong
interaction. The particles denoted by a prime represent theradial excitationsof the underly-
ing states. To classify the charmonium levelswe make use of the spectroscopic designations
2S+1 ;. Of course, thisis a nonrelativistic classification but the nonrelativistic approach is
lawful because of the c-quark large mass (by now experiments give the current quark mass
valuesin theinterval from 1.15 to 1.35 GeV).

From the data concerning only y-particles it was impossible to make the final conclu-
sion in favour of the existence of the c-quark. The hypothesis about the charm quark is
ultimately confirmed only after the discovery of hadrons with the explicit charm (1976):
mesons

D =cd, D° =T,
D™ =dc, D° =,
Ft=cs F~ =<,
and baryons
AT =cdu, ¢ = udc, & =uuc, ...

These discoveries furnished the genuine triumph of the quark theory of hadrons struc-
ture.
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Since the mass of the discovered fourth quark was much more bigger than the masses
of the u-, d- and s-quarks it was already hard to say of that the quarks are the manifesta-
tion of the approximate SU (4)-symmetry (flavor symmetry) hadrons would have. Notice,
the QU (2)-symmetry violation is ~ 1% while the U (2)-symmetry violation is 10 - 20%.
According to the contemporary point view a violation of a SU (n¢)-symmetry is caused by
the quark masses difference, namely, the more this difference the stronger the violation of
the corresponding SU (n¢ )-symmetry.

5.7. bandt-Quarks

Soon after the J/y-meson discovery in 1975 one more charged lepton, a t-lepton, was
detected in the independent experiments series. The direct confirmation of existing the v.-
neutrino will have taken place much more later (2001). However, even in 1975, physicists
majority basing upon the idea of the Nature unity was considering that the t-lepton aso
has the neutrino satellite. Thus, the quark-lepton symmetry which had been rebuilt with
the c-quark discovery was violated again. The new lepton pair should correspond to a new
quark pair. The first confirmation of this hypothesis happened in 1977. In Fermi labora-
tory (FERMILAB) at the proton accelerator with the energy up to 400 GeV a new particle
with the mass 9.45 GeV and J° = 1~ was discovered. It was called Y-particle (upsilon).
Subsequently in DESY (Hamburg) and in Cornell University (USA) at investigation of the
electron-positron collisions the existence of the Y-particle was confirmed and its excited
states (Y/, Y” and so on) were detected. Since the properties of the Y-particle have been
very similar to those of the J/y-meson, one assumed that it is the bound state of the quark-
antiquark pair of thefifth kind, Y = bb. Asthe particles belonging to the Y family (we call
it by upsilonium) have the masses around 10 GeV then the mass of the quarks entering into
them must be by no means smaller than 5 GeV (according to the contemporary datathe mass
of the current c-quark laysin theinterval from 4 to 4.4 GeV). The investigations of the Y-
meson properties have shown the b-quark has| = 0 and Q = —1/3. Physistswere going on
the already well rolled road for the small width of the Y-meson decay to be explained. The
new quantum number, the beauty b = 1, which is conserved in strong interaction only, was
assigned to the b-quark. Then the OZI rule suppressed decays into hadrons which do not
contain b-quarks and Nature, for its part, in order not to lead into temptation researchers,
gave orders in such away that the decays into a pair of mesons with the explicit beauty
proves to be forbidden energetically (the most light beauty mesons B+ = ubandB® = db
have the mass 5270 MeV). As we know the quantity

R— Oete-—hadrons

0e+ e ~>'u+,u’

is the sensitive tool to define the quark flavors number. Between thresholds of a gg;-pairs
production the quantity R isconstant and when the next i threshold had been achieved it was
abruptly increased on the value 3Q?. In Fig. 36 we display the experimentally measured
values of R¥P as a function of energy in the center of mass system.

The resonant levels of the charmonium and upsilonium are put on the stepped
monotonous behavior. Upon subtracting the resonant contributions R®P is well matched
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Figure 36. Experimental values of R = Ge+e-—hadrons/ Oete- - 8S afunction of energy
inthe CMS.

with the experimental value which is the powerful argument in favour of the b-quark exis-
tence.

After the b-quark discovery the hunting season is opening on its partner on the weak
isospin doublet which was caled t-quark. Its name originates from the first letter of the
word top, though one may consider that the origin is the word truth. At first, the indirect
evidences for the existence of the sixth quark were obtained. Among those, the results of
investigating the process

e"+e —b+b (5.123)

at the CERN electron-positron collider called LEP (Large Electron Positron) were the most
convincing. To study the asymmetry in the scattering of the b-quark confirmed the b-quark
does represent the member of the U (2) doublet of the weak isospin, as the electroweak
interaction model by Weinberg, Salam and Glashow (WSG) predicted. Recall, by that time
the WSG theory has gone through the basic stage of its experimental checkout. Moreover,
the detailed measurements of the properties of the W*- and Z-bosons which were fulfilled
at LEP, SLC (Stanford Linear Collider, e e -collider), CERN SppS(pp-collider) and FER-
MILAB Tevatron (pp-collider) gave the unquestionableproofsin favour of the existence of
the heavy quark connected with the b-quark by means of electroweak interaction. In April
1994 the first experiments, which directly pointed the t-quark existence, appeared. They
were carried out at FERMILAB Tevatron which represents the six-kilometer storage ring
where the protons and antiprotons having the energy 1.8 TeV in the system of center of
mass are rotated in opposite directions. The pp collisions occur in two points of the ring
where two detectors system, CDF and Do detectors, are placed. The collider luminosity
was being constantly increased and in 1994 it reached the value L = 103! cm~2.s~! which
allowed to detect the t-quark. At looking for the t-quarks one is guided by the fact that
the cross sections both of their productions and of their consequent decays depend on the
t-quark massvalue. Thefirst to raise the low bound onm to ~ 175 GeV was CDF Collabo-
ration. Already in 1994 they observed twelve events with m; ~ 175 GeV which correspond

1The luminosity L is the collisions number in second on unit section, that is, L being multiplied by the given
process cross section ¢ expressed in cm? gives the number of the corresponding events in second.
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to the selection criterionsfor the t-quark. But the expected background constituted roughly
six events and, athough the interpretation of the obtained results as the t-quark observation
offered the most probable, the statistical providing of the result was insufficient to recog-
nize it as thet-quark discovery. And only in February 1995, in one and the same day, both
Collaborations, CDF and Do sent off the reports about the t-quark detection to the press.

According to the QCD, at energy in the center of mass system E = 1.8 TeV, thett pair
productionin pp collisionsmainly occurs at the cost of the subprocesses

g+q—t+i, g+g—t+i, (5.124)

where we designated the gluons by the symbol g. We choose the axis z dong the proton
beam direction and shall study such variables of final products of a reaction as the trans-
verse momentum relative to z axis pr and connected with it the transverse energy Er. The
standard model (SM) predicts that the t-quark decays through the channel t — Wb just
about always. Distribution on the transverse momentum for one of the decay products has
the peculiarity which allows not only to detect such decays but to define the mass of the
unstable particle as well. This method based on merely kinematic arguments became very
popul ar after it had been used under discovering the W-boson in pp collisions(in that case,
the electrons and the positronswith very high transverse momenta, pr ~ 40 GeV, were de-
tected). At sizeable excess of the decaying particle mass m; over the decay product masses,
the events concentration maximum proves to be observed close to the transverse momen-
tum value of one of the decay product kr being approximately equa to m; /2. However, this
method of the t-quark identification did not work since the W-boson was the unstabl e parti-
clewith avery small life timewhilethe b-quark served as a source of producing the hadron
jets. The W-boson decays into g pairs (ud or S) with the probability 2/3 and does into
one of three lepton families (Iv;) with the probability 1/3. Thus, there are 6 high-energy
point fermions which could be either charged and neutral leptons or quarks giving rise to
the production of the hadron jets. It was very difficult to select the decayswith the t-leptons
from the hadron background and, for this reason, they were not taken into consideration.
High background (signal-to-noise correlation was smaller than 10~#) made an inclusionin
analysis of fina states with six hadron jets impossible. As aresult the following channels
decay of thett-pair were availableto observe

tt — €' vebe Veb, (1/81), (5.125)
tt — p v, v,b, (1/81), (5.126)
tt — e*vebu™v,b, (2/81), (5.127)
tt — eFveboa, (12/81), (5.128)
tt — pv,baa’b, (12/81), (5.129)

where the numbers in the square brackets denote the branching predicted by the SM. First
three dilepton channels prove to be the most clear but they have very small statistics. Last
two channels, lepton+hadronjets, have high statistics(closeto 30% on thetotal decay width
tt) but suffer from extremely large background. At pp collisionsthe total cross section of
thett-pair production isthe function not only the parton distributionsinside the proton and



142 O.M. Boyarkin

the antiproton but the mass of the t-quark as well. So, at m = 100,155 GeV it has the
values ~ 10? and 10 pb respectively. It should be stressed that these values are very small
by strong interaction standards. When Ecm.s, = 1.8 TeV the pp collisionsaso lead to the
production of hadron jets and lepton pairsin the final state at the cost of the production of
W- and Z-gauge bosonsin virtua states. It has been just these events which constitute the
main background for thett-pair production. To compare we give the val ues of the competed
cross sections 1) for the W-production— oy ~ 20 nb; 2) for the Z-production— 6z ~ 2 nb;
3) for the WW-production — oww ~ 10 pb; 4) for the WZ-production — owz ~ 5 pb.

Let us consider the criterions used by CDF and Do Collaborations to select the sig-
na from the background. The heavy quark pair production (m = 173.8+ 5.2 GeV) and
its consequent decay generates the final states with the more large average energy than the
background events. To investigate the distribution of the final hadrons and Ieptons on the
transverse momenta proves to be useful in this case as well. High energy e ectrons, muons
and hadrons were recorded with the help of different detectors and were easily distinguish-
able from each other. Asfor the neutrino is concerned the disbalance of the total transverse
energy Er or the missing transverse momentum pr testify to its existencein thefina state.

It is evident that the quantity

NP

Hr = Y E;

i=1
where the summation is realized on all hadron jets and basic electron clusters by which are
meant a leptons plurality including even if one electron, is very useful for the kinematic
analysis. At theinvestigation of the final states |epton+hadron jets, two methods were used
by Do Collaboration to select the signa from the background. The first based upon the
kinematic analysis (KA) resided in the demand Hy > 200 GeV and in the presence of at
least four hadron jets with Er > 15 GeV. The second method was connected with the b-
quark identification (B tagging-out) through the decays

b—u +v,+X, b—ut+v,+X. (5.130)

Under studying the data on lepton+hadron jets CDF Collaboration used already other
methods. One of them was aso connected with the b-quarks and was received the
name:”tagging-out of the second vertex (TSV)". The tracks of charged products of the
b-quarks decay are detected in the drift chamber. Only the tracks with pt > 1.5 GeV (de-
cays of the b-quarks which produced from the tt-pairs and the W-bosons are their sources)
were of interest. The b-quark decay point in the silicon stripped detector was rebuilt by
the method extrapolations. It allowed to select the signal from a background by means of a
comparison of adifferent eventsintensity. The second method, received the name " tagging-
out of soft leptons(TSL)”, was based on detecting thelow-energy (pr ~ 2 GeV) muonsand
electrons near hadron jets.

In Table 5.1 we give the expected number background events and the number of the
events connected with the t-quark production at the observations results by CDF and D©
Collaborations.

Asit followsfrom Table 5.1, in al channels both Collaborations observed the sizeable
excess of the signal over a background that undoubtedly testifies the tt pairs productionin
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Table5.1.

Sampling Background | Signa
dileptons (CDF) 1.3+£0.3 6
dileptons (D©) 0.65+0.15 | 3
leptonstjets (Do KA) 0.93+05 |8
leptonstjets (Do B-tagging-out) | 1.214+0.26 | 6
leptonstjets (CDF TSV) 6.7+£2.1 27
leptons+jets (CDF TSL) 154+23 | 23

the pp collisions.

To account for the experimental data one should assign to the t-quark a new quantum
number t (the top or the truth) being equal to 1 which along with the strange, the charm,
and the beauty is conserved in strong interaction but i s not conserved in el ectromagnetic and
weak interactions. It was natural to wait for the existence of aquarkonium consisting of the
t-quark and t-antiquark, the toponium. However, by now the toponium has been discovered.
It is not inconceivable that the Nature presented us only two kinds of the simplest " quark”
atoms with the great numbers of the energy levels. Recal, that in the Atom Physics the
hydrogen atom was such apresent. But in the Nuclear Physics, mildly speaking, the Nature
already was alittle bit miserly and constrained itself by the deuteron only which has got
none of the excited levels.

Introducing the b- and t-quarks extends the flavor symmetry of strong interaction up to
the U (6) group. However, thanksto the sharp gradation of the quark masses this symme-
try is strongly violated. On the other hand, since up to the present hadrons containing the
constituent t-quark have not been discovered then for practical calculations we could suc-
cessfully usethe U (5) flavor symmetry whosetheviolation degreeis much less (m, < m).
The flavor symmetry plays adoublerole, it not only defines the classification of hadronson
various multiplets but also establishes series of dynamical relations between amplitudes of
different processes of hadronsinteraction. In the low energy region (E < my, where my is
an average mass value in a multiplet) strongly violated flavor symmetry possesses a weak
predictive force and is unlikely applicable for a practical use. However, at high energies
(E > my) it becomes the useful tool of an investigation.

5.8. Lookingfor Free Quarks

Up to now we considered the constituent quarks model, according to which practically the
whole hadron mass is confined in the quarks, and assumed that the quarks dynamics is
completely defined by the QCD. However, there is nothing to prevent us to conjecture that
the negative results on the quarks production are caused only by the insufficient energy of
contemporary acceleratorsto create the quarksin afree state. This, initsturn, meansthat at
the hadrons production the giant quark mass is eaten by such a huge binding energies. And
only the fact of the free quarks existence can prove this statement.

To look for the free quarks is being carried on two directions. The former is a
geophysical-chemical approach which is based on the assumption: the stable quarks oc-



144 O.M. Boyarkin

cur in matter surrounding us. In this case the negative charged quarks will be captured by
nuclei and form either quark atoms or quark ions with the nonintegral charge. It is evident
that the created compounds should have specific physical and chemical properties. Thusthe
experiments of this approach are aimed for discovering the characteristic manifestation of
the fractionally charged particles existence: the lowered ionization constituting 1/9 or 4/9
of the integer charged particle ionization; an unusua value of e/m in mass-spectroscopic
experiments; an anomalous behavior of alevitating matter grain in an electrostatic field; a
nonstandard position of spectral lines in quark atoms and so on. The quarks were being
sought in terrestrial matter, in lunar soil, in meteorites. To look for quark atoms in solar
matter with the help of spectroscopic methods was also carried out. It is natural that the
most reliable constraints on the free quarks existence have been obtained during searching
for the quarks in the stable matter of the Earth. Different variants of experiments lead to
upper limit values of a possible quarks concentration in a matter which lay in the interval

from5x 107 to5x 10~ %elgsrr

The second direction includesin itself the attempts of detecting the quarks in cosmic
rays and accel erators directly. In experiments on accel erators the free quarks are not discov-
ered up to the masses 250 GeV in pp collisions (CDF, 1992) and 84 GeV in e e' collisions
(LEP, DELPHI, 1997) at the production cross sections higher than 10 and 1 pb respectively.
Experiments on detecting the quarksin collisionsof cosmic rays with particlesin the upper
atmosphere layers, which were fulfilledin awideinterval of energiesand, consequently, did
not have severe constraints on the mass of created quarks, have not also brought to success

and have set the constraint on the quarks flux from cosmos: < 2.1 x 1071° gg?rslr(ss (KAM2,
1991).

Meanwhile, if the free quarks existence is not forbidden in principle then they would
be created on early stages of the Universe evolution when the temperature was very high,
say KT > 2m,. At such a temperature the quarks are in the state of the thermodynamic
equilibrium with other fundamental particles (number of created quarks is equal to that
of annihilating quarks). At KT ~ mg the equilibrium is violated: the quarks production
reactions have been switched off and the quarks start to burn awvay. This burning away
takes place at the cost of the reactions of the kind

g+g — mesons, g+ — g+ baryon. (5.131)

Since the reactions (5.131) are exothermic then their cross sections tend to constant
values whose sum we denote by op. If one assumes that the cross section of the quark
destruction has the typical nuclear scale, say 6o ~ m; 2, one may show the quark-to-proton-
concentration ratio in the present Universe must be

Mo 10722,
Np
This number is greater than the gold abundance on the Earth, but the quark Klondike

has never been opened to date. One would assume the quarks are unstable particles and
all thisrelic quark sea has had time to disappear by now. However on the strength of the
electric charge conservation law, at least one of the quarks must be stable and should live
till the present day. So, either the free quarks are really absent in Nature or their production
cross section has as minimum the atom scal e rather than the nuclear one.
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It should be noted that some experimental groups make reports concerning the free
quarks observations every now and then. So, the Stanford University group investigated a
behavior of aniobium ball ~ 10~4g which levitated in the nonuniform magnetic field. They
observed the cases when the electric charge of the ball was equal to +e/3. As this takes

place, the corresponding quarks concentration has the order of ~ 10~2° %a%. However
these data are not confirmed by other investigations yet. And the result is included in a
category of the reliable one if and only if it is independently obtained by several different
groups using different experimental methods.

Physicsdevel opment showsthe Nature gives answers to correctly posed questionsonly.
There is no sense in the question which tormented ancient scholastics: "How many angels
could be put in asword tip?’ The question, physicist tortured themselves at the very outset
of Quantum Theory, appeared to be senseless:”What is the electron — the particle or the
wave? May be, when we are trying to detect the quarks in a free state we are in the anal-
ogous situation? It is not expected that the quarks represent the specific kind of quasiparti-
cles, field quanta, which describe collective oscillations of corresponding freedom degrees
of ahadron. We faced such formationsin other regions of physicsand before. Among these
there are: the magnon, the quantum of the spin oscillations in magneto-ordered systems;
the plasmon, the quantum of the charges density oscillationsin conductive mediums; the
phonon, the quantum of the elastic oscillations of the atoms or moleculesin crystal lattice.
At switching off interaction similar particles are pulled down into compound parts and stop
their existence. For example, the phonon decays and turns into plurality of independent
motions of particles which constitute a crystal. Then the quarks have the sense only as dy-
namical essences inside hadrons in just the same way as the phonons which can not exist
outside a crystal. However, be it as it may, looking-for the free quarks is continued. The
problems of their detection on accelerators of next generation, LHC (Large Hadron Col-
lider), NLC (Next Liner Collider), FMC (First Muon Collider) and so on, are intensively
discussed.






Chapter 6

Standard M odel

6.1. Abelian GaugeInvarianceand QCD

According to Noether’s theorem, | dynamical invariants, that is, | being conserved in time
combinations of field functions and their derivatives, correspond to every finite-parametric
continuous transformation of coordinates and field functions under which an action varia-
tion is turned into zero. So, the momentum conservation law follows from the invariance
with respect to space translations, the energy conservation law does from the invariance
with respect to time tranglations, and the angular momentum conservation law does from
the invariance with respect to space rotations.

With the exception of the above mentioned dynamical invariants connected with the
symmetry of Minkowski space-time, in particle physics one also introduces dynamical in-
variants caused by symmetries of a physical system with respect to transformations in ab-
stract spaces. Such invariants are caled internal quantum numbers while we name the
corresponding symmetries by nongeometric (internal or dynamical) symmetries. A good
example illustrating the connection

internal symmetry — invariance — conservation law

isthe electric charge conservation law.

So, there is an arbitrary field described by N-component complex functions y(X)
wl(x) = (y;)" (k=1,2,....N). From the Lagrangian reality condition of this field follows
that the Lagrangian L(x) must contain bilinear combinations of field functions and their
derivatives only of the kind

Vi OA (%), My (0B i (X), (6.1)
FyLICK W), wh()CKD i (x), (6.2)
where AX, BY,, CK', C¥ are the quantities being independent on x, and the indices k and |

may have tensor or matrix dimensions. For example, the Lagrangian of the free electron-
positron field is given by the expression

i _ _
L = 5 (W0uw — 9. Wy'y) — myy
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and we have
i
A= -m¥, =0 Gl =l = S
wherek and | are the matrix indices.
From Egs. (6.1) and (6.2) it followsthat thefield functions are defined with an accuracy

of an arbitrary phase factor. This means that Lagrangian of the system is kept invariant
under the transformations

W) — W0 = U (0)wiex) = exp ic(x), } (6.3

Wi () = il (%) = U ()il () = exp(—io) ik (%),

where o, is an arbitrary constant number. To put this another way, physical redlity corre-
sponding to the descriptionsin terms of the old (yk(x)) and new (y (x)) field functionsis
the same.

The transformations U (o) generate the one-parametric group of the local gauge trans-
formationswhichisalso called the gauge transformations group of thefirst kind. The group
U (o) isunitary, that is,

U(o)UT(a) =1,

where| isthe unit matrix. Since al its el ements commute with each other itisAbelian. Let
us consider the electron-positron field and carry out an infinitesimal transformation of the
field functions
V(%) = (14180)w(x) = w(X) + 8w (X), } (6.4)
V' (X) = (1-i80)W(X) = P(X) +5(x). '
The theory invariance means that the Lagrangian variation turns into zero under the
transformations (6.4), that is, it takes place

oL = a—LSqH— a—L6$+ oL oL

— =00 W) + 577 —=:0(d, V) =
—ia{a—Lw—a—Lﬁ]Ha{ oL oV — oL 8$]—
B ETAET 0@0) ™ 3(0.9) ™

2 ) o 5 s

oL oL

+iao { - — _] =0. 6.5

oo 0" (53

The expressions in the square brackets are equal to zero on the strength of Lagrange-

Euler equations for y and . Thus the Lagrangian invariance with respect to (6.4) leads to
acurrent conservation

duj* =0,

where

T oL _
=1 {a@l 0w "’] |
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For an arbitrary field with k degrees of freedom the current of the kind

oA B
() = io (—a[aywk(x)]wdx) FTERI (X)]wk<x>> (6.6

MYk

satisfies the continuity equation. Integrating the continuity equation over the three-
dimensional volume and using Gauss theorem we arrive at the conservation law of the
corresponding charge

Q- / i°(x)dr = const. (6.7)

It is evident that the same will take place for the current being equal to const x j*
as well, if the current j* satisfies the continuity equation. In the method we have used
a charge measurement unit is not fixed. This could be done with the help of additional
physical assumptions only. Supposing oo = g, where q is the electric charge of particles
corresponding to a wave field, we come to the electric charge conservation law

. . oL(x) dL(x) B
Qem= / jSn()dr = |q/ (mwk(x) - mwl(x)) dr =const. (6.8)

To gain a better understanding of consequences of the gauge transformation (6.3) we
make it into a geometrical form. For the sake of simplicity we consider an one-component

field ¢(x) (such fields describe spinless particles). The field functions ¢(x) and ¢*(x) could
be represented in the form

01(X) +id2(x) 01(X) —i¢2(x)

vz o vz o
where ¢1(x) and ¢02(X) are real quantities. Then the gauge transformations (6.3) will show
up asfollows

0(x) = 0*(x) = (6.9)

04.(X) +105(%) = exp (ict) [p1(X) +i¢2(x)]. } (6.10)

01.(%) —i05(x) = exp (—io)[p1(X) —i2(X)].
Since Eg. (6.10) could be rewritten as

(q)l(x))/ — ( COISOC SinOC) (q)l(x)) ’ (611)
02(X) —sino. coso ) \ 92(x)

then it is evident that the gauge transformations (6.3) may be treated as rotations of avector
d(x) = (91(x), d2(x)) about an angle a.. On the group-theoretic slang the above mentioned
means that the U (1) group is locally isomorphic to the orthogonal rotations group SO(2)
in the two-dimensional space of the real functions ¢1(x) and ¢2(x). Since a. = const, then
thistransformation must be one and the same in al the points of the space-time continuum,
i.e. itisa”globa” gauge transformation. In other words, when in the internal space of the
field ¢(x) the rotation on the angle a is fulfilled in one point, the same rotation must be
simultaneously fulfilled in al other points. If the conserved quantity, not being the source
of a physical field, be connected with the invariance with respect to this transformation,
there would be no occasions for the trouble. However the electric charge produces the
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electromagnetic field in the space. Moreover the propagation velocity of electromagnetic
interaction does not equal to infinity but it hasthefinite value. To avoid the conflict withthe
short-rangeinteraction (or the field concept) we are forced to localize the gauge transforma-
tionU (1). This means the phase oo must be different for various points of the space-time, i.
e. a = o(X). The corresponding transformation is called the "local” gauge transformation
or the gauge transformation of the second kind.

L et us examine physical consequences of the theory invariance with respect to the local
gauge transformations. By way of example we consider the electron-positron field y(X)
with the Lagrangian rewritten in the form

L= iG(0¥9,w(x) — mi()w(x). (6.12)
Under the local gauge transformation of the U (1) group the field function transforma-
tion law is given by the expression
(%) — ' (x) = expliou(x) (). (6.13)
We see, that, thanks to the presence of the derivative, the Lagrangian (6.12) is not
invariant under this transformations
0w (x) — exp[ict()][0,w (x) + iy (x)3u0(x)]. (6.14)

Theinvariance of Lagrangian will be ensured, if one introducesanew derivativein such
away that the derivative of the field function is transformed just the same manner as the
field function itself, that is,

Duw(x) — explio(X)]|Dyw(X). (6.15)
Therelation (6.15) will be fulfilled under condition
D, = du+igA,(x), (6.16)

where ét the local transformations (6.13) the introduced vector field A, (x) must behave in
the following manner
AL(X) — AL(X) — g 19,0(x). (6.17)

We call the new derivative D,, by a covariant derivative. Now our system, apart from
the fermion field, includes the vector field A, (x) too. Consequently the Lagrangian (6.12)
should be supplemented by the free vector field Lagrangian which, in its turn, must not
violatethe local gauge invariance and must be relativistic covariant. If we also demand the
fulfillment of the superposition principle, we can be dealing with only aquantity of thekind

aF,y (X)FHY (X) 4 by (X) F*Y (x), (6.18)

where 1
F,uv (X) = a,uAV (X) - aVA,u(X) ) F,uv (X) = ég,uvkﬁl:}LG (X) .
Now to obtain the QED L agrangian we sufficiently identify g with the electron electric
charge e and A, (x) with the electromagnetic field potentia. In so doing we should choose
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the coefficientsin (6.18) by the followingway: a= —1/4, b = 0. Thusthe Lagrangian in-
variance with respect to thelocal gauge transformationsgroup producesnot only theelectric
charge conservation but it also leads to harmony with special relativity theory. Appearance
of the gauge boson corresponding to the gauge group U (1), the electromagnetic interaction
carrier, the photon, is one more consequence of the localization of this group. It should be
stressed that adding the mass term m?A,A# /2 to the total QED Lagrangian is forbidden by
the gauge invariance. The conservation of the invariance demands that the corresponding
gauge boson, the interaction carrier, must be massless.

Thus, imposing the natural requirement of thelocal gaugeinvarianceon the freefermion
Lagrangian, we arrive at the QED. Then, if one is distracted apart some arbitrarinessin a
choice of free fields Lagrangians the above mentioned may be thought as the strong argu-
ment in favor of that the local gauge invariance represents the principle laying at the heart
of atheory of any interaction.

6.2. Nonabelian Gauge Invarianceand QCD

Thus the electromagnetic field appears as the compensated field which ensures the charged
fields invariance with respect to the local one-parametric group U (1)em. In 1954 C. N.
Yang and R. L. Millsinvestigated the local generalization of non-Abelian three-parametric
group U (2). Asaresult they came to recognizethat in this case the local gaugeinvariance
of the theory aready demands introducing three-parametric compensated field. Obvious
generalization of thisfact liesin astatement: in the case of n-parametric loca gauge group
the theory invariance demands introducing n-parametric compensated field. But since these
gauge fields were massless they led to long-range forces which are absent in Nature. In
this connection the Yang-Mills theory first has attracted purely academic interest and the
prototype of the future theory of strong interaction one can be made out in it in no way.
There were not such notions as the quark and the gluon. They appeared a decade later and,
in the beginning, they were not connected with a mathematical apparatus of non-Abelian
theoriesin any way. Still ten years were necessary in order that the synthesis of these two
ideas led to the QCD formulation.

The QCD is based on developing the ideastated in 6.1. But now, in place of theU (1)em
gauge group, we are dealing with the phase transformations group of the color quarksfields,
the QU (3) group. We shall consider for simplicity that the quarks have one flavor only (one
flavor approximation). Then the free quarks Lagrangian is given by the expression

Lo = Tk(%) (iu0" —m)ak(x), (6.19)

wherek = R B, G. Let usinvestigate the consequences of the invariance of Lo with respect
to the local gauge transformations of the non-Abelian group SU (3).

Gh(x) = Ui (90 (%) = {explica(®)Tal}iaj(¥),  G(x) =T;()U(x),  (6.20)

where T, = A5/2 and A, are the Gell-Mann matrices (4.144).
So, our task isto ensurethelocal J (3). invariance of the Lagrangian L. Passin (6.20)
to infinitesimal transformations

Ok (X) = [Okj +i0ta(X) (Ta)kj]dj(X). (6.21)
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In this case the derivative of the quark field functionis transformed by alaw
0u0k(X) = [8ij +i0ta(X) (Ta)kj]9u0j (X) +i(Ta)kjd; (X)0u0ta(X) (6.22)

and violates the invariance of Ly. To rescue the situation we introduce eight gauge fields
G&(x) and build covariant derivatives

Dij (%) = 80" +i0s(Ta)i Gi(X), (6.23)

where gs = dgy(3),- Further we replace the ordinary derivatives with the covariant onesin
Lo
Lo = Tk(X) [iv“Dy; (X) — mbg;]a; (%) =

= T (%) (iY,0" — M) 0(X) — s [Th(X)Vu(Ta)g; 9 (X) | G¥(X). (6.24)
The invariance of the Lagrangian will be provided under a condition

o (X)DY ()0 (x) = Ge(¥)D% (X)),

what, initsturn, gives
Difi (%) = Uia(X)Dfj (x)U | (x). (6.25)

By analogy with the QED we demand that the transformation law of the gauge fields
GZ(x) has the form
1
GY (x) = Gi(x) — ia,,oca(x). (6.26)
However, in this case, the last quantity in (6.24) is not the invariant with respect to
the U (3). transformations. Really, taking into account the algebra of the A, matrices we
obtain

(OO ¥,u(Ta)g; A ()] = [(X) Ve Ta) 0 (X)] + 1 0t (X) T (X)¥puTaTo—
—ToTa)g;Aj () = [A(X)Vu(Ta)g; 9 (X)] = Fapcotn(X) (A (X)Vu(Te)g; A3 (X))

From the obtai ned expression followsthat the gaugeinvariance of the Lagrangian (6.19)
will be restored if we replace the transformation law (6.19) with

G¥(x) = GA(x) — gisa,,oca(x) ~ fape0n(X)GS(X). (6.27)

Now we should supplement the Lagrangian Ly by that of the free gauge bosons Lg.
Thanks to the presence of the last term in Eq. (6.27), the field tensor Gf(x) has more
complicated form than its analog in the QED. It is not difficult to show that the gauge
invariance will be ensured by the following choice of Lg

Lo = —%Gf}\,(x) GE(x), (6.28)

where
G2, (X) = 0,G3(X) — 0y G2(X) — s FancGH(X) G5 (X). (6.29)
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Thus, using only the requirement of the L agrangian invariance with respect to the local
gauge group SJ(3)¢, we have obtained the total Lagrangian of the color quarks gx and the
vector gluons G,

L = (X) (i — m)ak(X) — s Cp; ()0 ()] —

2GR0 (), (6:30)

where G’R’j (X) = (Aa)k;G*(x)/2, The number of the quark field phases, we can change by
arbitrary way, isequal to eight. Conseguently to compensate all the phases changes we need
eight gluonsaswell. Since the introduction of the gluon mass term leads to the violation of
thelocal gauge invariance the carriers of strong interaction, the gluons, are massl ess.

It isobviousfrom theform of Lg that inthe QCD the kinetic energy of the gluonsis not
aready purely kinetic, since it contains interaction between the gluons (~ gst}GSGK and
~ g2GAGIGSGY). Thusin the QCD the Feynman diagrams include vertices in which only
the gluons are met. In other words, the gluons possess nonlinear self-interaction, and this
circumstance is caused by that they have themselvesthe color charge. To define Lagrangian
of the theory or, what is the same, th establish the evolution equation is the basic milestone
under a new theory production. The QCD appearance has sharply changed the situationin
the strong interaction theory. By now the QCD is the sole serious candidate which claims
for describing the hadrons structure and hadrons interaction processes. Many important
guestions of the QCD have been already resolved and the obtained theoretical results are
being used under interpretation and description of the experimental data. However the QCD
isin the making as yet. At ”large” distances (> 10~12 cm) the nonlinearity leads to such
forces between the quarks and gluons which do not allow to appear the quarks and gluons
in free states. Just the treatment of effects connected with the large distances is the QCD
stumbling-stone. The basic unsolved problems of the QCD are related with it.

The gauge fields, which are introduced to provide the local non-Abelian gauge invari-
ance of the theory, now are called Yang-Mills fields and the equations they satisfy in the
free case

9V GRy (X) + GeapcG™ (XG5, () =0, (6.31)

where g are structural constants of the local gauge group to be under consideration, are
called Yang-Mills equations.

6.3. Spontaneous Symmetry Breaking. Higgs M echanism

The QCD is not the sole descendant of the Yang-Mills theory. The electroweak interaction
theory was also built on the basis of the non-Abelian gauge theory. However the way of its
production was already more complex. The point is that gauge fields are long-range by its
nature. Thisfact immediately leads to the zero mass of the interaction carriers as it takes
place both inthe QCD and inthe QED. Weak interaction existsonly at very small distances
and the weak interaction carriers, the W=- and Z-bosons, must have a huge mass. So, it
was necessary to combine two incompatible things, namely, the local gauge invariance and
the non-zero mass of theW*- and Z-bosons. It appeared that one needs to use the idea of a
spontaneous symmetry breaking to solve this problem.
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An evolution of any physical system isdefined by two factors: 1) aform of Lagrangian
(or Hamiltonian), and 2) initial conditions. As an example, we consider a smooth surface
in the form of peaked hat resting on a horizontal ground (Fig. 37).

Figure 37. The spontaneous symmetry violation.

We place a ball on the hat top and we shall consider that gravitational force is a sole
force acting on the system. It is clear that the system possesses the explicit symmetry with
respect to rotations about a horizontal axis passing through the hat center. However the
system is not stable. Redlly, if we move the ball out of position, that is, change the initia
condition, it will be rolled down and the system symmetry will be violated. When having
stopped on the fixed place of the hat brim the ball setsthe selected direction from the central
axis. The system has found a stability at the cost of the symmetry violation. Since the state
with the violated symmetry has more low energy the ball prefer to roll on the hat brim.
In the stable configuration the initial rotational symmetry of gravitational force exists as
before but now it exists in the hidden form. The observed system state does not reflect the
symmetry of the interaction which is present in the system.

In the quantum field theory two anal ogous conditions define a character of a symmetry
manifestation: 1) aform of Lagrangian (or Hamiltonian); 2) a vacuum form. In the QCD
and the QED both Lagrangian and the vacuum state were invariant under the symmetry
transformations. In such cases we say the symmetry of the theory has been not violated.
In 1960 Y. Nambu and J. Goldstone showed that there exist theories whose Lagrangian is
invariant with respect to symmetry transformations while avacuum is not invariant. In this
case we use the term ” spontaneous symmetry breaking”.

We investigate the spontaneous breaking of the local gauge symmetry by the example
of theU (1) group. Consider the world which consists of charged scalar particles only and
is defined by Lagrangian

L=T-V(g) = [0,00)* 0] ~ 120" (X)0(x) ~ Mo’ (X)0(x)]? (6.32)

with A > 0. When p? > 0, the Lagrangian will describe a self-interacting (according to the
law [@* (X)@(x)]?) scalar field with the mass u?. In this case the value ¢(x) = 0 corresponds
to the vacuum (the minimum of V (¢). In other words, the average on the vacuum of ¢(x)
turns into zero (< 0|@(x)|0 >= 0). However we wish to study the case with i < 0. If one
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introduces the field functions according to the relation

91(X) +i2(x)
XN mm—-r-n-—— =
(p( ) \/é Y

the Lagrangian (6.32) takes the form

L = 510,010+ @020~ 2670 + 300 ~ 2ok + 63072 (639

From thiswriting it is evident that the minima of the potential V() lie on the circle of
the radius v in the plane @1, ¢» (see, Fig. 38)

Rre3=v, V=t (6.34)
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Figure 38. The potentia V (¢) of the complex scalar field.

This means the constant scalar field, the so called scalar field vacuum condensate, ex-
istsin the vacuum. This quantity, that is, the energy shift of the ground state, can not be
measured directly since the quantity under test is the difference between the given energy
and the vacuum energy.

In order to make Lagrangian (6.33) to be invariant with respect to the local gauge trans-
formations of theU (1) group

¢’ (x) = explio(x)]p(x),
we introduce the covariant derivative
Du(X) = 0, +1€A,(X), (6.35)

where A, (x) istransformed by the law

AL (X) = Ay(X) — =9,0(X). (6.36)
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Having supplemented the obtained Lagrangian with the free gauge bosons Lagrangian
we arrive at

L = [0, — ieAu()]o" (X) [ + e (x)]p(x) — 1" (X)9(X) -

—Ao* (X)p(x)]* ~ %F,N(X)F” (). (6.37)

Within elementary particle physicsin the majority of instanceswe can not obtain exact
solutions. We most commonly have to use the perturbation theory series expansion and
calculate fluctuations close to a minimum energy. If we try to carry out the expansionin a
neighborhood of the unstable point ¢ = 0, the perturbation theory series will not converge.
The correct activity method isto carry out the expansion in aneighborhood of the minimum
of the potential V (9), that is, in aneighborhood of the stable vacuum. For the minimum we
choose the point ¢; = v, @2 = 0. Notice, the vacuum is not already invariant with respect
to the U (1) group, i. e. the symmetry appears to be spontaneously broken. To expand
L in a neighborhood of the vacuum we introduce real fields n(x) and &(x) which describe
guantum fluctuations around this minimum

®(x) = neY LR +v. (6.38)

V2
To substitute (6.38) into the Lagrangian (6.37) leads to the expression

U = J{DEOR + Pan(0]2} A + SEPAL A3 +

+evA, (X)0“E(X) — %F,N(X)F“"(x) + Lint, (6.39)

where Li denotes the terms describing interactions between the n(x) and A,(x) fields.
From the Lagrangian (6.39) follows

me =0, my, = \/W, Ma = ev. (6.40)

In summary, we have attained the goa to be sought. Our gauge bosons have found
the mass. However, as this takes place, the other problem connected with occurrence of
a massless scalar particle has appeared. Such particles are called Goldstone bosons. Let
us gain an understanding of the situation. Having given the mass to the field A,(x), we
thereby increased the number of polarization degrees of freedom from 2 to 3, because now
the field A,(x) can have the longitudinal polarization too. But the simple shift of the field
variables which is given by Eq. (6.38) can not create new degrees of freedom in any way.
It is obvious that not all the fields entering into £’ correspond to the physical particles. It
is beyond doubt that just the Goldstone boson brings about the suspicion. Let us show that
it does not really belong to the physical sector. Since the theory is gauge invariant we can
carry out any gauge transformation (fix the gauge!) and the physical contents of the theory
iskeeping invariable. The approximate equality

) HEX v v [IEK
o) = NI 000 ap[v]

1The gauge which allows to exclude the Goldstone boson is called unitary gauge.

(6.41)
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which is true to lowest order in £(x) can suggest the required transformation form. It is
clear that we should introduce new fields of the kind

I

\Y

n(x)+v
\/é ’

000 =ep| = | o =

AL = A+ Z,EX)

Further, taking into account

D000 = x| 02| 2,0/ + 68,000 =
— o0 | ] - (aum00-+ e, )+

and
DU = 31000 +1eA, 00NN +VIZ Fo = 34, (X~ DAL X,

we rewrite the Lagrangian (6.32) in the following form

L//_}’a (X) ieq 2_lu_2 2_
= 510m(x) +ieA, (X)) + V|7 = (x) +V]

004U~ TFn 0P (0 = Lo+ Li (642
where
2
Lo= SO0~ 511200 — 2 0, DA+ 5 (60) A (A (X),

Lin = 5@, (AN + 2 P00 — n“(x).

To sum up, the field £(x) disappears from the Lagrangian, that is, the seeming addi-
tiona degree of freedom connected with the Goldstone boson proved spuriousin practical
situations. Obviously, this degree of freedom corresponds to the liberty of the choice of
the gauge transformation. The Lagrangian describes a mere two interacting massive parti-
cles, the vector gauge boson A, (x) with the mass M = ev and the scalar particle n(x) with
the mass m = +/2u (the Higgs boson). Having absorbed the Goldstone boson the massless
gauge field became massive. The number of degrees of freedom has been conserved since
the massive vector particle with three spin projections appeared from the massless vector
field, having two spin states, and from the massless scalar particle. In the field theory this
phenomenon was discovered in 1964 and gave the name Higgs mechanism.
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6.4. Weinberg-Salam-Glashow Theory

The symmetry SJ(2), x U (1)y wasfirst proposed by S. L. Glashow (1961) and then it was
expanded to include the massive vector bosons (W and Z) by S. Weinberg and A.Salam
(1967-1968). At building the electrowesak interaction theory by Glashow, Weinberg, and
Salam one may single out four basic stage. It should be stressed that the analogous division
takes place for any version of an electroweak theory aswell.

Firstly, one should choose a gauge group G in such away that it includes al the nec-
essary vector particles. The gauge symmetry SJ(2), x U(1)y ! is the base of the WSG
theory. Here SJ(2). represents a group of the weak isospin while U (1)y does a group
of the weak hypercharge (the term "weak” is used in order to stress the difference from
the corresponding characteristics of strong interaction). Thus the weak isospin SV and the
weak hypercharge YW (more precisely, YW /2) are generators of the gauge transformations
of J(2)_ and U (1)y respectively. The weak hypercharge is assigned to every field so that
the analog of the formula by Gell-Mann and Nishijimais fulfilled

Q= gurg_ (6.43)

The unbroken loca U (2). x U (1)y symmetry demands the existence of four massless
vector bosons. Threeof themW?!, W2 W3, represent gauge bosons of the non-Abelian group
U (2), and their interactionis characterized by the gauge constant g. B describesthe gauge
field of the Abelian group U (1)y and itsinteraction is determined by the gauge constant g'.

In the second stage one should choose the representation of the symmetry group for
the matter particles (Ieptons and quarks). Since the theory will describe weak processes
which, asit iswell known, do not conserve the parity, the theory must be explicitly mirror-
asymmetrical from the beginning. This asymmetry is realized as follows. The left-hand
components of the fermions

WL = 2(1+75)p(X)

2
form the weak isospin doubletswith respect to the U (2),. group
(VeL) (VpL) (V‘EL> gN — } YW -1 (644)
elj Y ll[ Y TE Y 2’
u. CL L 1 w1
== YW==2 4

while the right-hand components of al fermions excepting the neutrinos

WR09 = 5 (115w

represent the weak isospin singlets

€x, Ur; Tr, V=0, YW=_2

1We used the designation SU (2)gw x U (1)ew for this group before.
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4
UR, CR, tRa gN = Oa YW = §a (646)

2

dR, SR, bR, gN =0, YW = —§.

The absence of the neutrino singletsin the WSG theory was connected with thefact that
the neutrino was considered the massless particles by the time of this theory production.

At the U (2). x U(1)y global transformations the transformation law of the left-hand
and right-hand components of the field y(x) has the form

/ H W BYW / iBYW
W00 = expli(e 8+, WR() = eR TR, (647)
We begin our consideration with the leptons. The lepton sector of the WSG theory is

described by the Lagrangian

Li=i Y [ ¥ + Tirv R3], (6.48)

I=eurt

To introduce the mass terms into the Lagrangian (6.48) directly

m [W () WIR(X) + Wir(X)WiL (X)]

violates the gauge invariance. This makes us to use the mechanism of the mass generation
at the cost of the spontaneous symmetry breaking not only for the weak interaction carriers
but for leptonsas well. For this purpose the Lagrangian of the Yukawatype which describe
interactions between leptons and Higgsfieldsis used

Ly == Y, Al OwiRIO(X) + 0" () Tr(X)wiL (X)) (6.49)

I=eurt

In order to make the neutrino massive it is sufficient to introduce the neutrino singlets
in the theory. Notice, there is no theoretical principle which allows to choose the Yukawa
constants f| and they unfortunately remain an arbitrary parameters of the theory.

In the third stage one needs to localize the gauge group in question, that is, carry out
the replacement

oa—a(x),  B—P(X).
This, asit isknown, demands the transition to the covariant derivatives and an introduc-
tion of the free gauge bosons Lagrangian. In the case of the U (2)._ x U(1)y gauge group
the covariant derivativesfor the fields entering into the Lagrangian have the form

: YW
D,,:a,,—lgSW-W,,—lg’7B,,. (6.50)

Then, recalling that at SV = 1/2 the matrices ox/2 are the generators of the SU(2)
transformations, we obtain for the fields y (x) and yr(X)
ig
DL () = |8~ 50 W,() +

ig

> Bu.(X) | wiL(X), (6.51)
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D Wir(X) = [0, +i9Bu(X)] wir(X). (6.52)
The free gauge bosons Lagrangian is determined by the expression

Lo = —BWE COWH () — B (0B (),

where W, (x) isatensor of anon-Abelian field

a
Wy

(X) = a,UWVa(X) - aVW,ua(X) + ggabCWVb(X)W,uC(X)’ a’ ba Cc= 1a 2a 3a
B.v(X) isatensor of an Abelian field
B (X) = 9By (X) — 9vBu(X).

To pass to the covariant derivative leads to the appearance of two basic interactions
in the total Lagrangian: interaction of the weak currents isotriplet J#(x) with three vector
bosons WH(x)

9} (%) - W, (%) = g (0v*S" - W, ()i (%), (6.53)

and interaction of the wesak hypercharge current jIY“ (X) with fourth vector boson By, (x)

g/ i /_ ,uYW

2 (¥)Bu(X) = g'W; (X)y — Vi (X)Bu(X), (6.54)
where
Wi (X) = wiL(X) +Wir(X).

In thefourth stage we must give the mass both to the weak interaction carriers and to the
leptons. For this purpose we shall make use of the mechanism of the spontaneous symmetry
breaking on the chain

V(2)LxU(L)y = U(L)em

The supplementary two-component complex scalar Higgs field ¢(x) (four degrees of
freedom) isintroduced

1 (10100 +9200) _ (07( P
000= 5 (i iy ) = (iee ) 7=v2v=1 s

where Im @;(x) = 0 and Im H(x) = 0. The Lagrangian describing the Higgs fields doubl et,
exclusive of the kinetic energy, contains the potential energy of self-interaction aswell

Lu = [D@(X)[> =V (¢) (6.56)
where
V() = =0T (X)9(X) —A[oT (x)@(x)]? (6.57)
with A > 0 and 2 < 0. The spontaneous symmetry breaking is realized by the shift of the
neutral Higgs field component on the real constant v = /—u2 /A
_ 1 i)+ D(x) ) _
000 =5 (Ko 02 ) =+ (650
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o-35(0)

and < 0]¢’(x)|0 >= 0. Then the parametrization of fluctuations close to &, in the lowest
order of ® takesthe form

where

o(x) = \% explio- ®(x) V] <V+ > (X)> . (6.59)

Notice, at any choice of ¢(x) the symmetry violation inevitably resultsin the appear-
ance of the mass on the corresponding gauge bosons. But when the invariance both of the
Lagrangian and of the vacuum with respect to some gauge transformation subgroup is con-
served then the gauge bosons connected with these subgroups are kept massless. Under the

choice 1 /o
< 0lp(X)|0 >= —
oi0>= 7 ()

withSV =1/2,SY = —1/2 and YW = 1 both the U (2)_ and U (1)y gauge symmetries are
violated. Since the generators of the groupsU (1)em, U (2) and U (1)y satisfy the relation
(6.43) then

Q% =0, (6.60)

or
o = explio(x)QJ&o = Eo. (6.61)
Thus both thefinal Lagrangian and the vacuum are invariant with respect to theU (1) em
group transformations what ensures the zero-mass photon.
As aresult of the shift in |D,(x)|? the terms which are bilinear on the components of
W2 and By, appear. They give the contribution to the mass matrix of the gauge bosons
w00 o]
[=50-Wu(X) = 5-Bu(X)]o(x)
|2 2 |

1 ' (gw,?(xwg's,l(x) g () — W2 ()] > <o> '2 B
8| \gW200 +IWZ00]  —aW30) +gB,(9 ) \v

2
= % [(W,ul(x))z + (W,UZ(X))Z} + g [ng?(X) — g’B'u(x)]z_ (6.62)

As it follows from Eq. (6.62) the fields W,f(x) and B, (x) prove to be mixed. Thisis
no surprise, since they have the identical quantum numbers. For diagonalization of the last
term in (6.62) we passto anew basis

(Zﬂ>: 1 (g _g/> (Wlf):(cosew —sin6W> (W,f) (6.63)
n) = Vareld o )8 (snow aosty ) (8) ©

where ,

g
tan By = =.
g
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In the new basis the term v2[gW3(x) — g'B,(x)]?/8 takes the form

STEZ, (24,

where

V 2 _|_ 12
my = 7“9’29’. (6.64)
Further crossing to complex self-conjugatefields

112
Wi — W,“ ZFIW,“
u N

and taking into account (6.64) we rewrite Eq.(6.62) in the form

W, =W, , W =W, (6.65)

MG, W, (X)WH(x) + %nﬁzy(x) Z+(x), (6.66)

where v
My = % (6.67)

Thus the weak interaction carriers have acquired the mass whereas the photon is kept
massless. The massless gauge bosons had two polarization states. After they had acquired
the mass the number of their polarization states increased on one. They borrow these three
additional degrees of freedom from the Higgs bosons. However the Higgs field had four
degrees of freedom. What destiny has the last Higgs component? It appeared that the
remained Higgs boson becomes massive and passes into the physical particles sector (the
physical Higgs boson).

Substituting (6.58) into (6.57) one may convinces that the field H(x) has get the mass
mg, = 2Av? while the fields ®; (x) have been kept massless, that is, they represent the Gold-
stonefields. To eliminate the Goldstone bosonswe use the parametrization of thefield ¢(x)
in the form (6.59). We carry out the SU (2), gauge transformation in the total Lagrangian
written in terms of @(x)

where
U(x) = exp[—ic-D(X)/V].

The transformation law for W, (x) follows from the Lagrangian invariance with respect
to U(x), what is ensured by the condition

U (x)D, () UX) WL (X) = Du()wi ().
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It is not difficult to show the fields @1 (x), ®»(x) and ®3(x) have not been already con-
tained in the final Lagrangian. To sum up, three Goldstone bosons are eliminated by the
gauge transformation from the theory (to be gauged) while the liberated three degrees of
freedom crossinto the transverse components of the W= - and Z-bosons which became mas-
sive.

The physical Higgs boson is not isolated from the rest of the part of the model. It
interacts both with the leptons and with the gauge bosons. The corresponding Lagrangian
is given by the expression

+ ! Z
2c02 0By "

For the massive neutrinos, as we told before, we should introduce the neutrino singlets
in the theory. Thisleads to the appearance of the followingtermin Ly

= fuVi()vi (})H (x).
|

(X)Z*(x) | [H?(x) +2vH (x)] . (6.68)

The leptons also get the masses in the result of the shift of the field ¢ on the constant
(6.58)

_ fiv _ fyv
vz Tz

Asit followsfrom Egs. (6.68) and (6.69) the coupling constants describing interaction
of the Higgs bosons with the W- and Z-bosons are proportional to gmy and gmz respec-
tively, that is, they are much more larger than the coupling constants determining interaction
between the Higgs bosons and the fermions.

Let us consider the sum of the terms (6.53) and (6.54) which describe interaction be-
tween the leptons and the gauge bosons of the SJ (2),. x U (1)y group. Taking into account
the explicit form of the Pauli matrices we may present interaction of the weak currents
isotriplet J,(x) with three W*(x)- bosonsin the form

(6.69)

93/ (%) - Wyu(x) =

g, - y 0 Wl}(x) —inf(X) viL(X)
= (L) (w,}(x)+iw5(x) 0 > ( 10 >+
3
+ 3 FL 0T (Wy /00 _W% (X)> (Vl'&(xX))) _
= \% [T (OVILOOW; (%) +TLOOPVILOIWL ()] + GF* OV (), (6.70)
where
GIF IWE() = SFILOYMLOOWE(X) ~TL (Rl L (W], (6.71)

2
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The interaction of the weak hypercharge current jIY“ (x) with the fourth vector boson
B.(X), initsturn, may be written as

9 1140800 = — ST 0¥ (8,0 ~ G TR FWROOB() =

/

- _%WL(X)Y“ Vit (%) +TLOOYPIL(X) + 2TROPIR(X)Bu(X).- (6.72)

Now we should unify thelast termin (6.70) with (6.72). It isevident at aglancethat the
choice of the basisin theform (6.63) providesthe absence of the el ectromagnetic interaction
of the neutrino. Taking into consideration Eq. (6.63) we obtain without trouble

¥ OWE) + S 08,00 = 2 [ 00+
TROFIR00] A0 + %wmﬂmw—
gz _ g/2 _ g/2 _
_Z\/WI LOOYHIL(X) + WI ROX)VIR(X) | Zu(X). (6.73)

Since Eq. (6.43) takes place then the following relation should be fulfilled

. 1.
(Ju)em = J3+ EJZ’
that is, the electromagnetic interaction — jem(Xx)A,(x) must be included into interactions
(6.53) and (6.54). Then it becomes clear that the first term in (6.73) describes the electro-
magnetic interaction of the charged leptons, and the multiplier gg'/+/g? +g? is nothing
more nor less than the electric charge

99’
/ gz _|_ g/2 ’
Taking into consideration this circumstance and incorporating Egs. (6.70), (6.73) we

obtain the final expression for the interaction Lagrangian of the gauge bosons with the
leptons

e = (6.74)

Lo [V 00 (L+v8)! (X)W, (%) +T(X)¥ (L +y5)vi (X)W (X)] —

_ 9
2V2

— e (Y1 ()AL(X) +

4.cosOy
H(x)y*[4sin? Oy — 1 — 5]l (X) } Z,(X). (6.75)

Since dl the terms in the Lagrangian (6.75) represent the quantities of the type
currentx potential, then the weak interaction caused by the exchanges of the W- and Z-
bosonsis commonly called an interaction of the charged and neutral currents respectively.

(VY [L+yslviC)+
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To develop the electrowesk interactionstheory for the quarksis performed in full anal-
ogy with the above mentioned scheme for the leptons. There is the following correspon-

dence between the quarks and the leptons
ViL o tEL
(2) () o

- (0)-)
_ — 5 _ — 5
(&)~ () o)~ (3
VeR < U%, el; — d%a V,uR — C%a
HR < SR, ViR < TR, TR < bR,
where o is the color quark index!. But what actually happens is that, instead of the d-, s-
and b-quarks, their linear combinationsenter into singlets and doubl ets of the wesak isospin.

We shall designate them by symbolsd’, s and b/. They are connected with the unprimed
guarks by therelations

d’ d
qi=[ g | = MM — g™ [ g | =
b’ b

C12C13 _ S1i2C13 size =\ /d
= | —S12C23 — C125235136%8 €103 — S12523513€°53 $23C13 S|, (6.78)

S12523 — C12C23513€%8  —C15p3 — S12C23513€%8  Cp3Ci3 b

(6.77)

where MM is the Cabibbo — Kobayashi — Maskawa matrix (CKM), ¢;j = coso<™,
sj =sin6M, i, j are generationsindices being equal to 1,2 and 3, 6™ are mixing angles

and a phase multiplier 913 describes the CP parity violation. Soin Eqs. (6.76) and (6.77)
one should make the replacement

! — o = 5V of

The CKM matrix is unitary. Its elements could be determined from the weak decays
of hadrons and from the experiments on the deep inelastic scattering of the neutrino by
hadrons. Since the matrix MM is the product of three noncommuting matrices of the
rotations in three planes [12], [13] and [23] of the abstract space then the parametrization
(6.78) is not unique?.

In place of Egs. (6.53) and (6.54) we have for the quarks

gIE(X) - W,,(x) + gJ H(X)Bu(X) = gl (9SY - W, (X)wa (%) +

YW
+g' W ()7 7qfq(x) B (X). (6.79)

Passing to the mass eigenstates basis (W, W*, Z, y) from the gauge basis (W, W2, W23 B)
with the help of formulas (6.63), (6.65) and using the relation (6.79), we obtain the follow-
ing expression for the Lagrangian describing the interaction between the quarks and the
gauge bosons

Lq= NG [q”_ )P M M W (x) + T8 ( )YyWKM*quW;(X)} +

1Asthe electroweak interactions do not change the quark flavor further the flavor index will be neglected.
2We have used the parametrization accepted in Review of Particle Physics.
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g
4.cosOy

_ 4
o [0 (1 S ow—vs ) 00 e (1- St

—15) 8] 2,09 + 3 [200re0 - a vl A, (6:80

We definethe Yukawa L agrangian for the quarks by analogy with thelepton case. Then,
after spontaneous symmetry breaking we get the Lagrangian determining the interaction of
the quarks with the physical Higgs boson in the form

L= =2 fqT(X)a(x)H(X),

where the Yukawa constant fy, defines the mass of the g;-quark

_ fav
rnQi_\/é‘

The Fermi theory was a predecessor of the WSG theory. This theory most advanta-
geously managed with the description of weak interaction in the low energy region. Then,
according the correspondence principle, at low energies the WSG theory must reproduce
the results of the former theory. We take advantage this circumstance to define the linkage
between the parameters of the new and old theories. 1t may be beneficia to recall some
essential pointsof the Fermi theory.

By the early (19)30sit was established that beta-radioactivity of all nuclei is caused by
apair of fundamental reactions where the proton and neutron are interconverted

N— p+e +Ve, (6.81)

p— nN+e" +ve. (6.82)

The electron and the antineutrino or the positron and the neutrino which appear as a
result of the beta-decay are created because they do not exist in the radioactive nuclear.
This phenomenon is analogous to the process of the photon emitting by the electron when
it transits with the one orbit on the other orbit located close to the nuclear. E. Fermi used
this analogy and already known mathematical apparatus of the quantum theory of elec-
tromagnetic interaction in his weak interaction theory proposed in 1934. The interaction
Lagrangian by Fermi has the form of the product currentx current

GF -t
Lr = NG Ju

Theweak current entering into (6.63) is built out of the wave functions of the particles
which are pairwise unified: neutron — proton, electron — electron antineutrino and so on.
So, for the process (6.83) the one current is nucleon and it transfers the neutron to the proton.
The other current islepton and it creates the pair, the electron and the el ectron antineutrino.
These currents belong to the class of the charged currents since they change the electric
charge of the particles to interact. In the both currents the charge is increased on |e|: the
positive charged proton arises from the neutral neutron while the el ectron antineutrino does

(%) J4(x). (6.83)
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from the electron. The interaction (6.83) gave the name four-fermion contact interaction?.
The structure of the charged weak currents has been finally established in the middle of
(19)50s. Anaysis of experiments being done by that time led to the conclusion that the
weak current represents the sum of the vector V and the axial vector A (V + A structure).
Thus the lepton part of the current is defined by the expression

He

7 (¢) =809y (1+v5)ve(X) +H(X)Y (1 +7v5)vu(X) +T(X)7° (1 +v5)v2(X).  (6.84)

After determination of the composite nucleons structure the quarks occupy the nucleons
placein the charged weak current nucleon part

i) =d ()Y (1+v5)u(X) +3 ()y°(1+ys)c(x) +B (Y (L+ys)t(x).  (6.85)

If oneis constrained by the first order of perturbation theory on the weak interaction
constant G under calculations then the Fermi theory gives a fine accordance with an ex-
periment. However the corrections of the high orders on Gg represent the integrals which
become infinite at the large energies, that is, physically meaningless. Consequently the
Fermi theory must be suitably reconstructed. The refusal of a locality of interaction is
the most evident way. In other words, the analogy between quantum electrodynamics and
weak interaction theory should be deeper, namely, weak interaction isa so carried by gauge
bosons.

To connect the WSG theory parameters with the Fermi constant Ge we consider the
muon decay through the channel

U —€ +Vetvy, (6.86)

The corresponding diagrams in the momentum representation for the Fermi theory and
the WSG theory are displayed in Figs. 39 and 40.

Figure 39.

1Since four fermion wave functions enter into the Lagrangian we call the interaction by four-fermion. As
the interaction takes placein one and the same point X we name it by contact.
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Figure 40.

In the WSG theory the amplitude of the decay (6.86) is given by the expression

gZ |||,u|||v#|“e e o gGB quB/
Anss = =, | =2 =5 (p 14+ve)u —HﬁV
6 8 E'uEeEveEV# V'U( #)Y ( YS) (py) ( nﬁv q2 .

x8(Pe)YP(1+vs5)Vve(Pve) (6.87)

where g = p, — py, and the expression standing in the parenthesis describes the propagation
of thevirtual W~ boson, i.e. isthe propagator of thisparticle. Inthe Fermi theory the decay
amplitude has the form

Gg [m,my,mem,, _ -
= — L _x - ° o 1 o 1 . *
A= o B By PV YRR Petal(L+ v Vel ) (688)
Under small g the expressions (6.87) and (6.88) must coincide. Asin this case theW
boson propagator is reduced to ges/mgG,, the required linkage s given by

¢ _Gr

BT%, V2

The constant g characterizes emitting and absorbing the W= bosons, much as e defines

emitting and absorbing the photons. From (6.74) follows that e > g and, therefore, weak

interaction isin essence stronger than electromagnetic one. However, as it was shown, the

weak processes amplitudes are proportional to g7/mg, at low energiest. So, owing to that

the W bosons are very heavy, the weak interaction processes appear to be much orders of
magnitude weaker than el ectromagnetic processes.

Not only do the WSG theory unify electromagnetic and wesak interactions, but it also

predicts the existence of new phenomenain wesak interaction physics, the neutral currents.
In 1973 the first reactions caused by the neutral currents were observed

(6.89)

VutP— v+ p+nt 1. (6.90)

Information confirming the neutral currents existence aso follows from experiments
on observing the parity violation in atom physics. The interaction constant of the neutra
currents proves to be approximately the same as that of the charged currents.

1Recall, that the separation on electromagnetic and weak interactions has a sense only at energies < 100
GeV.
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The WSG theory predicts the linkage between the masses of the W- and Z-bosons as
well. From therelations (6.64) and (6.67) follows

g cosBy
Using Egs. (6.74) and (6.89), we obtain

Tlem . 1
= = . .92
my ‘/pr/ism Ow (6.92)

Having done three independent experiments one may define the constants Gg, sinfy,
Oem, the knowledge of which alows to determine not only the masses of the W- and Z-
bosons but the vacuum average v (vacuum expectation value) of the Higgsfield as well

mz = (6.91)

Ve my SinBy
- /TO0em

The Weinberg angle value may be found out of different experiments concerning nu-
clear physics, physics of weak interactions at low energies and high energy physics. By
1983 the results of sin?6y determination have become to be matched. The averaged value
was given by

sin?By ~ 0.23. (6.93)

Then substituting the values

~ =1.17 x 107° GeV
Oem ~ o= Gr x 107° GeV,

and (6.93) into Egs. (6.91) and (6.92) we obtain
my ~ 80 GeV, mz ~ 91 GeV. (6.94)

It is evident that the discovery of the W- and Z-bosons would be the deciding step on
theway of the WSG theory checkout. For these purposesthe proton-antiproton collider was
builtin CERN. It began to operate in summer 1981. The direct production of the W-boson
with the subsequent decay through the electron and electron antineutrino

u+d =W —e +ve (6.95)

isdisplayedin Fig.41.

The cross section of the reaction (6.95) is afunction of the colliding quarks energy and
as soon as the energy in the center of mass system is approaching to my, the W-boson is
exhibiting as aresonance. In the resonance region the cross section has the sharp maximum
the hight and the width of which are predicted by the WSG theory. At the resonance the
cross section value can be cal culated by application of the Breit-Wigner formula (4.106).

It is beyond doubt that to directly observe the quark collisionsis impossible since the
guarks in the free states are unavailable for us. The proton-antiproton collisions are just
the most changing. A monochromatic proton beam may be considered as the quark beam
with the wide distribution on momenta, that is, when P is a proton momentum then x;P
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Figure 41. The Feynman diagrams for the processu+d — W+* — e +Ve.

is @ momentum of an i-quark (0 < x; < 1). An antiproton beam looks analogously. In
the process of the W production the quark picks for itself the antiquark with the suitable
momentum. In the center of mass system the energy of the impacts of the quark with the
antiquark sgg is connected with sy by the relation

Sqq = SppXgXq-

Thedistributionfunctions of the quarks both in the proton and in the antiproton are such
that in order to provide the right correlation between the proton quark and the antiproton
antiquark the following condition must be fulfilled

Xq A Xq > 0.25. (6.96)

Thus there is one wide region of optimal energies for the pp impacts at the given W
boson mass. For my = 80 GeV it isgiven by

400 < ,/Spp < 600 GeV.
In actual fact the following processes are investigated at CERN pp collider
p+p —WE+X, (6.97)

where X isarbitrary hadrons plurality. To detect theW=* bosonswas carried out through the

lepton decays
WF — et +ve, W™ — e +Ve (6.98)

Such processes are represented by diagrams which include the elements both of the
quarks diagrams and of the Feynman ones. So the diagram pictured in Fig.42 corresponds
to the process

Pp+Pp—W +X —€e +Ve+X. (6.99)

To obtain the cross section of the reaction (6.99) one should integrate the cross section
of the reaction (6.95) at the resonance over the distributionsof the quarksin the proton and
the antiproton.

Since the W boson mass is large then charged leptons |+, appearing under the W bo-
son decay, have a large transverse momentum. Thus the detection of 1+ is not caused any
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Figure 42. The diagramsfor theprocessp+p - W *+X — € +Ve+X.

troubles. The neutrino recording was based on purely kinematic reasons. For this purpose
the specia detector was used. Its sensitivity relatively to all charged or neutral particles
which were created in the impact process, was uniform in the whole volume on the whole
solid angle. Since interactions are observed in the center of mass system any appreciable
disbal ance of a momentum signals about the presence of one or more numbers of noninter-
acting particles (presumably, neutrinos). Calorimeters are ideally suited for therole of such
detectors because their energy registration efficiency may be done to be sufficiently homo-
geneous for different particles to hit in them. Notice, in the intrinsic frame of reference of
the W-boson the momentum carried away by the neutrino p, is equal to my /2, i.e. itis
very large.

In January of 1983 two independent Collaborations UA1 and UA2 working at CERN
pp collider presented the first results on detecting the W bosons in the reactions (6.97),
(6.98).

In June of 1983 the group UA 1 hasinformed about the observation of thefirst five cases
of the creation and the decay of the Z bosons. In August of the same year the group UA2
has detected the eight analogous events. The Z-bosons are created in the reaction

p+p—2Z+X (6.100)
and are detected through the decays
Z—e +e', Z—e +e'+y, Z—u +ut. (6.101)

These experiments have led not only to the discovery of the W- and Z-bosons, they
have also shown that their properties are exactly described by the WSG theory. It should
be noticed that the masses values (6.94) are approximate rather than precise. To obtain the
precise values of the gauge bosons masses we must take into consideration the interaction
of particles with the vacuum or, what is the same, incorporate the higher orders of the per-
turbation theory (radiative corrections) under calculating the cross sections. The radiative
corrections (RC) influence on the values of aiey and sin?6yy is especialy significant. The
calculations showed that the inclusion of the RC changes the gauge bosons masses val ues
in the formulas (6.94) approximately on 5%.






Chapter 7

Fundamental Particles

The evolution of our notions about the matter structure, the four steps on the Quantum
Stairway, may be schematically represented by Fig.43.

Figure 43. The Quantum Stairway.

Every stage of this Stairway presents a separate region of Physicsand, consequently, the
phenomena range described by it, is characterized first and foremost by particles velocities
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Table7.1.
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and a region size which is available for particles motions. An object having an intrinsic
structure from the viewpoint of the higher stage is considered as a structureless one in
al phenomena at any underlying stage. So an atom is supposed to be a point particle in
Classical Physics, anucleus — in Atom Physics, anucleon — in Nuclear Physics.

Below in Table 7.1 we give the additive quantum numbers of the quarks

Before when we talked about the quark-lepton symmetry we were pointing the way of its
storing, placing the quarks and the leptons into the weak isospin doublets. In so doing it
appeared that the down quarks subject to the mixing. The absence of the similar mixing in
the lepton sector would shake not only our belief in the quark-1epton symmetry, but it would
also make usto refuse the belief in the Nature unity. The anal ogous phenomenon proves to
be taken place in the lepton sector as well. But we have learned about it much later, in 2001
only. The experiments showed that the electron, muon and tau-lepton neutrinos are not the
states with definite mass value but they represent the mixtures of the physical states vy, v2
and vs. The corresponding neutrino sector mixing matrix MM has the same form as the

CKM matrix, that is,
arNM MCKM(eﬁKM R eil\le)’

where ei“j'M are neutrinos mixing angles. Moreover, the mixing angles of the lepton sectors
are connected with those of the quark sectors by the relations

NM , oCKM _ T CKM NV T NM CKM
01" +072" = 2 055 +033" = 2 013" ~ 073

So, the following fermions are part of the composition of the quark-lepton matter

o
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(»). (2). (72)
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The first generation plays the particular role. In effect all we see around us in the

Nature consists of the first generation fermions. All the members of the second and the
third generations are unstable, the exception is probably provided by the neutrinos. They
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appear only in accelerators and in phenomena produced by the cosmic rays. The fermions
of the second and third generations played the important role in the early Universe, in
the first instants of the Big Bang. In particular, the neutrino flavors number has defined
the quantitative ratio between hydrogen and helium in the Universe. The second and third
generations made an impact on the masses val ues of thefirst generation particles. Initsturn,
the ratio of the masses m, : my : me made possible engendering the life in the Universe. It
is very surprising that to choose the first generation particles masses val ues the Nature has
used the trick being sufficiently rare in its repertoire, the parameters fine-tuning. We shall
intimate that thisis the case.

L et us consider the simplest but the most important atom of our Universe, the hydrogen
atom. The stability of the atom is governed by that the reaction

is energetically forbidden since the masses of the electron and the proton which constitute
it satisfy an inequality
me < Am, (7.5)

where Am=m, —m, =~ 1.3 MeV (we have neglected the neutrino mass). It is clear that the
fragile equilibrium expressed by Eq.(7.5) may be violated even by an insignificant change
of my, my and me. Conseguences of the hydrogen instability would be catastrophic. If
the hydrogen that represents the main fuel for the Universe stars would be absent, then the
ordinary stars did not exist and the Universe acquired an absolutely other appearance. Then
in order to make our world stable, so to say with a store, why not increase the value of Am
in the relation (7.5). However, the other problem connected with the deuterium is waiting
for us on this way. Its nucleus, the deuteron, possesses the most small binding energy
Ec ~ 2.24 MeV. A guarantor of the deuteron stability is the fact that in it the decay of the
neutron through the channel

n— p+e +Ve (7.6)

is energetically unprofitable. In this case the energy conservation law demands
My+my—Ec=mp+mp+me+T, (7.7)

where T is the kinetic energy of the decaying particles. From the positivity of T follows
that the decay isforbidden under condition

Ec+me > Am. (7.8)

Thus, if we made Amtoo large and violated (7.8), then the deuterium would be unstable
that led toitscomplete lack inthe Nature. However the deuterium productionisthefirst step
in the chain of nuclear transformations tracing from the hydrogen to more heavy elements
which were not in the early Universe. To summarize, in the case of the deuterium lack
the routine way of producing the elements being heavier than the hydrogen would become
impossible.

The small ratio of the electron and the proton masses is the cause of such an important
phenomenon as the exact localization of the nucleus in the electrons cloud that, in itsturn,



176 O.M. Boyarkin

defines a molecules architecture. Otherwise the stable configurations, characterizing the
lifeitself and much in the world surrounding us, would not exist.

The processes of annihilating the electrons-positrons into hadrons have set the upper
bound on the quarks size. By now this bound is < 10716 cm. Such alimitation exists for
leptons as well. Within the accuracy of the modern experiment the particles entering into
the both groups are considered as point particles, that is, at present we have all the reasons
to believe that these particles are fundamental.

It is convenient to present the fundamental particles of the SM in the three-dimensional
coordinate system ©, in which the operator eigenvalues of the weak isospin projection on
the third axis SY are plotted along the z axis while the plane xy is used for the definition of
the eigenvalues of the color spin operator S, Draw a regular-shaped triangular prismin
O (Fig. 44).

g7! 39 ’ZVH

Figure 44. The fundamental particles of the SM.
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Now we place three color states of the u quark in the vertices of the upper base (the
points corresponding to S = 1/2) and three color states of the d’ quark in the vertices
of the low base (S = —1/2). The colorless leptons will be housed in the straight line
x =y = 0: the electron neutrino in the center of the upper base while the electron in the
center of the low base. Two anal ogous prisms will correspond to the fundamental fermions
of the second and the third generations. The quarks and the leptons form the first group
of the fundamental particles, the matter particles group. The next group, the interactions
carriers group, constitute four gauge bosons of electroweak interaction W~ W+, Z,y, eight
gluons of the QCD g; and an yet-undiscovered gravitational interaction carrier, the graviton
G. We call this group by the gauge bosons group. Let us be distracted from the graviton
existence and display the remaining interactions carriers in the form of the arrows, mean-
ing the result of interactions between the bosons and the fermions, at the same figure. The
emitting or the absorbing of the charged W bosons leads to the transitions between the
vertices of the fermion triangles with ASY = 41, i.e. it produces the motion along the z
axis. From eight existing gluons two are responsible for the processes without a change of
the quarks color whereas six — for the processes changing the quarks color. The clock-
wise motions and counterclockwise motions along the perimeters of the equilateral fermion
triangles correspond to the gluonsto change the color.

We are coming now to displaying the gauge bosons, which do not effect the change
of the electric charge, of the weak isospin, of the color and, consequently, do not alter the
fermion position in the ©® space. Such a particles are the photon, the neutral gauge boson
and two remaining gluons. Apart from the above mentioned fundamental particles, there
is one more particle which has the common features with the both groups but still stands
aside from them, i.e. it actually forms the third group of the fundamental particles. Thisis
the Higgs boson having the zero-spin and electric charge being egqual to zero. It does not
enter into the matter composition and its interaction with all the fundamental fermionsis
not attached to the definite class. However, according the SM al the fundamental particles
acquired their masses thanks to just the Higgs boson. It may be an echo of the spontaneous
symmetry breaking which happened (if any) in the epoch of the early Universe 1. Under
emitting and absorbing the Higgs boson the fermion does not ater its position in the ©
space as well. Let us agree the bosons, whose interactions with the matter particles results
in

AQ=ASY =AS®) =,
to display by the arrows which begin and end on the fermions.

Atasightin Fig.44 itisdifficult to get rid of atemptation to declare the quarks and the
leptons, which belong to the bases triangles, by the quark-lepton octet of some symmetry
group. The fermions of the second and the third generations would also constitute the
analogous octets. Having stood on this point of view we reduce all the plurality of the
fundamental matter particlesto three superparasitism each of them could bein eight states.

1In November of 2000 the reports about the Higgs boson observation with the mass being equal to 115 GeV
came from two groups L3 and ALEE (LEP) which investigated the reaction

et +e” - Z+H.

However two other Collaborations working at LEP, OPAL and DELPHI, did not confirm the results of their
colleagues. In the year of 2001 LEP ceased the operation, leaving the Higgs boson history unwritten.
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However such asimple and elegant scheme hasits exotic. Theterm "multiplet” has a sense
if and only if the transitions between all its states are allowed. But in our case only the
quark—quark and lepton«—lepton transitions exist whereas the lepton—quark transitions
are forbidden. This circumstance is a consequence of a lack of interconnections between
the electroweak and the QCD fields within the SM. But if we choose the symmetry group,
which allow to place al the fermions of each generation into a fundamental octet, and
subseguently gauge this symmetry and spontaneously break it then we obtain frightened
huge numbers both of the Higgs bosons and of the gauge bosons. It is clear that such a
scheme of the Universe has hardly the right to the life, since, as Aristotle said, ”Nature
alwaysrealizes the best of possibilities’.

The U (5) group is a minimum group of the GUT which includes the SM group as a
subgroup. In this model one can not manage to place al the known fundamental fermions
of each generation into one representation. However it could be done with the help of
two representations, the quintet and the decuplet representations of the SU (5) group. The
quintet for the first generation has the form

(a;?aa/GaaEa eiaVe)a

while the corresponding decuplet is represented by an antisymmetric matrix

0 Ug —-Ugz —UR _d/R
—Up 0 Ur —Ug —dé;
1 = = /
E U —UR 0 —Up _dB
UrR Ug Ug 0 —et
/ / / +
R Og B € 0

In so doing &l the fermions fields are considered by the left-hand chira fields, that is,
the functions of all the fields are multiplied by the quantity (1-+ys)/2. Evidently, if one
displays the fermion multiplets of the SU(5) group in the coordinate system ©, then the
obtained picture will not yet hold the same aesthetic appeal as it was in the case of Fig.
44. Asthe J(5) group has 24 generators then the corresponding gauge transformation
is achieved by 24 gauge bosons. Twelve of them are the gauge bosons of the SM. The
remaining bosons, the X* and Y;* bosons (i = 1,2,3), have the masses ~ Mgy and the
charges +4e/3, +e/3. Thereis aso agreat deal of physica Higgs bosons. For example,
this number equals 16 in the version proposed by George and Glashow.

Under increasing the GUT group dimensionality, the number both of the physical Higgs
bosons and of the gauge bosons grow. So in the SO(10) group the number of the gauge
bosonsyet reaches 45.

On these examples we see one of possibilities — the achieved stage on the Quantum
Stairway is the last one but the list of the fundamental particles may be wider. Increasing
the list may occur both through the physical Higgs bosons and through the gauge bosons.
There are aso no reasons to believe that the number of the fermion generations may not be
grester than three. The other possibility remains to be opened, namely, al the fundamental
particles, or some of them at least, for example, the quarks and the leptons represent in
fact an objects consisting of subarticles, peons. Then some new forces responsible for
unifying the peonsinto the quarks and the leptons must exist. In this case the strong and the
electroweak forces appear no more fundamental than the chemical or the nuclear forces and
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the attempt of buildingthe GUT from the elementary quarks and leptonswill be doomed to
failure. Arethe peonsthe last undivided matter blocks or is the climbing on the next stage
of the Quantum Stairway waiting for us? It isclear only onethat as early asthefirst century
(B.C.) Lacertus said: "But without doubt, the known limit of breaking in pieces has been
It turned out so that at our climbing the third stage of the Quantum Stairway the QED

was to be responsible for the matter structure. Just it became the first working model of
the quantum field theory. Its basic properties — the relativistic covariance, the local gauge
invariance, the convergence of perturbation theory series, changing the interaction constant
with a momentum transferred — got those strings from which the Gobelin tapestry of the
Modern Physics was weaved. It is difficult to foresee what aspect would assume the ele-
mentary particles theory if the carriers of interactions between the electrons were massive
particles with the spin 3/2 rather than the photons. And we finish this Chapter by the words
of the poet

Sad words ” might be”,

can't be forgotten
by mice and peopletoo.






Chapter 8

Devices of Elementary Particle
Physics

8.1. ParticleAccelerators

From the times of the atomic nucleus discovery by Rutherford it has been clear that a study
of the nuclei structures requires the production of accelerated beams. Natural sources of
accelerated particles, radioactive el ements, exhibit very low intensities, restricted energies,
and they are absolutely uncontrollable. To produce high-energy particles, the development
of special accelerating facilities was being started. Presently, giant accelerators symbolize
modern elementary particle physics. The experiments involving elementary particles are
impossible without the use of accelerators, and the progress of Physics is inconceivable
without such experiments. During the X Xth century typical accelerator energieswere vary-
ing from a few eV to several TeV. In other words, the attainable energies were growing
exponentially, being doubled every 2.5 years. It isobviousthat such arapid energy growth
cannot be expected in the SIXTH century.

Modern accelerator facilitiesinclude three basic blocks:

(1) accelerator that effects the kinetic energy increase, formation and ejection of high-
intensity particle beams;

(2) detector that comprises a system for registration of the interaction processes and anal-
ysis of the reaction products; besides, a particular section of the detector may be used as a
target;

(3) equipment for input/output, storage and processing of the experimental information;
unit for automatic control of the whole accelerating system.

According to the acceleration principle, accelerator facilities may be classed as syn-
chrotron and linear accelerators; depending on the collision method, they may be subdi-
vided into the stationary-target and colliding-beam machines. Both stable, e.g. electron,
proton, neutrino, and unstable particles, e.g. muons, may be accelerated in the process.

The first accelerator designed by P. Van de Graafian in 1931 was of the high-voltage
linear type. It represented a combination of the high-voltage source (generator) and ac-
celeration vacuum tube, where the charged particles, moving between the generator poles,
acquired an energy corresponding to the voltage at the poles. High-voltage accelerators
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are intended to accelerate light (electrons) as well as heavy particles (protons, ions). Their
merits are as follows: continuous operation, high energy stability of the accelerated parti-
cles and small energy spread in the beam (AE < 0.01%). High-voltage accelerators with
energies up to 10 — 20 MeV are still in current use for preliminary acceleration in large
accelerators.

As the attainment of high potential difference (for example, 10° V) presents technical
difficulties, it is expedient to cause the accel erated particlesto rotate in the magnetic field,
progressively accel erating them by low voltage pul ses applied to the accel erating el ectrodes
at certain instants of times and at a frequency egual to the particle rotation frequency. In
this way acceleration is imparted only to the particles entrapped into the accelerating gap
a proper times. Because of this, only parts of the beam are accelerated (particle clusters)
rather than the wholebeam. Thisprinciplewas used for the creation of the first cyclic accel -
erator (cyclotron) constructed by E. Lawrence in 1931. In cyclotron the charged particles
are accel erated from zero to maximum energy under the effect of an aternating el ectric field
with the constant period T,. Curving of the orbitsis provided by a constant magnetic field
directed perpendicular to the orbit plane. The rotation period of a particle is determined by
the expression:

f 2nme 2nE

! eB\/1—\2/cZ2  ecB’
where B is a magnetic field induction, v is a particle motion velocity on an orbit, and E is
atotal particle energy. It should be noted that Eqg. (8.1) iswritten in CGS. In this section,
for the sake of obviousness, it is convenient to use an ordinary system of units. For nonrel-
ativistic velocities E ~ mc? the period is constant. Provided in thiscase T isamultiple of
Ta, a prolonged resonance may be observed between the particle rotation in the magnetic
field and variationsin the accelerating voltage. Accelerated particles are moving along the
spiral orbitswith ever growing radius

(8.1)

_ mev
-5

And the accel eration takes place until the particle motionisin resonance with the accel -
erating field. When relativistic velocities are attained by the accel erated particles, the total
particle energy begins to grow causing the resonance disturbance, and hence accel eration
of the particlesis terminated.

Independently of one another, V. 1. Vecsler (USSR, 1944) and E. McMillan (USA, 1945)
have proposed the phase stability principle which allows to ensure the resonance condition
at any relativistic velocity. By Eq. (8.1), the relationship between the total particle energy
and accelerating field frequency w, should be as follows:

R (8.2)

g &Ba (8.3)

Wa
whereq= 1,2, 3.... According to the stable-phase mechanism, the particle energy automat-
ically takes the value close to the resonance one, with a relatively slow time variation of
the accelerating electric field and magnetic field induction. The finding of the stable phase
principle has resulted in the advent of the new type accelerators. Asfollowsfrom (8.3), an
increase in the equilibrium (resonance-associated) energy of a particle requires a decrease
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of the accel erating field frequency (synchrocyclotron) or increased induction of the twisting
magnetic field (synchrotron), or else variation of both theindicated frequency and induction
(synchrophasotron) or, finally, an increase in the acceleration multiplicity, i.e. in the value
g (microtron).

The stable phase ensures stability of the particle motion in azimuthal direction (in the
direction of aparticleorbit). Thetransverse (orbit-perpendicular) motion stability, or focus-
ing, is realized by an adequate selection of radial changes in the magnetic field. To achieve
stability in both transverse directions, it is necessary to attain aminor radial decrease of the
magnetic field.

Synchrotronsare used for the formation of abeam of relativistic electrons. Synchropha-
sotrons serve as accelerators of heavy particles (protons, ions). Accelerators of both types
feature fixed radius of the equilibrium orbit, making possible the ring form of a magnetic
system. The principal limitations of ring accelerators are as follows: (1) accelerated parti-
cles in the twisting magnetic field sustain the energy loss due to magneto-bremsstrahlung
(synchrotron radiation) whose power is given by the formula

4
p— (8.4
where o2
Cr= 3(mc2)?’

(2) bulky magnetic system. To increase the energy of an accelerated particle considering
these limitations, it is required to enlarge the ring radius of the accelerator. Indeed, with
growing R1osses by radiation are decreased together with the magnetic fiel d val ue necessary
for retention of the particle on the orbit. So, proton synchrophasotron with a maximum
energy of 500 GeV, constructed in the Fermi Laboratory (FERMILAB) in 1972, was 2 km
in diameter.

Proton and ion linear accelerators are based on the same principle as cyclic: in the
process of its resonance motion a particle falls within the accelerating voltage phase in
every gap. Nevertheless, the particle motion proceeds aong a straight line, and the gaps
along thisline are arranged at certain intervalsin order that the particle transit time from
gap to gap be equal to the period of the accelerating electric field T, or be a multiple of
thisperiod. Besides, phase stability is essential for matching of the transit time between the
gapswith T, and for focusing in the transverse direction.

Linear electron accel erators are considerably differing from the proton ones. Consider-
ing that the velocity of relativistic electronsis practically constant

pc? pc?

V= — =

—— &,
E  p?c?+mic?

synchronism is ensured because the accel erating el ectromagnetic wave propagates at a ve-
locity of light thus excluding the necessity for the phase-stability mechanism. As

dp. mv,
— =0, then ————— = const,
dt V1-v?3/c?
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and the transverse motion velocitiesv, areaso rapidly fallingwith anincreaseinv. Conse-
quently, thereis no need in focusing too. The transverse Coulomb repulsion of electronsin
the beam isinsignificant due to a nearly absolute compensation, owing to magnetic attrac-
tion of the currents. The energy losses by synchrotron radiation in a linear accelerator are
also insignificant. To transit to high energies, however, calls for increasing of an accelera-
tor length. For example, the linear electron accelerator at the Stanford Linear Accelerator
Center (SLAC) constructed in 1966 and having a maximum energy of 25 GeV was3km in
length.

For the most part, the primary electron source in accelerators is represented by the so-
called electron gun including a thermionic cathode and electron-optical system. A source
of protonsand weakly-ionized heavy ionsis plasma, from where they are pulled by external
electric field. Positrons, antiprotons and greatly-charged ions are generated due to interac-
tions between the primary e ectron, proton or ion beam and the matter. Vacuum within the
volume, where the particle motion takes place, in al acceleratorsis of the order of 1075 —
10~" mm Hg to lower particle scattering from the residual gas.

The concept of colliding-beam accelerators put forward by D. Kernst in 1956 has led to
arevolutionin the technology. Its realization enables oneto attain a critical energy increase
for the colliding particles and hence to go to investigation of the matter structure at still
closer distances.

With a stationary target the kinetic energy of an incoming particle (shell) is only partly
transferred to the reaction energy; some part of the kinetic energy is spent for the target
recoil energy. In case the target is more massive than a shell the recoil energy is low,
otherwise the collision efficiency decreases drastically. Because of a relativistic increase
in mass, the energy loss by recoil is growing with the particle velocity approaching the
velocity of light.

A character of interaction is determined by the particle energy in the CMS rather than
in the LS as the major part of the energy in the LS is transformed into the kinetic energy
of the reaction products. In the present-day accel erators the colliding beams are not strictly
opposite, intersecting at asmall angle. During processing the results of such experimentsall
kinematic characteristics are transformed to the CM S for subsequent analysis. On collision
of two particles with arbitrary momenta p, and py, the transition to the CMS is realized by
Lorentz transformations at the appropriate velocity

 (Pa+pp)c?
VT TEatE (83

Actualy, directing the axis x towards the sum of momenta p, + pp = p and using
Lorentz transformations for the four-momentum, in a new coordinate system (marked with
asterisk) we get:

Px = . \/]_a_TZ/CZ ) py:p)/a Pz = Pz

Setting the vector p* to zero, we can find the CMS velocity relative to the frame of
reference, where
pc?

V= ——r,
Ea+Eb

(8.6)

p#0,
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in accordance with Eq. (8.5). The CMS velocity with respect to the LS (b particle at rest)
may be determined by the expression

Pac?

__Fab 8.7
v Ea +myc? (87)

With the use of (8.7) it is possibleto relate the particle energies and momenta for both
systems. For instance, in case of the particle a we have:

. _ Pa—Eav/C® _ MpPa (88)
VARV \/m?a+mg+2Earrb/cz

T \/n%+m§+2Earm/c5

Therelation (8.9) enables one to be aware of the gain on going from ordinary accelera-
torsto accelerators of the collider type.

For simplicity, we consider collision of identical particles. Passing to kinetic energy in
formula (8.9) wefind:
Z(T*)Z
T=4T"+—%5-. (8.10)

MyC

From (8.10) it follows that to produce the energy T* = 200 GeV one can redlize the
variant of a stationary-target electron accelerator at the energy of T ~ 1.6 x 10® GeV. As
regards the energy, the merits of collidersare obvious. At the same time, one should never
forget that cheese may be free-of-charge in a mousetrap only. The principa drawback of
collidersis low frequency of the reactions. This peculiarity is easily comprehended when
we compare shooting at a large stationary target and shooting at the bullets flying towards.

The efficiency of colliders may be improved using a higher particle density of the
beam. Thisisattained by the use of storage rings, where the accel erated particles are stored
throughout many acceleration cycles. Moreover, the focusing system may be constructed
so that maximum beam compression can be provided at the point of collision, contributing
to the enhanced beam density and higher probability of the reaction.

We introduce the value known as accelerator luminosity that defines the number of
events in a unit time at the unit interaction cross-section (1 cm?). For stationary-target
accelerators the luminosity L is equal to

L =nolN, (8.11)

where ng isthe particle density in the target, | is atarget thicknessalong the beam, and N is
an outgoing particle flux. In case of colliding beams the accelerator luminosity is given by
the expression:

NiNol f
L= . 8.12
S (8.12)
Here N; and N, is the total particle number in the beams, | — cluster extent, |, —

collision length (Ic > 1), f — rotation frequency of the particles in accelerator in terms of
s1, S— cross-section area of a larger cluster measured in cm?. Luminosity dimension
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iscm~2-s71. The luminosity multiplied by the process cross-section ¢ in cm? gives the
relevant number of events per second

R=oL. (8.13)

The modern high-energy accelerators are of the collider type. Also, these accelerators
may be operated in the stationary-target mode. All of them represent synchrotrons, with
the exception of the linear electron-positron collider at SLC (Stanford). This collider al-
lows to obtain the energy up to 100 GeV at the luminosity L = 2.5 x 103 cm—2s! (here
and hereinafter the data are given as of 1998). In linear accelerators there is a single re-
gion for interaction of colliding particles, and therefore its cross-section area S should be
exceptionally small with a diameter of the order of ~ 10~4 cm. In SLC the beam of accel-
erated electrons (positrons) is divided into hyperdense clusters (4 x 100 particles) 0.1 cm
inlength, with a cross-section width of 1.5 x 10~% cm and height of 0.5 x 10~* cm. SLC is
about 1.5 kmin length.

The operation of the most powerful cyclic electron-positron collider LEP (Large
Electron-Positron) located at Geneva was terminated in 2001. Its maximum energies were
in excess of 200 GeV. To decrease synchrotron radiation, the perimeter of LEP was in-
creased to 26.66 km. Itsluminosity was amountingto L = 5 x 103! cm~2s~2. Inthiscollider
the clusters of accelerated electrons and positrons were denser by the order of magnitude
(6 x 10! particles), whereas their space dimensions were much greater: extent of 1 cm,
height — 8 x 10~* cm and width — 2 x 1072 cm). The rotation period was 22 x 107 s.
During acceleration time of 550 s the particles covered a distance of the ring approximately
2.5 x 10 times, however, keeping their orbitsto an accuracy of 2 x 10~3 cm.

The energy of LEP is alimit for circular electron-positron colliders. Further energy
enhancement for e e"-machinesis possible only in case of linear facilities. Such colliders
are dready at the stage of conception; their putting into service is expected in 10-12 years.
Thetypical energy for such alinear accelerator so-called linac will reach 500 — 1000 GeV.
The energy of linear colliders cannot be increased without limit. Thisis associated with the
material structure of the accelerator. In order that a particle to be accel erated to energies of
the order of 1000 TeV or higher on the typical distances of order of 100 km, it is required
to create an accelerating gradient of the electric field in the region of 10® V/ecm. Unfor-
tunately, such strong fields will break away e ectrons from atoms, atering the structure of
any material. An effort to realize acceleration using afield of thisstrength will result in de-
struction of the accelerator. It is hoped that the deadlock may be resolved with the help of
nanotechnologies. There isareason to believe that advancesin nanotechnology will enable
the creation of microscopic accelerator cellswith the requisite accelerating gradient. In this
case, these cellswill have such property that after their disruptionthey could be regenerated
in ashort time.

It is clear that for the effective acceleration the gain in energy of a particle per cycle
should be higher than the total radiation loss 2 determined by formula (8.4). Since P ~
m—4, in case of protonsthe attainable accel eration energies will be much higher. Presently,
the highest energy (2 TeV) is provided by the FERMILAB proton-antiproton collider. Its
performanceisasfollows: luminosity — 2.1 x 10%? cm—2s™, rotation period — 3.8 x 10°
s, total acceleration time— 10 s, proton-antiproton cluster extent — 38 cm, radius of p(p)-
beam — 34 x 10~% cm (29 x 10~* cm). Thering length of this accelerator is equal to 6.9
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km.

A new proton LHC (Large Hadron Collider) is currently constructed on the basis of
LEP to reach fantastic energies 14 TeV by today’s standards. However, thisis not the limit
asin principlethe circular proton machines are capable of providing the energies from 100
to 1000 TeV. Because of this, the creation of another proton supercollider is technicaly
possible. At the present time this idea is put forward for discussion. A tentative name
for this machine is VLHC (Very Large Hadron Collider). Its contemplated running into
operation should not be expected earlier than in 20-30 years.

Asregards LHC, its start-up is scheduled for 2007. The research program associated
with the use of LHC involves an experimenta search for Higgs bosons and superpartners
of ordinary particles. Also, it is planned to realize a search for preons and heavy gauge
bosons W' and Z/, additional to the SM gauge bosons. Another problem is associated
with a search for the formation of quark-gluon plasma using the potentialitiesof LHC. The
detection of such processesisarea challenge for researchers as the cross-sections of the
expected processes are extremely small. Moreover, some of the background events possess
the intensities by milliards higher than that of an event under study. Reliability of the
obtained resultswill be ensured by the simultaneous use of two different detectors operated
by different research teams. Two al-purpose detectors ATLAS and CMS are constructed
to facilitate the solution of the principal tasks of LHC. It should be noted that the detectors
are constructed on the basis of dissimilar conceptions. Their magnetic systems, the genera
construction, detecting devices are considerably differing. It is obviousthat coincidence of
theresultsobtained at ATLAS and CM S should be indicative of their maximum reliability.

A new ALICE detector that isalso created at the present time isintended for investiga-
tion of collisionswith ultrarelativistic energies: nucleus-nucleus (Pb-Pb, Ca-Ca) as well as
proton-proton and proton-nucleus. Since these collisions exhibit a hyperhigh energy den-
sity (5.5 TeV per each pair of colliding nucleons), the occurrence of quark deconfinement
and the formation of quark-gluon plasmamay be expected.

Electron and proton beams may be gjected from accel erators and directed to the external
targets, both hydrogen and nuclear. The produced charged n*-mesons, K-mesons or p
may be focused into the secondary beams for their further use during the experiments.
This process may be continued to produce muon and neutrino beams. Since the decay
of m~ results in two weakly-interacting particles u~ and v, after its passage through the
absorber a m-meson beam is turned to the muon beam contaminated with neutrino. At
a sufficiently high density of the absorbing material the muons disappear, leaving a pure
muon antineutrino beam.

A neutrino (antineutrino) source is represented by K- and nt-mesons (K- and ™~ -
mesons) resultant from the proton bombardment of a beryllium oxide target. In essence, the
beam comprises muon neutrinos and antineutrinos, the el ectronic component being strongly
suppressed. The energy of neutrinoswithin the beam is uniformly distributed from zero to
Emax = 'k zP.C, Where p, is amuon momentum and

m%,n - mz,u

Kn= e
K

,T

(rk = 0.954, r; = 0.427). The Earth shield serves as a muon absorber. An absorber 1 km
in length provides absorption of muons with the energy up to 200 GeV. Increasing maxi-
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mum energy of muons necessitates further growth of the absorber length. As neutrino is
electrically neutral, focusing of the neutrino beam is accomplished indirectly. Muon stor-
age rings are used as neutrino fabrics, where electron neutrinos and muon antineutrinos
(or electron antineutrinos and muon neutrinos) are produced approximately in equal pro-
portions already within the beam. The production of focused high-energy neutrino beams
is required mainly for so-called "long-baseline” oscillation experiments, in the process of
which a neutrino beam created by the accelerator penetrates the Earth’s thickness and is
detected by an underground detector. The principal objective of such experimentsisa study
of neutrino oscillations (transitionsv; < v, wherei, j = e, u, 7).

Compton scattering of high-energy electrons from laser photons makes it possible to
produce y-beams with the energy amounting to 80% of that for the primary electrons (this
procedurewasfirst realized at SLACin 1963). Thisopensup possibilitiesfor the creation of
yy-colliders with the luminosity to 10%Le, Where L is the luminosity of a parent electron
collider (e"e~ or e e”). Besides, a y-source may be provided by the classical photon
bremsstrahlung of e or e" beam. The next generation eectron-positron colliders, for
example, NLC (Next Linear Collider) with amaximum energy of 500 GeV, are so designed
that they can be operated both in the yy and ey modes. In this way combined colliders
may be constructed in addition to the available electron and proton colliders. Presently, this
class of accelerators is represented by the DESY synchrotron (Hamburg), version HERA
(e” p-collider), that is used to study collisions of electrons with the energy 30 GeV and
protons — with the energy 820 GeV.

Probably, our reader is of the opinion that only stable particles may be the candidates
for the function of collider-accel erated particles asthe limited life-time of unstable particles
will preclude their acceleration to very high energies. However, thisis a mere delusion, so
to speak, atribute to the nonrelativistic style of thinking. Just recall the time deceleration
phenomenon associated with the moving clock. In alaboratory system, an unstable particle
coversto its decay the distance that is much greater than may be derived from nonrel ativis-
tic considerationsby means of simple multiplication of itsvelocity onitslifetime. Precisely
this principle is the basis for the construction of muon colliders (MC). The greatest diffi-
culties during the construction of MC are associated with the fact that over the lifetime of
muon, that is equal to 7,=2.2 ms in an intrinsic coordinate system, muon beams should
be stored, cooled, accelerated, and brought into interaction with each other. In the LS the
muon lifetime isincreased dueto the relativistic factor by the value

. 1 m,c? E.
0= = — .
VIV mye?/1-\2/c2 m,c?

Then the intensity of muon decay along the beam trajectory may be given in the form:

dN N

E N L'UKO ’

(8.14)

where L, = ct, ~ 660 m and it is assumed that v~ . In the absence of the acceleration
mode thisleads to the ordinary exponential form of the beam loss:

N= Noexp(—L

o ). (8.15)
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In the accel eration section « is not a constant

eV,
K=xKo+K1=xo+—5l, (8.16)
m,C

where €V is the acceleration gradient. Substituting expression (8.16) for kg in (8.14), we

can obtain L)
N(1) = N (m) ,

N() _ (a )1/“#“”’ 6.17)

resultant in the relation
No E¢
where E; (E¢) istheinitia (final) muon energy.
From (8.17) it follows that the decay lossesin the muon beam are minimal for

Lk > 1. (8.18)

Substitution of the numerical valuesinto (8.18) demonstrates that the normal function-
ing of amuon collider requiresthe existence of the acceleration gradient eV >>> 0.16 MeV/m
throughout the whole muon system.

Itiswell known that the creation of e~ e' colliderswith multiTeV energy isrestricted by
two factors: (1) increasing loss by synchrotron radiation; 2) drastic increase in the material
costs as two linear accel erators will be required to avoid considerabl e synchrotron radiation
in the storage rings. The bremsstrahlung of muonsis negligible. They may be accelerated
and stored in the rings, whose radius is considerably less as opposed to hadron colliders
with comparable energies. Unlike hadron colliders, where the background appears at the
point of particlesinteraction and comes from the accelerator aswell, the background of MC
may be found in the detectors only. Also, MC exhibits high monochromaticity. The roof-
mean-square deviation of R from the Gaussian energy distribution in the beam falls within
theinterval from 0.04% to 0.08%. Owing to cooling of the muon beam, R may be decreased
down to 0.01%. Thus, the energy resolution of the beam in MC is much higher than that
in e e" colliders. Another advantage of MC is its fast rearrangement for operation in the
u~u~ or utu™ mode. Sincethe construction of MC includes special storageringsto provide
optimization of the luminosity for some energy, MC is an ideal instrument for investigation
of resonances with an extremely small decay width (e.g., Higgsboson of the SM).

A quantity determining the energy spread inthe beam o 5 is essentially important char-
acteristic for the collider. In case of MC this quantity is given by the expression

oo e (520 () 619

Note that the detection and examination of a particular particle in s-channel may be
successful provided o, 5 is of the same order as the total decay width of this particle.

At present two projects are investigated for the construction of MC. The first, First
Muon Collider, alows for building MC having the CMS energy /s = 0.5 TeV and lumi-
nosity L ~ 10 cm~2s~1. The second, Next Muon Collider, is a collider of much higher
power with the following characteristics: /S~ 4 TeV, L ~ 10%° cm—2s~1.
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8.2. ParticleDetectors

For the progress in experimental particle physics the development of accelerators is an
essential but insufficient requirement. Another prerequisite is the development of experi-
mental methods, creation of more and more sophisticated detectors, computerization and
other modern technologies. In order to propose an experiment for testing of a particular
hypothesisor explain experimental results a physicist must necessarily know the advanced
elementary particle detection techniques. Below is a short summary of most extensively
employed types of detectors.

The functioning of a detector is based on ionization or excitation of the atoms within
a detector material by the accelerated charged particles. A charged particle leaves a track
of the ionized or excited atoms that enables one to judge about the form of a particle
path. Uncharged particles (photons, neutrons, neutrinos, etc.) do not ionize the material,
exhibiting themselves by the secondary charged particles, produced as a result of inter-
actions between the uncharged particles and detector material. For instance, photons are
detected by the produced el ectron-positron pairs and Compton recoil electrons; neutrinos
— by the generation of x-mesons upon their collision with protons and electrons, by the
formation of recoil electrons or due to the inversed $-decay within the detector material.
Pass of the particles through the material isaccompanied by the formation of free el ectrons,
ions, positrons subsequently annihilating with electrons to photons, and also by different
reactions, thermal phenomena, and the like. Because of this, the particles may be detected
by the output electric pulses from the detector, by photoemulsion blackening or else by
changesin the structure of solid material inthe detector. Electric signasof the particlesare
generally so weak that an additional system is required for the signal amplification. Most
important characteristics of a detector are as follows: efficiency, i. e. detection probability
for a particle finding its way into the active volume of a detector; detector memory time, i.
e. time period when the changes within the detector volume due to transit of the detected
particle are retained; dead time of a detector, i. e. timeof returning to theinitial sensitivity
after the regular action; energy, spatial and temporal resolution, i. e. the energy, position
and time determination accuracy for a particle detected. According to the information
obtained about the particles, all the detectors may be conventionally subdivided into two
classes. Thefirst class comprises detectors signaling about the particles by short electrica
pulses. This class, in turn, may be further subdivided into two subclasses: ) detectors of
single particles, and b) detectors of electromagnetic and nuclear cascades. The second
classis represented by track registration detectors providing direct observation of particle
tracks.

1. Single Particle Detectors

lonization Chamber (1C). IC is the simplest form of such a detector. It comprises two
electrodes, and the interel ectrode space is filled with gaseous, liquid or solid material. Un-
der the effect of moving charged particles, the material within the chamber is ionized to
produce free electrons and ions creating a current pulse, due to their motion between the
electrodes, in the externa circuit of the chamber. 1C may be used to detect both the particle
fluxes (measurement of the average output current) and single particles (measurement of
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output pulses). Actualy, IC may be used for the detection of al particle types, athough by
the appropriate selection of the detector material and electric field oneis enabled to adjust
the chamber for the detection of the certain particle type.

Proportional Multiwire Chambers (PM C). PMC represent amodern type of proportional
counters, gas-discharge detectors, where the electric signal amplitude at the output is pro-
portional to the energy spent by the particle on gas ionization. PMC consists of numerous
parallel, small-diameter (~ 2 x 10~2 cm) anodic wiresfixed between two flat cathodes, solid
or wire-type but with wires of greater diameter. Each of the anodic wires isfunctioning as
an independent detector. Under the effect of an electric field, the primary electrons formed
by the particle entering in the detector are moving to the anode to get into a high-strength
field, where they are greatly accelerated causing the secondary gasionization, i. e. electron
avalanches are observed. The spatial resolutionof PMC isminor: > 7 x 10~2 cm. However,
short dead time > 3 x 10~ s make them most widely used position detectors.

Drift Chambers (DC). DC are used as position detectors. These gas-discharge devices
involve wire electrodes, where the particle positions are determined by the drift time of
electron in a homogeneous and constant electric field, from the place of their origination
to anodic wires. The field around the anode is inhomogeneous, resulting in electron ac-
celeration and hence in the formation of e ectron avalanches. The spatial resolution of DC
amountsto 10~® cm. Asthe dead time (electron drift time) of DC islong (~ 10~ s), these
chambers are inoperablein high-load conditions.

High-precision Position Detectors (HPD). HPD are used to reconstruct the particle posi-
tions and paths at the vertex of the event under study or in its neighborhood. A typical task
for HPD isasearch for the ” second vertex” resultant from the decay of the short-lived (with
alife-time of 10712 — 10713 5) particle that was produced at the first vertex. Most popular
are microstrip semiconductor detectors structured as follows: strips of a conducting mate-
rial are deposited as electrodes on one of the surfaces of a silicon monocrystal, whereas
the other surface is metalized. The voltage applied to these electrodes makes up a few
Volts. Anionizing particle in transit through the crystal is forming the electron-hole pairs
migrating towards the electrodes to create there the current pulses. The spatial resolution d
of microstrip detectors is determined by the strip width and interstrip gaps, reaching 10~/
cm (higher resolution is demonstrated only by nuclear photoemulsionsd ~ 10-8 cm). The
temporal resolution of these detectorsis of the order of 1078 s,

Scintillation Counter (S). SC comprises a scintillating material (specia liquids, plastics,
crystals, noble gases), where a charged particle effects both ionization and excitation of the
atoms and molecules forming this scintillator. Recovering to ground state, these atoms and
mol ecules are emitting photons incident on the cathode of photomultiplier (PM) to knock
off photoel ectrons from the cathode. Owing to these el ectrons, a pulse with amplitude pro-
portional to the energy transferred by the particle to the scintillator is formed at the anode
of PM. The accuracy of the measured particle energy provided by SC iswithin 10%. Since
under the effect of charged particlesthe majority of scintillatorsreveal the characteristic lu-
minescence time of about 2 x 1078 s, the transit time of a particle through the counter may
be determined with high accuracy. The detection efficiency for the charged particlesis close
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to 100%. Neutrons may be detected (by recoil protons) with the use of hydrogen-containing
scintillators, and photons— with the use of higher-density scintillatorslike iodide sodium.
Detection of neutrinos requires the use of combined scintillators. So, in their experiment
(1953) F. Reines and K. Cohen have used the hydrogen-containing scintillator with an ad-
dition of acadmium salt for the detection of electron antineutrino in the reaction

p+Ve—n+et. (8.20)

Thefirst scintillation flare was caused by positron-electron annihilation, while the sec-
ond flare occurring in (5— 10) x 10~ s was due to the cadmium atom returning into the
ground state after absorption of aneutron.

Cherenkov Counters (CC). The operation principle of CC is based on the detection of
Cherenkov radiation. This radiation is generated when charged particles are moving in a
transparent medium at the speed v exceeding the speed of light in the medium

v>

S0

, (8.21)

where n is the refractive index of this medium. Light is emitted only in forward direction
along the motion path of a particle, forming a cone with an axis in the direction of v, and
the cone angle, emission angle, is determined by the relation

oSO = — . (8.22)
vn

Thisphenomenonissimilar to acoustic cone of the airplaneflying at a supersonic speed.
A light flare following the particle motion in the medium is detected by PM. The counter
isused for the detection of relativistic particles as well as estimation of their charge, speed,
motion direction (to within 10~4). Measuring the particle momentum by deflection in a
magnetic field, one is enabled to measure its speed with the help of CC and hence to de-
termine a mass of this particle. The relation (8.21) forms the basis for the operation of
threshold or integrating CC, capable to detect all particles having the speeds above thresh-
oldv > v = ¢/n. And the counter provides radiation measurements over the whole range
of angles from 0 to O, = arccos(/vn).

The operation of angular or differential CC is based on relation (8.22). These counters
detect particles at the speeds from vg to Vo + Av. Emission of the particles parallel to the
optical axis of the counter is collected only in a narrow range of angles, from 6g to 69+ A6.

CC comprise aradiation-generating medium, collecting opticsthat directsthisradiation
to the cathode of PM, PM and recording system. A new type of gas CC, RICH (Ring
Image Cherenkov detector), has been proposed recently. This detector provides detection
and imaging of the particles by their Cherenkov radiation. The energy region, where CC
offer mass separation for the particles, has an upper limit as the difference in the speeds of
particles distinguished by their masses is decreased with growing energy. For instance, the
speeds separation of n- and K-mesons by threshold gas CC is possible up to the energies
amounting to severa dozens of GeV, whereas by differential gas CC with a compensation
of radiation dispersion — up to several hundred GeV.
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Transition Radiation Detectors (TRD). The operation of these detectors is based on the
formation of an electric field by the moving charged particle. The electromagnetic field of
this particle changes its configuration as the particle leaves a medium with the dielectric
permeability €1 for that with €,. This processis accompanied by the emission of transient
radiation. The distinguishingfeature of thisradiation isthe fact that its properties are deter-
mined by the relativistic factor

B 1 _E
= VI me?

In this case the radiation intensity is proportional to the particle energy, and radiation is
concentrated within a cone of angle ® =y~2. In layered structures, where a particle crosses
the interface repeatedly, the intensity of transient radiation may be resonantly amplified
providing a means for the detection and identification of ultrarelativistic particles withy >
10%. The Lorentz factor y ~ m™! and intensity of transient radiation at constant energy
E will be greater for particles with lower mass. This allows for mass separation over the
energy range hardly accessible for gas CC.

TRD consists of alayered medium, usually comprising a multitude of light-weight foil
plates (Li, Al) perpendicular to the particle direction, and a radiation detector. In some
TRD the radiator may be represented by ordinary porous materias like foamed plastics.
The radiation detection is most commonly done by proportional wire chambers filled with
heavy gases.

1 b. Electromagnetic and Hadron Cascade Detectors

The operation principle of these detectors, aso referred to as Total-Absorption Detectors
(TAD), is based on total absorption of the cascades created by the detected particles within
the detector material. TAD enable detection of the integrated Cherenkov radiation for al
the particlesforming the el ectron-photon shower (total -absorption CC) or integrated energy
spent by all the particles for ionization (calorimeters). In electromagnetic cascades this
energy is practicaly equal to the energy of the primary electron or photon. In hadron
cascades ionization requires the major part of the energy possessed by the primary particle
but some part of itsenergy (up to 20 — 30%) is spent for nuclear disintegration, then carried
away by neutrinosformed as aresult of particle decays, and is not detected by cal orimeters.

Total-Absor ption Cherenkov Counters. These detectors provide detection of photons
and electrons with estimation of their energy. The blocks of lead glass serve as radiators.
Their size must be sufficient for absorption of the main part of the shower produced by the
primary particle. Cherenkov radiation is detected by PM.

Calorimeters (C). C are intended to measure the energy of particles, both charged and
neutral, beginning from 102 GeV and higher. Interacting with the nuclei within the material
of C, a high-energy particle produces a cascade of the high-energy secondary particles,
in turn, interacting with the material to generate new particles. Because of this, electron-
nuclear shower occurring in the active volume of the device rapidly moves in a direction
of the primary particle, and its energy is spent for ionization of the material. Provided a
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layer of the material in C is sufficiently large, al shower particles are |eft in the material,
and the number of created ionsis proportional to the energy of the primary particle. Then
these ions are collected at the calorimeter electrodes, and their total charge is measured
to determine the primary particle energy with an accuracy of 10—15%. The use of C
makes it possible to locate the shower origination and determine its spatia devel opment.
The simplest C are constructed as "sandwiches” consisting of alternated layers of heavy
material and ionization detectors. In electromagnetic C such a sandwich comprises thin
layers of lead and scintillator. Its total thickness may reach a few dozens of centimeters.
Hadron cascades are slowly developing in the majority of materials, penetrating deeper
than the electromagnetic ones. Because of this, hadron C possess much greater thickness,
up to severa meters, with thicker layers of the material (commonly iron) and scintillator,
that may be replaced by other ionization measuring detectors.

2. Track Detectors

These detectors enable observation of particle tracks. Track detectors, being subjected to
magnetic fields, make it possible to determine a sign of the electric charge for the particles
and to measure their momenta by the path curvature to a high degree of accuracy. The
first track detector was constructed by Ch. Wilson in 1912 and received the name Wilson
chamber. Its operation is based on condensation of supersaturated vapor and the formation
of visiblelittledropsof liquid at theions originating along the path of afast charged particle.
The device comprises a closed vessel, having windows intended for the track observation,
filled with gasand saturated vapors of someliquid substance, e. g., methyl acohol. On rapid
adiabatic discharging this gas is cooled, whereas the vapor becomes supersaturated. After
photographing of the tracks, the chamber regainsitsinitial state dueto fast gas compression,
causing evaporation of the dropletsat the ionswith the formation of saturated vapor, and the
former ionsinfluenced by the electric field are collected from the tracks at the electrodes.

Bubble Chamber (BC). BC is one of the main types of track devices in high-energy
physics. It comprises a large container several meters in diameter filled with a transpar-
ent superheated liquid. Its boiling is delayed owing to the high pressure that is 5 — 20
times higher than the atmospheric pressure. Abrupt decrease of the pressure results in su-
perheating of the liquid, and in case an ionizing particle is passing through the chamber an
additional heating leads to drastic boiling of theliquid in a narrow channel aong the parti-
cle path. Its trgjectory is marked by a chain of vapor bubbles. These bubbles are alowed
to grow for a period of 10 ms, afterwards they are photographed by stereoscopic cameras.
Subsequently, the starting pressure is applied to the liquid causing collapse of the bubbles,
and the chamber is ready for operation again. In BC most common is liquid hydrogen.
Deuterium, propane and such heavy liquids as xenon and Freon are more rarely used. The
latter are of aspecial interest, especially for detection of neutrinointeractions. BC isusually
placed in a strong magnetic field, and by the track curvature one can measure the particle
momenta to a high accuracy. The spatial resolution of BC comesto 10~ cm.

The main advantage of BC is the possibility to use its working liquid both as a target
for the incoming particles and as a detector for the reactions proceeding upon the particle
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collisions with electrons and nuclei of the liquid. This advantage is especially marked in
studies of complex processes involving large numbers of particles. The principal disadvan-
tage of BC isits "uncontrollability”: it isimpossible to realize its response on a signal of
fast detectorswhich previously select the required events. The response of BC with aperiod
of ~ 1 sissynchronized with pointsin time of fast beam gection from the accel erator.

Spark Chambers (SC). SC are the controlled gas discharge detectors including a series of
paralel metallic plates placed into the container filled with inert gas. These plates, ater-
nately, are connected to the high-voltage source or have an earth connection. Provided an
ionizing particle crosses the working volume of SC, by command of the monitor counters
a short high-voltage pulse (10 — 20 kV/cm) is applied. Originating at the points of parti-
cle pass, spark discharges parallel to the electric field are photographed or located by the
magnetostriction method.

Streamer Chambers (StC). StC are the counter-controlled gas discharge detectors, where
discharges are formed exclusively along the tracks. These chambers contain two flat par-
allel electrodes positioned at a distances measuring several dozens of centimeters. To the
electrodes a very short (< 1078 s) high-voltage (10 — 50 kV/cm) pulseis applied. In these
conditions the discharges, originating at ionizing particle passage, are terminated and take
the form of short (~ 10~ cm) luminous channels (streamers) aligned with the field. Their
photographs are made to obtain the track images. As contrasted to SC, StC are isotropic, i.
e. they are capable of reproducing the tracks of every spatial orientation and allow for the
particle ionization measurements.

As arule, dl the available particle detectors are combined detector systems (CDS)
featuring a series of detectorsintegrated in one detecting unit. CDS represent the major ele-
ment of modern accelerator. Their size measures dozens of meters, mass amountsto ~ 10*
t, and the number of information channels may be as great as 10°. The personnel required
for their operation runs into hundreds of people, whereas the construction expenditures
comprise a significant part of thetotal cost for the whole accel erating complex.

The majority of CDS are similar in structure, though the choice, amount, dimensions
and arrangement of elements are dependent on the specific task at hand. Most typica ele-
mentsare asfollows: target, vertex detector surrounding the target that i ndi catesthe reaction
products and determines their escape direction; position detectors localizing trajectories of
primary and secondary particles; spectrometric detectors measuring the momenta of sec-
ondary particles or their energy; identifiers of secondary particles. Large-scale CDS are
given proper names as ATLAS, ALICE, DELPHI, etc. Now the particle fluxes passing
through CDS are as great as 10° s™1. Unfortunately, the difficulties in processing of the
measurement resultsin case of numerousinformation channelsand high detection rate gen-
erally prevent area-time anaysis. Considering this situation, the information is recorded
and processed on compl eting the experiment.

8.3. Neutrino Telescopes

Among the fundamental particles, neutrino holds a specia place sinceit plays an important
role in large-scale events of the Universe. The finding that neutrino has a mass makes
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this particle a worthy candidate for the role of a particle constituting the hot dark matter
and hence enables one to evaluate the average matter density in the Universe, age of the
Universe and its further fate. The problems associated with detection of cosmic neutrinos
are the subject matter of neutrino astrophysics. Neutrino astrophysicsmay be considered as
acompound part of the elementary particlephysics. And thisisrelated not only with thefact
that both physics divisions are concerned with the Universe structure. The other important
aspect isthat solution of the problems concerning the generation and detection of neutrinos
depends upon the character and intensity of interaction between the elementary particles.
Because of this, it is obvious that neutrino telescopes (NT), being basic instruments of
neutrino astrophysics, are useful for studies of particle physicstoo.

Depending on the detection technique, all the available NT may be subdivided into two
classes: NT operating in the continuous counting mode and NT operating in the discrete
counting mode. The first classincludes NT using the radiochemical methods. The second
classinvolvesNT intended for areal-time detection of the particles, the production of which
isinitiated by the interaction between neutrinos and the counter material.

The operation of radiochemical NT is based on investigating the process of inverse
decay due to the incoming neutrino

Vet X — e +Y, (8.23)

where X are nuclel of the elements determining the initial composition of NT detector. As
arule, nuclei of Y originating in the detector are radioactive, their half life T, , determining
the duration of an active measurement stageta ~ (2—3) Ty o. Theformation rate of daughter
nuclei is given by the expression

R— N/CI)(E)G(E)dE, (8.24)

where ®(E) is the neutrino flux incident on the detector, N are numbers of detector atoms,
o isthe process cross-section (8.23). At theincident neutrino flux 10*° cm=2. s~ (approx-
imately amounting to the flux of solar neutrinos incident on the Earth) and ¢ of the order
of 10~4° cm? the provision of a single useful event a day necessitates about 10°° atoms.
Conseguently, a mass of this detector should bein the region of severa kilotons. Chemical
analysisof the detector material takes placein timet,, and the nuclei number Y isindicative
of the capture rate for neutrinos. The advantage of radiochemical NT is the possibility for
varying the reaction energy threshold with changes in the detector material. This makes
them indispensablein studies of low-energy neutrino fluxes. At the same time, radiochem-
ical NT features inability to measure such neutrino characteristics as hitting time for the
detector, energy and tragjectory direction. The latter is rather discouraging as we have no
chances to distinguish between, for example, solar neutrino and neutrino produced by the
terrestrial source.

Asan example of aradiochemical NT, we consider Homestake facility that wasthefirst
to study the fluxes of solar neutrinos (1967 — 2001). Neutrinos were detected with the use
of the chlorine-argon method, i. e. the operation of this NT was based on the chemical
reaction

37Cl 4 ve — SAr + €. (8.25)
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Isolation of the useful event was realized using decay of
SAr - 37Cl+ e+, (8.26)

whose half lifeis 35 days. Thisfacility, representing a vessel with a capacity of 3901 filled
with 610t of perchloroethylene (C,Cl,), waslocated in the gold-bearing mine (Homestake,
South Dakota, USA) at a depth of 1 480 m. As argon atoms are produced in the form of
avolatile compound, they were isolated approximately once a month. The obtained argon
was subjected to multistage processing. At the final stage, special small-size proportional
chamberswerefilled with thisargon. Then the chambers were shielded with lowest-activity
lead to provide the observation of decays (8.26).
The operation of the second-type NT may be based, for example, on the detection of
elastic scattering
vi+e —v+e, (8.27)

wherel = e, u,t. For aspectrum of recoil electrons NT gives the following expression
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Here T isthe kinetic energy of recoil electrons, 6o = 8.8 x 10~%° cm?, where " +” sign
is associated with ve-scattering, while ”-” sign — with v,,- and v.-scattering. Because of
this, in the second case the scattering cross-section is approximately one-sixth of that in the
first case making it possibleto distinguish between the neutrino kinds. The cross section of
Ve-scattering integrated with respect to the energy issimplein form
E, 5
Tomey o - (8.29)

The angular distribution of recoil electrons is characterized by a sharp maximum in
forward direction (relative to the incoming neutrino) A6 ~ /m, /E, in width. Thisenables
one to determine the direction of aneutrino source by the trgjectories of scattered electrons.
Another advantage of such facility is the possibility for the detection of individua acts
when neutrino is hitting the detector, permitting measurements of time and energy for the
neutrinos (real-time operation). A limitation of NT based on recoil electrons residesin the
presence of a considerable background as the detected electrons may be produced during
the processes of elastic scattering involving any neutral particles. However, in the case of
high-energy neutrinos the background elimination is greatly facilitated.

Also, the operation of the second-type NT may be based on the detection of particles
produced in reactions with high-energy neutrino, for example,

G(Vee) =9x 10744

vi(vi) +N = I(I) +N/, vi(Vi)+N = I(D)+N+X, (8.30)

vi(W) + %0 - 1IN0+ 7+ (1), (8.31)

whereN = p,n and X denotesahadron collection. Sincethe main free path of the secondary
high-energy electrons within the detector material is very short, they are indistinguishable
from hadrons, both being responsiblefor the nucl ear-el ectromagnetic shower. Compared to
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electrons, the mean free path of high-energy muonsis very long as their energy losses for
bremsstrahlung, formation of e e"-pairs and nuclear interactions are small. Of a specia
importanceis the fact that muons are moving practically in the same direction as the neutri-
nos producing them. The average angle between v,,- and p-trajectories expressed in degrees
is determined by the expression

100

< 0> 2.6 E,(Gev)’

In the active volume of NT, bremsstrahlung photons, e~ e"-pairs and hadrons originate

along the muon trgjectory to initiate the nuclear-el ectromagnetic showers. With E, ~ 100

TeV particular minor showers are overlapping, and the whole muon trajectory is glow-

ing due to Cherenkov radiation of these showers. Based on the direction and intensity of
Cherenkov radiation, one can determine the trgjectory and energy for muon.

Hadrons generated in the reactions described by (8.30) and (8.31) also initiate nuclear-
electromagnetic showers, the direction and energy of which is determined by Cherenkov
radiation. The detection of showers may be performed using the acoustic method. In this
case the detected signal is represented by the pressure pulse in the active volume of NT
conditioned by drastic heating of a narrow channel within the shower due to ionization
energy lossesof the electrons. For instance, in water an acoustic signal is propagatingin the
form of athin disk, with athickness of about the shower length s~ 5 m and characteristic
radius R ~ 1 km. By this method the detecting element is represented by hydrophones
detecting signals perpendicular the shower axis.

In NT based on detection of the secondary muons the effective volume of the detector
is considerably greater than the physical volume owing to the detection of muons generated
within athick layer of the material surrounding the detector. When neutrinos are detected
with the use of a detection mechanism on the basis of hadron showers, however, thisis not
the case. Short lengths of hadron showers enable their detection by Cherenkov radiation
only within the physical volume of NT.

Asaworking material (detector) for NT of the second type one can use water or arctic
ice. Arcticicerepresentsasterile medium with lower concentration of radioactive elements
than in sea or lake water. The use of arctic ice as a detector contributes considerably to the
sensitivity of NT. For instance, an NT positioned at a depth of about 1 km makesit possible
to separate the background muon (atmospheric) flux that is 100 times greater compared
to the limiting flux for the deep-sea DUMAND (Deep Underwater Muon and Neutrino
Detector) which was positioned in sea water at a depth of 4.5 km. NT AMANDA located
at the South Pole isintended for studies of high-energy neutrino fluxes. Deep-water NT on
muons, BAIKAL NT-200 (the Baikal Lake), is an example.

Among NT of the second type one may name the SuperKamiokande facility (Japan,
Kamioka) constructed jointly with the USA specialists (1996). This NT is located in the
mine with a shielding depth of 2 700 m in water equivalent; absorption of particle fluxes
by the rock is equivalent to a water thickness of 2700 m. The principal element of this
facility is a water Cherenkov detector in the shape of cylinder, 39 m in diameter and 41
m in height, that contains 50 000 t of water and provides ring imaging of the detected
particles. The detector is optically subdivided into the internal (working) volume scanned
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by 11 200 PM, and aso the outer (shielding) volume containing 2 200 PM and operating in
the anticoincidencemode. ThisNT can investigate the fluxes of both solar and atmospheric
neutrinos.

The main source of solar neutrinosis a series of thermonuclear fusion reactions at the
central part of the Sun, resultant in hydrogen-to-helium transformation without catalysts,
hydrogen cycle. This chain may be represented as a multistage process

4p — *He+2ve+2e* +26.73MeV — E,, (8.32)

where E, is the energy carried awvay by electron neutrino, its average value being ~ 0.6
MeV (Eqax < 18.8 MeV). In SuperKamiokande the detection of solar neutrino is realized
using the neutrino elastic scattering reaction from electrons with the energy threshold 5.5
MeV.

Cosmic rays interacting with the atomic nuclei initiate in the atmosphere surrounding
the Earth the production of pions, kaons and muons, the decay channels of which involve
electron and muon neutrinos as well as antineutrinos

ot _}lui _|_V'U(V'u) — et —|—Ve(ve) ‘|‘V,u(v,u)’ } (833)

K™ — i +v,(Vy) = € +Ve(Ve) + Vu(Vy).-

The neutrino flux isformed in the region of 10 - 20 km altitudes above sealevel, its en-
ergy varying from 100 MeV to 1 000 GeV. Since the dominant interaction typefor neutrinos
with such high energies is interaction with the target nuclel, in case of Superkamiokande
the detection of atmospheric neutrinosis performed using reactions (8.30) and (8.31).

Besides, the second-type NT, Sudbury Neutrino Observatory (SNO), came into usein
Canadain May 1999. At this facility the detector is represented by 1000 t of heavy water
(D20) enabling investigation of solar neutrino with the help of the following processes

Ve+d — p+p+e, (8.34)
vVi+€e — v +e, (8.35)
vi+d— v +n+p, (8.36)

Reaction (8.34) is sensitiveto ve-neutrino, whereas reactions (8.35) and (8.36) are sen-
sitive to neutrinos of all three kinds. For reactions (8.34) and (8.35) the energy threshold
equals5 MeV, and that for reaction (8.36) is2.225 MeV.

The multipurpose NT named KamLAND (Japan, Kamioka) using 1000 t of an ultra-
pure liquid scintillator as a detector came in operation in Spring 2001. Although solar
neutrino may be detected by KamLAND, its main function is to observe the oscillations
in the total neutrino flux coming from ten reactors localized in the region at 80 — 350 km
from the detector.

Theflux of solar neutrinos originating in reaction

‘Be+e™ — "Li+ve,

(so-called beryllium neutrinos) is especially sensitive to the neutrino characteristics. Real-
time measurements of thismonoenergetic (E, = 0.86 MeV) flux are the principal objectives
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of NT named BOREXINO (Gran Sasso, Italy) that is based on recoil electrons with the
threshold 250 keV and came to operation early in 2002. Recoil eectrons caused by v,e-
scattering (cross sections for v, and v, are smaller than for ve) produce light flare in the
bulk of the liquid scintillator, that is detected by PM. Nylon sphere contains 300 t of ultra-
pure pseudocumene, and 100 t of pseudocumene contained in the central region comprise
the effective (sensitive) volume. The nylon sphereis, in turn, surrounded by pseudocumene
filling the corrosion-proof steel sphere 13.7 m in diameter that contains optical elements
surrounding the nylon sphere. The whole construction is submerged into the reservoir with
purified water having amass of 2500 t.

The experimental threshold is set as 0.25 MeV because the energy spectrum of recoil
electronsiscontinuousup to 0.66 MeV. At these |ow energies the control of natural radioac-
tivity caused by radioactive i sotopes being present everywhere is the greatest problem. By
the present time extensive research has been conducted with the aim to select materials and
realize their purification to extremely high levels of radioactive purity. Simultaneously, the
measuring techniques for ultralow radioactivity levels have been developed. The attained
results are quiteimpressive: 10716 — 10~17 (gram of contaminant per gram of material) for
232Th and 238U .



Chapter 9

M acrowor |d

9.1. Modelsof Universe Evolution

Actualy, the principal purpose of science is a search for unification. The latest discover-
iesin Physics enable one to describe al the nature phenomena within a single descriptive
scheme making it possible to establish the links between the macrocosmos, with galaxies
and galactic clusters scattered as dust particles, and microcosmos of elementary particles.
Two poles of the Universel The giant Universe, on the one hand, and nearly ephemeral
" construction blocks” of the matter, invisible despite the use of any available microscope,
on the other hand. The Early Universe (when its size was about milliard times smaller than
the atom size) wasfound to have the properties of amicroparticle, whileit isnot improbable
that now some microobjects (for example, microscopic black holes) include quite anumber
of worldsin their totality.

According to the modern observations, a radius of the Universe is ~ 108 cm. Our
Gaaxy, the Milky Way, is no greater than a tiny dust particle of the infinity that is still
beyond human understanding. Indeed, the Milky Way is a plane disk, formed by the stars
~ 7.5 % 10% cm in diameter and ~ 5.6 x 10° cm thick, incomparable with the Universe
size. The Milky Way has a spherical astral halo with a diameter of about 10?2 cm. This
disk rotating at the speed that amounts to 250 km/s has giant spiral arms. The Universe
involves even larger formations. clusters and superclusters of galaxies. To illustrate, such
a constellation as Veronica's Hair includes more than 3 x 10* galaxies. Astrophysical data
indicatethat al directions of the Universe are equivalent, with galaxies, galaxy clustersand
superclusters uniformly distributed over the Universe space at scales exceeding Ry = 10%°
cm, on the average. In thisway, at the scalesR > Ry the Universeis uniform and isotropic.

Most important postulate of cosmology is the principle that the basic laws of Nature,
those of Physicsin particular, established and tested in laboratory conditions on the Earth
are valid for the whole Universe and hence all the phenomena observed in the Universe
may be explained proceeding from these fundamental laws. The cosmological knowledge
has been changing with extended spatial and tempora scales for the part of the Universe
apprehended by the mankind. The Ptolemaic geocentric system (I1th century A.D.) may
be considered as the first cosmological model substantiated mathematically. This system
prevailing for a period of about 1.5 thousand years was changed by the Copernican helio-
centric one (XVIth century A.D.). Owing to the advent and improvement of telescopes,
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further explorations have resulted in our notion of the Universe as a totality of stellar ob-
jects. And at the beginning of the X Xth century the Universe was considered to beagalactic
world (Megagalaxy). It is obviousthat each of the proposed ”world systems” was actually
a model for the greatest system of bodies sufficiently well studied at that time. So, the
Ptolemaic model gives an adequate representation of the structure including the Earth and
Moon, whereas that of Copernicusisamodel for the Solar system.

Modern cosmology stems from the genera relativity (GR). Thefirst model of the Uni-
verse based on thistheory, relativistic cosmological model, was advanced by A. Einsteinin
1917 on the basis of the gravitational field equations (see, 1.4)

R (1) — 5RIMA () = TN T (). 91

Proceeding from the considerations conventional for the classical science, Einstein sug-
gested that the Universe, as a totality, should be eterna and invariable. However, Egs.
(9.1) were inadeguate to describe the stationary Universe. Because of this, Einstein has
introduced the A-term, now known as the cosmological constant, in Egs.(9.1)

R (1) = RN () = T2 T (1) — At X), 92

where A > 0. Asaresult, the last term in (9.2) describes the repulsive gravitational forces
complementary to the attractive gravitational forces of the normal matter (T, tensor). Nom-
inally, the cosmological term is equivalent to the additional term of the energy-momentum
tensor. Recalling the anal ogy between Poisson equation for the gravitational potential in the
Newtonian theory and Einstein equation, the emergence of a similar term in the Newtonian
gravitation theory were equivalent to the introduction of an additional force acting on the
body from an object having a negative mass My

mMi
Fo = GN—3OY.
r

As regards Eqg. (9.2), in case the cosmological term is conditioned by the particular
substanceV, for the energy density py ¢? of this substance we obtain:

Thus, just from the beginning, the function of the cosmological constant was to create
or, what is more accurate, to describe antigravitation. Einstein assumed that in thisway it
was possible to balance gravitation of the Universe matter and ensure an immovability of
meatter distribution, i.e. stationarity of the Universe. Such a model gives no answer, how
and where had originated the Universe. Thistheory only passed this over in silence. Nev-
ertheless, no longer than 15 years|ater the astrophysical observations made the scientiststo
give up amodel of the stationary Universe.

At the beginning of the twenties of the last century A. Friedmann demonstrated that by
the appropriate selection of a metric the GR equations have nonstationary solutions with
the cosmological term present aswell. Friedmann models have formed the basis for further
development of cosmology. The previous theories have mainly described the observable
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structure of the Universe, whereas those of Friedmann were evolutionary, relating the cur-
rent state of the Universeto its prior history. Beginning from the fourties of the XXth cen-
tury, ever growing attention in cosmology has been centered at the physics of the processes
proceeding at different stages of cosmological expansion. By atheory of hot Universe put
forward by G. Gamow in 1946 — 1948, at the very beginning of expansion the matter was
characterized by enormous temperature. Modern cosmology festures active investigations
into the problem of the initial cosmologica expansion associated with tremendous matter
density and particle energies. And the guiding ideas rely on the established laws in the
behavior of elementary particles a very high energies. In Friedmann models based on the
homogeneous and i sotropic Universe the matter is considered as a continuous medium, uni-
formly filling the space and having specific values of the density p and pressure P at every
instant of time. To analyze the motion of such a medium, the co-moving frame of reference
is usually used, similar to the Lagrangian coordinates in the classical hydrodynamics. In
this system, the matter is motionless, deformation of the matter being reflected by that of
the reference system, and hence the problem is reduced to the description of the reference
system deformation. The three-dimensiona space of the co-moving frame of reference is
referred to as a comoving space. For a homogeneous and isotropic space the square of the
four-dimensional interval ds may be represented in the form:

dx? +dy? +dZ?
1+k(2+y2+22) /4

where x,y, z are dimensionless space coordinates, a(t) is aradius of a space curvature and
k= —1,0,1. It should be noted that for the selection of metric we have already assumed
that the Universe is nonstationary. The space curvature is positive at k = 1 and negative at
k = —1. Provided k = 0, the space is Eucledian (flat), and a(t) has the meaning of a scale
factor. The variation of a(t) in time describes expansion or compression of the co-moving
reference system and hence the matter. The metric in (9.4) is known as Friedmann —
Robertson — Walker metric that forms a basis for the modern cosmology. It is convenient
to rewrite the expression of (9.4) in spherical coordinates:

ds® = ndx‘dx’ = c?dt? — a?(t) (9.4)

ds? = cdt? — a2(t) +r2d6? +r?sin0do?| (9.5)

1+kr?

that is, the non-zero components of the metric tensor 1,y (1, v =t,r,0,¢) have the form

2
as(t .
Ne=1 M= _T(kzz’ Nep = —a2()r5, My = —a%(t)r’sinfe.  (9.6)
Using
Nwn'’® =38y,
we obtain 2
1+kr _ _
T.ltt — 1’ T.ll‘l‘ — _Tm’ nee —_3a Z(t)r 2’
n® = —a%(t)r %sin"2e. (9.7)

To solve the problem about the deformation of a reference system, it remains only to
find the unknown function a(t). Dynamics of the homogeneous and isotropic Universe
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may be described similarly to a model for ideal liquid with the density p(t) and pressure
P(t), averaged over al the galaxies, their clusters and superclusters. Then, a hydrodynamic
energy-momentum tensor for the matter is given by:

T = PNy + (P+pc?)U, Uy, (9.8)

where Ut = 1, U' = 0. As seen from the calculations, for the metric (9.6) the following
components of the Christoffel symbols (see definition (1.7)) are nonzero:

15 /onj , dnk dIni
2" (axk+axi TN )

aa a. .
I = 2" 0= 55'1, Ty = (9.9)

Taking into account Eg. (9.9) we obtain the following expression for the components
of the Ricci tensor (see Eq. (1.16) )

34 1. ..
Re=—, Ri=0, aj:?(aa+2a2+2k)nij. (9.10)

The time components of the Einstein’s equation give

a 4nGy 3P\ Ac?
Z = - — A1
a 3 ( cz> T3 (9-11)
whilethe purely space components of that lead to the relation
a 2a% 2k P 2
R B — — | +Ac”. 12
<+ oz T3z = 40w (p C2> +AC (9.12)

Omitting & from Egs. (9.11), (9.12) we arrive at the first order differential equation for
a(t)
a2 k . 87'CGN /\C2
@ @3 P
Eqg. (9.11) describes changes in the expansion speed of the Universe under the effect
of gravitation. From this equation it follows that gravitation is due not only to the matter
density but aso to its pressure in the combination pc® + 3P, referred to as the effective
gravitating energy of the matter pC,. It is obvious that in this case the cosmological term
will result in antigravitation since its effective gravitating energy is negative. Note that the
stationarity of the Universein Einstein model is provided by the requirement that the total
effective gravitating energy is zero

(9.13)

Piot = Prrat + PV = 0. (9.14)

To find the function a(t) and determine a cosmological model by this means, it is
necessary to know for some t the values of density p(tg) = po as well as the cosmologi-
ca constant A(tg) = Ag. Usually, instead of pg one uses the quantity Q = po/pc, Where
pc = 3H?/(8nGy) isacritic matter density in the Universe and H is Hubbl constant which
valueis defined by experiments.

Let us consider for the Universe the contributionsinto the matter density made by var-
ious components of the cosmological medium. Whatever the scale, the mass cal cul ations
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for the Universe will reveal the deficiency of mass. Dynamically, abehavior of the galaxies
themselves as well as (super)clustersis so as if they contain much more matter than it is
redly available in their apparent components, known as luminous matter or baryon mat-
ter (not forgetting the presence of electrons). The present-day vaue of the cosmic density
(average over the whole observable world) for baryon material is determined by:

Qs = P2 —0.02+001 (9.15)

Pc

Apart from the baryon matter, in the Universe there is a hidden mass (lately referred to
as a dark matter). Two special types of dark matter exist: hot dark matter and cold dark
matter. The cold dark matter (CDM) is composed of nonrelativistic objects and its present
density isgiven by:

Q=2 _03+01 (9.16)

Pc

TheCDM isforming avast invisiblecorona, or halo, around the stellar disk of the Milky
Way. Similar dark halos seem to be present in all sufficiently massive isolated galaxies.
The CDM is also contained in galactic clusters and superclusters. As with our Galaxy, it
makes up about 90% and sometimes more of the total mass for al these systems. There
is no emission or absorption of electromagnetic waves by the CDM that manifests itself
exclusively through the created gravitation. Owing to its gravitational effect, the CDM was
discovered in the thirties of the last century by F. Zwicky, who has studied the kinematics
and dynamics of galactic superclustering in the Veronica Hair constellation. Observation
of the rotation curves (rotation speed Vv, of the galactic matter as a function of the distance
r to the center of this galaxy) makes it possible to determine the mass distribution of the
galaxy over the radius with the use of asimplerelation:

vz _ GuM(r)

r r2

9

where M(r) is a mass located inside an orbit with a radius r. Unfortunately, a nature of
dark matter has not been conclusively established up to the present. A wide variety of the
possibilitiesisconsidered: from weakly interacting massive elementary particlesto massive
(exceeding amass of the Sun) black holes, etc. In thisway masses of the candidates differ
by full 60 orders of magnitude representing areal measure of the existing ambiguity in this
problem.

The third component of the cosmological medium is a hot dark matter (HDM). The
HDM comprises ultrarel ativistic particles with masses equal to zero or of the order of ~ eV.
The density of this medium may be determined by the expression:

Qr= "R —0.8x10 % (9.17)

Pc
where the constant factor 1 < oo < 10 — 30 includes the contribution of neutrinos, gravi-
tons, other possible ultrarelativistic particles, and a so fields of cosmological origin, that is
additional to the adequately well measured contribution of relict photons. As seen, thereis
a considerable ambiguity in the estimate of this contribution.
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Provided A = 0O, from Eq. (9.13) it followsthat asign of k is determined by the sign of:
p—3H?/(87Gn) = p—pc.

In case p < pc we have k > 0, with a(t) increasing infinitely to denote unbounded
expansion of the reference frame and the matter. In this case the gravitational forces are too
weak to slow down or stop the Universe expansion. In the process the density is varying
fromp=wfort=0top — 0fort — . Provided p > pc, we have k > 0, i.e. the
gravitational forces are sufficiently large and in some time the Universe expansion should
be changed by compression. The density p isfirst falling from an infinitely large value (at
t = 0) toaminimum; thenitisgrowing againtoinfinity. The casewithk = Oisintermediate;
as it takes place, unbounded expansion is proceeding. The sing of the difference p — p¢ is
invariable in the process of the model evolution, while p and p. are changing in time. For
k = 0 the space volume isinfinite at any instant of time. For k > 0 the space isalso infinite
in volume. The models, where the spaces are infinite, are called open. In case k < 0 the
space is not bounded but has a finite volume V = 2r2a3(t). Such models are termed as
closed.

Let us consider the principal features of a Theory of Hot Universe (THU). By thisthe-
ory thewhole observable stellar world was created at someinitial timet = 0 from theinitial
singular state, with p =« and a = 0, owing to the Big Bang. All the symmetriesand all the
laws determining further dynamics of the Universe have been programmed in this starting
singularity in much the same way as DNA molecules predetermine the future of people.
The explosion occurring at t = 0 resultsin a fire ball, with an infinitely high temperature
and energy density, that begins to expand and cool down initiating the generation of all
the constituent materia for the present stars, planets and all the living matter. At the time
of this explosion the system symmetry was so that all four interactions were unified, that
is, the system was described by the symmetry group Gyet corresponding to the ”Unified
Field Theory”. It isa pity that nowadays we have no true information about such atheory.
Because of this, we are forced to leave out of consideration a time interval equal to the
Planck time 10~%3 s 1. Theinitial symmetry of a system has already passed the stage of its
breaking, i.e. the gravitationa interaction has separated from the interaction of the Grand
Unification. By that time, the temperature was tremendous ~ 1032 K. None of the com-
ponents of the normal matter (molecules, atoms, atomic nuclei and even nucleons) could
survive at such a high temperature. Instead, the matter scattered after the explosion was
composed of various elementary particles. Apart from the well-known particles as quarks,
leptons, carriers of electroweak and strong interactions, very heavy gauge bosonswere also
available, through which quarks could be transformed into leptons, and vice versa 2. At
that time the matter was representing a particular cocktail of quarks, leptons and bosons
with an extremely high density. It islikely that the number of particles and antiparticles of
each kind wasidentical. All these particles were created and annihilated continuously. The
number of the created particles for each kind was exactly equal to that of the annihilated
ones, i.e. all the particles were in a thermodynamic equilibrium. Once the temperature has
fallen down to KT < myc?, i-particles were out of the state of thermodynamic equilibrium,

1By that time the Universe size was equal to the Plank length Lp and, as we know, the gravitational effects
may be safety neglected at the distances greater than Lp.
2When as an example one choosesthe SU (5) theory then X- and Y-bosons play the role of such bosons.
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and the process of their burnup wasinitiated. This stage of the Universe evolutionis called
the radiation-dominance phase.

With atemperature of the expanding Universefalling down below 102 K 1, spontaneous
symmetry violation Ggyt took place

Geut — W (3)e x W (2)ew xU(L)y,

(as an example of the electroweak interaction the WSG model is used). And heavy gauge
X-and Y-bosonswere out of the state of thermal equilibrium. In other words, as the energy
was inadequate for their creation, the decay processes became dominant for these particles.
At this stage we are forced to make some hypothetical assumptions.

A significant predominance of the matter over antimatter (the antimatter fraction comes
to < 10~%) is observed in the galactic cluster under study. A measure for such asymmetry
of the Universe (baryon asymmetry of the Universe) isthe value:

5B "8
m )

where ng,ng and n, are concentrations of baryons, antibaryons and relic photons re-
spectively. According to the present-day measurements, § has the value of the order of
~ 6 x1071%, The quantity § is the basic characteristic of the Universe, an explanation for
its origin being one of the key problems of cosmology. Two approaches to the solution of
thisproblem are possible. By thefirst approach it is supposed that the Universe wasglobally
asymmetric from the very beginning, and thevalue of § isgiven astheinitia condition. The
second approach seemsto be more appropriate, being based on the assumption that at some
stage the initial symmetry of the Universe has passed the violation phase. Such aviolation
should be caused by interactions breaking both charge (C) and space (P) symmetry (CP —
noninvariant interactions). In the SJ (5) theory similar interactionsare caused by the X- and
Y-bosons. Thisleads to the situation when due to the decay of X-, Y-bosons the formation
of quarks (ANg) is somewhat greater than the formation of antiquarks. It should be noted
that other sourcesfor the occurrence of baryon asymmetry (baryogenesis) are a so possible.
For instance, the certain models of the GUT predict baryogenesis due to the formation of
leptons (Ieptogenesis) under decays of superheavy neutral particles. At energies of E ~ 300
GeV (t ~ 1073 s) the symmetry breaking occurs down to the present-day level

V(3)ex V(2)pw xU(1)y — W (3)c x U (1)em,

that is, all the interactions became to be divided on four classes. Fort ~ 1076 s(T ~ 10'3
K) the annihilation of quarks and antiquarks takes place. It is obvious that in the process
the fraction of surviving quarksis equal to ANy as before. Further phase transition occurs
within approximately 10> s after the explosion, or at energies from 100 to 300 MeV char-
acterized by Aqcp. It isassociated with breaking of achiral symmetry of stronginteractions
2 and with quark confinement. So, at this stage free quarks, forming previously a part of
the quark-gluon plasma, unify (forever?) to form hadrons (of course, the protons and the

1The law of changing the temperature for the early epoch of the Universe expansion (within bounds of few
hundred years after the Big Bang) is written in the form T = 1019/,/%.
2|f one neglectsthe quarks masses, the QCD Lagrangian (6.30) will beinvariant with respect to the rotations



208 O.M. Boyarkin

neutrons are the most interesting for future fate of the Universe). A few number of quarks
ANy had ensured the baryons abundance, which led to the formation of a minor admixture
of the normal matter in the sea of light particles, a starting material for the formation of all
future celestial bodies.

Let us consider the fate of leptonsaccording to this scenario. With cooling and decreas-
ing the reaction rates, there is a moment when the reactions involving particular particles
cease to proceed, making these particles free, i.e. the Universe becomes transparent for
them. In this manner, neutrinos get free (first v, then v,, and ve) during a period of 1072 —
10%s,i.e. the background cosmic neutrino radiationisinitiated. At the sametime, t-leptons
and muons are disappearing, whereas the electron-positron pairs are practically extinct, be-
ing transformed to photons. It isimportant that after getting free the particles still persistin
"cooling”, with the reduction of their energy due to the Universe expansion. Thisis caused
by the fact that a free flying particle passes from one volume of the matter into the other
removed from the first. Because of this, its energy with respect to the second volume is
greater that the energy relative to the first volume, and so on so forth. Subsequently, in the
Universe one can find only neutrinos and antineutrinos of all kinds, photons and a small
amount of the normal matter in the form of plasma (mixture of baryons and electrons).

For further evolution of the Universe of particular importance are those physical pro-
cesses which proceed in the matter subsequently forming the galaxies, stars, planets. At
T ~ few x 10! K baryons exist in the form of protons and neutrons. These particles are
rapidly interconverted under the effect of the surrounding primary particles (e*, ve, Ve):

n+e’ « p+ve, N+Vve<— p+e€, (9.18)

and thermodynamic equilibrium between the numbers of neutrons and protons is reached.
Neutron-to-proton ratio within the unit volume at equilibrium is determined by the follow-
ing expression:

N Amc?
— =X — ,
N, kT
where Am= m, —m,. For t of the order of afew secondsthe reactions (9.18) are practically
terminated, and the ratio of the neutrons number and the total number of nucleons N, + Np
within the unit volume”is frozen™ at the value:
Nn

~ 0.15.
Np +Nn

With further decrease in T, in several minutes after the onset of expansion intensive
nuclear fusion reactions of neutrons and protons result in the formation of “He. There is

in the quarks flavor space. In this case, thanks to the vector character of the interaction between the quarks and
the gluons one may independently rotate the left-hand and the right-hand components of the quarks fields
q.L,gr. Thetransformations of such akind are featured by eight independent parameters o5 (see Eq. (6.21) )
for left-hand particles and those R for right-hand particles

R = (1+ica rta/2)dLR): (1)

If oial = otar, then the transformation (1) conserve the parity. From the mathematical point of view the invari-
ance with respect to the transformation (1) means the chiral U (3)| x SJ(3)r symmetry (equal status of the
left and the right) strong interaction. However, since the masses of the quarks are not equal to each other, the
chiral symmetry has been violated in Nature.
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no fusion of heavier elements as the nucleus *He fail sto attach neutrons and other particles
available. Asaresult, nearly al neutrons form a part of the nuclei of “Heto give arelative
content about 25% by mass of the whole matter. The remaining protons by mass account
for about 75%. The content of other elementsis negligible. Subsequently, the matter with
such a composition is involved in forming celestia bodies, specifically stars of the first
generation.

After thelapseof thefirst 5 minutes, all nuclear reactionsin the Universe are terminated,
thematter proceedsin expansion and cooling. But only after about 1 million yearsfollowing
the Big Bang comes the time for another critical stage in the evolution of the Universe.
A temperature of plasma goes down to T ~ 3000 K, unification of electrons and protons
takes place, and plasmais converted to a mixture of neutral atoms of hydrogen and helium.
Prior to this situation, photon in its path should have encountered enormous numbers of
free electrons capable of the effective photon scattering or absorption (just scattering with
electrons is the dominant process for photons). Sudden disappearance of free electrons
leads to the transparency of the Universe for photons.

Approximately at the same period the Universe passes from the phase of the radiation
dominance to that of the matter dominance. This processis accompanied by the enhanced
density fluctuations and hence the formation of large-scale structures. Due to the effect of
gravitational compression, first-generation stars are created from the produced hydrogen
and helium. Notice, that these stars also contain negligibly small admixture of deuterium
and lithium. As the stars undergo condensation, the potential gravitational energy is re-
leased, with atemperature at the star center growing until theinitiation of the thermonuclear
reaction (burnup of hydrogen to form helium). The advent of a new energy source causes
retardation of the compression process as the radiation exerts pressure on the outer layers of
the star. Finaly, the release rate of thermonuclear energy is increased so that the radiation
pressure within any volume of the stellar material isin equilibrium with the effect of gravi-
tational forces. With exhausted hydrogen at the center of a star it is compressed, leading to
the temperature growth and burnup of helium. Since the process of helium transformation
to hydrogen proceeds with agreat rel ease of energy, the stellar luminosity isincreased. The
energy release resultsin greater radiation pressure on the outer layers of a star leading to
their expansion. Because of the expansion, gas is cooled making the light of a star more
red. This expansion and reddening persists so long as the stellar diameter is increased by
afactor of 200-300. In case of less massive stars such a star is known as a red giant, and
otherwise — red supergiant. Future progress of the stellar evolution is mainly determined
by itsmass M.

Nuclear combustion of starswith 0.8Mo <M < 8M(, isterminated after the formation
of carbon-oxygen core with a mass of ~ 1IM. Once the whole shell surrounding this
core is released, the star core is transformed to a "dead” star or so-called white dwarf.
Massive stars (M > 10M)) undergo their evolution path of combustion up to the formation
of core of the most stable element “Fe. Release of the nuclear energy in such a core is
impossible, increase in pressure is not compensating an increase of the gravitational forces
with growing density, and slow quasi -static compression ischanged by a sudden collapse—
a supernovaexplosion takes place. Fast compression to a density that is close to the matter
density within the atomic nucle initiates release of a huge amount of energy, the major
part of which is carried away by neutrinos. Following the explosion and shell release, the
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remainder isformed as a neutron star representing the second type of dead stars.

The stars with intermediate masses (M ~ 8M)) are characterized by the formation of a
degenerate carbon-oxygen core, whose massis so enormousthat it could not exist asawhite
dwarf any longer, being continuously compressed so long as the temperature and density
growth results in explosive combustion of carbon and complete breaking of the whole star.
Also, thisbreaking is observed as a supernova explosion leaving no remnant.

For starswith the greatest mass (M > (40 — 50)M, )the collapse may proceed beyond
the neutron star stage, developing further to form a relativistic object known as a black
hole!. Such a collapse should be accompanied by neutrino radiation with extinction of the
star that was extant before the collapse.

Explosions of supernovas were followed by synthesis of heavy elements, gected sub-
sequently into the interstellar space together with the elements synthesized in the process
of prior evolution. All these factors have created the conditionsfor the formation of planets
ringsof dust and gassesaround the stars similar to our Sun. Unification of these regions that
followed, as well as their displacement under the effect of gravitational forces, has resulted
in the formation of galaxies, galactic clusters and superclusters.

Now we turn our attention to two very important experiments providing support for the
principal statementsof THU.

The catalogue "Nebulae and Stellar Clusters’ published by Ch. Mercier in 1781 in-
cludes 103 objects, the classification numbers of which are still used in modern practice.
Even in the XVIIIth century it was clear that these distant objects are different. Some of
them were obvious star clusters. But the others, about one third of the objects, were rep-
resenting white nebulae with regular eliptica form, Andromeda Nebula being the most
apparent (M31). Owing to the improvement of telescopes, thousands of the like nebulae
have been revealed. By the end of the XIXth century it has been found that some of them
including M31 have arms. At the same time, even with the use of the best telescopes avail-
ableit wasimpossibleto classify eliptical and spiral nebulaeinto the constituting stars. And
their nature has been unknown until the advent of a 100-inch tel escope at the Mount-Wilson
laboratory. Using this telescope, 1923 E. Hubble succeeded in separation of the particular
starsin the Andromeda Nebula. He has found that spiral arms of this nebula contain severa
bright variable stars, characterized by the same type of the luminosity alternation as was
known for certain star classes of our Galaxy and referred to as cepheids (pul sating super-
giants). The brightness of cepheidsis changed regularly with aperiod of 1 — 100 days, the
luminosity variation period being directly proportional to the absolute value of luminosity.
The typical representative of this class is the Delta Cephel star. Its brightness is varying
approximately by a factor of two with a period of 6 days. In thisway cepheids in distant
gal axies enable one to measure their distance R on the assumption that their apparent bright-
nessis inversely proportional to R?. When observing cepheids in the Andromeda Nebula,
Hubble has found that the distance to this nebulais equal to 8.5 x 10°* cm (~ 1.9 x 10%?
cm by modern datd), i.e. by the order of magnitude greater than the distance to most remote
objects of our Galaxy. Thus, in 1923 it became obvious that the Andromeda Nebula and
thousands of similar nebulae, are galaxies resembling ours and occupying the Universein
all directions up to enormous distances.

1Black holes are space-time ranges with so strong gravitational field that even light could not leave them.
They were predicted by J. Mitchell in 1783.
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By W. Slipher in 1910 — 1920 it was found that spectral lines of many nebulae are
slightly shifted to the red or blue. These shiftswere immediately interpreted as conditioned
by Doppler effect, fromwhenceit followsthat the nebul ae are moving in the direction of the
Earth or in the opposite direction. To illustrate, it has been established that the Andromeda
Nebulais approaching the Earth at a speed of about 100 km/s, while a more distant galactic
cluster in the Virgo constellation is moving from the Earth at a speed of about 1000 km/s.
Subsequent observationshave demonstrated that, except of some nearby galaxies, all others
are flown away our Galaxy. It looksasif the Universe were experiencing an explosion after
which each galaxy is flying apart from any other galaxy. As a result of his astronomical
observations, by 1931 Hubbl e has established the proportionality between the motion speed
of agalaxy V and itsdistance R (Hubble red-shift [aw):

V =HR

The Hubble constant H should be better caled the Hubble parameter. It is constant
only in the sense that the proportionality between the motion speed and distanceisidentical
for al the galaxies at the present moment, i.e. H isindependent of all the directions and
distances. Nevertheless, H isvariablein timewith evolution of the Universe. At the matter-
dominated stageit is decreased as 1/t but, as we see later, at the vacuum-dominated stage
it turns a constant that isindependent of time. So, the Hubble parameter is growing astime
goes backwards, being infinite at the initial cosmological singularity. In this case theinitial
singularity is characterized by two infinities: infinite density and infinite Hubbl e parameter.

If the galaxies are flown away each other, it is probable that sometime they were po-
sitioned closer. More accurately, at constant speed the time required for any galactic pair
to reach the present-day distance between them should be equal to the present day distance
divided by their relative speed.

Provided the speed is proportiona to the present-day distance between the galaxies,
time should be the same for any pair of the galaxies, and, consequently, in the past they all
should have been positioned closely at the same time. Using the present-day value of the

Hubble parameter
km

s-Mpc
(1 parsec=3.0867 x 10'8 cm), we obtain age of the Universe (13.7+0.2)10° years.

A conclusive demonstration of the fact that galaxies are flown away precisely so asin-
dicated by their red shiftsmay be any other evidence in support of the established Universe
age. Actually there isagreat number of such evidences. Let us consider afew examples.

Meteorites age. The half-life period Ty, of most abundant uranium isotope *3U is
4.5 x 10° years. Itisfound together with amore rare isotope 2°U (T;, = 0.7 x 10° years),
whose abundance comes to 0.7 of that for 23%U. A series of radioactive transformationsin
case of 238U is terminating in the isotope 2°°Pb, whereas in case of 2®U — in 20’Pb. As-
suming that these uranium isotopeswere formed at the same time and in the same amounts,
we can use the above data to define the time during which these isotopes were decaying.

M easurements of theratio mess, /Mmess,; in meteoriteswith due regard for le}’ﬁzu / lej";U enable

one to determine the age of meteorites as (4.5 — 5) x 10° years.
Age of the Earth and the Moon. The age of the Earth is understood as a period that
had elapsed since the time when the rock and the entire Earth were in the molten state. As

H = (74+4)
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suggested by Rutherford, the scientists are studying uranium and thorium ores, and aso
other kinds of rock containing these elements. When the rock is molten, lead formed dueto
the radioactive decay of uranium and thorium may beisolated from the prael ements. But as
soon as the rock solidifies, al the components of thisrock become frozen, lead being found
together with parent thorium and uranium decaying to this lead all the time. The values
determined for the ratios Meorpy, / Messyy , Meospy, /Messy; aNd Meospy, /Mez2y, iN case of the el dest
mineral monazite yield an age of 2.7 x 10° years.

The age of oceans may be determined by the method put forward by astronomer E.
Halley. The method is based on estimation of the salinity of ocean water at the present time
(3%) and therate at which salt is carried out into the ocean by therivers. According to this
method, the age of oceans is estimated as 3 x 10° years.

Asisknown, the Moon was once integral with the Earth. Its velocity of recession from
the Earth makes up 125 mm/year, and it is caused by the friction effects on ocean tides on
the Earth under the influence of the Moon. As thistakes place, the length of alunar month
is progressively increased. Considering these factors (as suggested by D. Darwin), the age
of the Moon comes to 4 x 10° years.

Age of the Milky Way. Let us take stars of the Milky Way as the molecules of gas.
Assumethat at someinitial instant of time their kinetic energies were different. Thenin the
course of time the energy distribution of the stars should finally reach its equilibrium dueto
the gravitational interaction, and astar in our Galaxy hasthe velocity inversely proportional
toitsmass. An astronomer F. Gondolach has examined the vel ocity profile of the stars close
to the Sun and found that such an energy equidistributionis realized by 98%. On the basis
of this fact he came to the conclusion that the age of the Milky Way ranges from 2 to 5
milliard years.

Theseresults are associated with the age estimates for starsand star clusters. Sincethere
is no direct relation between the above-mentioned phenomena used for the age estimation
of the objectsin the Universe, and the red shifts of distant galaxies, such coincidenceis a
convincing evidencefor reliability of the age estimates (close to ideal values) derived from
the Hubble parameter.

Let us proceed to the second experiment providing support for a theory of the Big
Bang. Its history has very nearly the same plot as the fascinating history of the electrons
diffraction discoveryl. The same beginning — routine industrial experiment, the same
scenery — premises of the Bell Telephone company, the same long period of doubt in the
interpretation of the obtained (possibly by chance?) results, and the same happy ending —
awarded Nobel prizein Physics.

11n 1922 D. Dawisson, an employee of the Bell Telephone, was studying electron scattering with the energy
E = 54 eV from nickel crystals. The preliminary results were in a complete agreement with the predictions of
the classical physics. During the experiments a nickel target was subjected to the high-temperature annealing
to remove the forming oxide. As it was found later, this process has resulted in the formation of a series of
diffraction gratings (Bragg planes) within the target bulk, with a period on the same order as the de Broglie
electron wavelength (A = h/p = h/v/2mE = 1.65 x 10~8 cm). The experiments with that target became to
give the results which were anomalous from the viewpoint of a corpuscular character of electron. Only in
1926, during his visitsto Oxford and Gettingen, Davisson found the information about the works of De Broglie
and inferred that the anomalies observed were associated with electron diffraction. On his arrival to America,
Davisson together with A. Germer has provided support for de Broglie's hypothesis performing a series of the
experiments, awarded with Nobel prize in 1937 by the Sweden Academy of Sciences.
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In 1964 the Bell Telephone laboratory became possessor of an extraordinary antenna
designed for the communication through the Echo satellite. A 20-feet horn reflector with
an exceptionally low noise level made this antenna a promising astronomical instrument.
Astronomers A. Penzias and W. Wilson have decided to use this antenna for the intensity
measurement of radio wavesemitted by our Galaxy at high galacticlatitudes, i.e. beyondthe
Milky Way plane. They were surprised to find (in summer of 1964) that at a wavelength of
7.35 cm (4080 MHz) they receive an appreciable microwave noise. Moreover, the measure-
ments have demonstrated that this” statistical background” was invariable both in time and
with direction. Such aradiation could not be produced by our Galaxy, since otherwise the
galaxy 31 should have the same strong radiation at this wavelength and such a microwave
noise should have to be detected aready. Besides, the fact that the observed radiation was
invariable with the direction pointed to a much larger volume of origination: origin of the
radiation was in the giant Universe rather than in the Milky Way. Penzias and Wilson have
found that an equivalent temperature of the detected radiation was approximately equal to
3.5K, or to be precise, itsinterval wasfrom 2.5t04.5K.

In March 1965 E. Peebles, physicist-theoretic from the University of Princeton, con-
ducted studies of radiation that should have to be present in the early Universe. He has
demonstrated if there were no intense radiation within a few minutes of the Universe ex-
istence, nuclear reactions would be extremely fast to make the majority of the available
hydrogen ”boiling” to form heavier elements, and that is at variance with the experiment. A
fast process of nuclei forming could be prevented only on condition that the Universe were
filled with radiation having an extremely high temperature to crash nucle into parts at the
same rate as they were formed. This suggests that the present-day Universe must be filled
with radiation but at a considerably lower equivalent temperature compared to the tem-
perature of the first minutes of its existence. By the estimates of Peebles, the present-day
temperature of this radiation should be at least 10 K. Later thisvalue was|owered owing to
the calculations of Peebles, Dicke, Roll and Wilkinson. Exchanging their results, both the-
orists and experimenters have decided to publish two lettersin " Astrophysical Journal” at
the sametime: to present the evidence found by the experimenters and to provide a cosmo-
logical interpretation for thisevidence by theorists. However, Penzias and Wilson were still
doubtful, and the title of their work was more than modest: "M easurement of an Excessive
Antenna Temperature at a Frequency of 4080 MHz". They simply declared, ” the measured
value of the effective zenithal temperature of noise ... was by 3.5 K higher than expected”.
No reference to cosmology was made, except of the phrase that " possible explanation of
the observed excessive noise temperature may be found in thisissue in the accompanying
letter by Peebles, Dicke, Roll and Wilkinson”.

Nevertheless, a character of the radiation found by Penzias and Wilson and even the
fact of its occurrence was open to question as long as (several month later) the group of
R. Dicke made independent measurements at a wavelength of 3 cm. These measurements
provided support for the results of Penzias and Wilson in full. Asin the case of 7.35 cm
wavelength, the radiation intensity was the samein all directions, invariablein time and in
line with the predicted intensity of radiation for a blackbody with a temperature of about 3
L.

Themicrowave radiation discovered by Penzias and Wil son wasrepresented by the pho-
tons, remaining from the times of the early Universe when electrons, protons and neutrons
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were combined to form helium and hydrogen atoms 1. With sudden disappearance of free
electrons the thermal contact between radiation and the matter was being disturbed, and, as
aresult, this radiation became to expand freely. By that moment, the radiation field energy
at different wavelengths was conditioned by thermal equilibrium, and hence it may be de-
termined using the Planck formula for a blackbody with a temperature equal to that of the
matter ~ 3 x 10° £.. At this stagethere were no generation or annihilation of single photons,
the average distance between them was increasing with the Universe size. In this case the
wavelengths of all individual photonswere also growing in proportion to the Universe size.
Because of this, the distance between photonswas left equal to the average wavelength, fol-
lowing the pattern for radiation of a blackbody. Quantification of these arguments enables
demonstration of thefact that Planck’sformulaof ablackbody still holdsfor the description
of radiation filling the Universein the process of its expansion, despite alack of the thermal
equilibrium between this body and the matter. The only expansion effect is an increase in
the average wavelength of photons, proportional to the Universesize. A temperature of the
blackbody equilibrium radiation is inversely proportional to the average wavelength and
hence is decreasing in the process of the Universe expansion, inversely toitssize.

By more recent and accurate measurements, a temperature for the relict radiation is
determined as T = 2.736 £+ 0.003 K. This means, in turn, that each cubic centimeter of
the Universe contains about n, ~ 400 of relict photons. Asit turned out, detection of the
relict background is the most important cosmol ogical discovery since the red shift has been
revealed. In 1978 Penzias and Wilson were awvarded the Nobel prize for their ” discovery of
a background microwave radiation from outer space’”.

Despite obvious advantages of the Theory of Hot Universe, a number of problems still
remain to be unsolved. Within this theory, most unified theories of elementary particles
result in the cosmological inferences inconsistent with the observations. By the standard
model, for instance, a the earliest stages of hot Universe there should be the produc-
tion of numerous ultraheavy particles possessing a magnetic charge, so-called magnetic
monopoles. By the present moment, the matter density due to these particles should have
been by 15-orders of magnitude higher than the observabl e density of the matter in the Uni-
verse. This theory fails to provide an adequate answer for the following questions: what
was before the Big Bang?; why Riemann geometry describing the space properties of our
Universe with an enormous accuracy is so closeto the Euclidean geometry of aflat world?,
why the observable part of the Universeis, on the average, homogeneous?; what is the ori-
ginfor theinitial inhomogeneitiesrequired for the creation of galaxiesin thishomogeneous
world?;, why different portions of the Universe formed independently are so alike at the
present time?; and, finally, what is the reason for simultaneous expansion of all the parts
constituting the infinite flat or open Universe?. On condition that the Universeis closed, it
isnot clear what provided resorts for its survival for ~ 10'° years, in spite of the fact that a
typical lifetime of the closed hot Universe should not be considerably greater than Planck
timetp.

The majority of these problems may be solved within the scope of so-called Inflation
Models of the Universe (IMU). The general feature of avariety of these modelsisthe stage
of exponential (or quasi-exponential) expansion of the Universewhich wasin avacuum-like

1By the reason this radiation is often called the relict radiation.
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state with high energy density. This stage istermed as the inflation phase. After this phase,
the vacuum-like state disintegrates and the created particles interact with each other leading
to the thermodynamic equilibrium, while the following evol ution proceeds according to the
THU.

A cosmic vacuum in this case is the same vacuum as in microphysics, where it rep-
resents the lowest energy state of quantum fields. This is the same vacuum, where the
interactions of elementary particles take place and whose manifestations may be observed
in direct experiments. According to quantum mechanics, the lowest energy of quantum
oscillator is nonzero and equals iw /2. These " zero oscillations’ result in anonzero energy
at the lowest energy state of quantum fields. But a quantum field theory fails to provide
real calculationsfor thetotal energy density associated with zero oscillations. Considering
an assembly of quantum oscillators as a model of physical fields and taking a sum for the
energy of zero oscillationsover all the frequencies possible up to the infinity, we obtain an
infinite energy of vacuum as a result. To eliminate these infinities, one can set an upper
[imit to the frequency range at some value, i.e. the energy cutoff is used. It is possible to
assume that the cutoff frequency conforms to the Planck energy Mp, so that fim ~ Mpc?.
Such a choice of the cutoff frequency is attested by the fact that for energies in excess of
the Planck’s the standard notions of physics, the concept of frequency including, lose their
meaning.

According to the simplest variants of IMU, at the initial vacuum-like state there is a
spacefilled with arather homogeneous slowly varying scalar Higgsfield ¢, already encoun-
tered by us when studying a model for the electroweak interactions by Weinberg, Salam,
Glashow. Expansion of the Universe decel erates the process of varying thefield ¢. In con-
sequence, the energy density V() = myp?/2 is remaining nearly constant for along period
of time: compared to the density of the normal matter, it is hardly decreasing with the Uni-
verse expansion. In the end this results in the exponentia growth of the Universe regions
filled with alargefield ¢ > Mp
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In typical models the inflation phase is not long ~ 10~3° s. But during this period the
Universe has a chance to increase its size by 101%° — 1019 (exact numbers depend on the
choice of a specific model for elementary particles and on the mechanism responsible for
the Universe inflation).

As soon as ¢ becomes sufficiently low (¢ < Mp), the expansion speed and the associ-
ated decelerating force affecting ¢ decrease. Rapid oscillations of the field begin close to
aminimum of its potential energy V(¢). In the process the field ¢ generates pairs of ele-
mentary particles, donating its energy them and hence heating the Universe. Subsequent to
theinflation phase, the space geometry within the inflation region of the Universe becomes
practically indistinguishable from the Euclidean geometry of flat world, in analogy to the
geometric properties of the balloon surface more and more resembling those of a plane as
the balloon is blown. Due to inflation of the Universe, most of the monopoles and other
inhomogeneities are beyond its presently observable part of the size of ag ~ 102 cm. Be-
cause of this, the problems associated with the observable Universe homogeneity and small
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numbers of monopoles are solved at atime. As the entire observable Universe has been
formed owing to the inflation of asingleregion negligibly small in size, no surprisethat the
features of different spaced apart regions of the observableworld are, on average, the same.

The majority of extensions of the SM have several Higgsfields rather than only a sin-
gle one (@i, wherei = 1,2,....N). Provided such models with an extended Higgs sector
present a true theory of electrowesk interactions, an inflation theory predicts the following
scenario. The field fluctuations @; generated during the inflation process will result in the
creation of exponentially large regions, occupied by various fields ¢; corresponding to all
possible energy minima V (¢;). Quantum fluctuations in the regions with extremely great
field values ¢; may be responsiblefor the formation of inflation regions with other types of
the space-time compactification. As a result, the Universe is subdivided into N exponen-
tially large regions, where the space-time dimensions, compactification type and properties
of elementary particles may be different (domain structure of the Universe). According to
the inflation theory, these regions are separated apart at a distance greater than the size of
the observable Universe part by many orders of magnitude. But if the principal statement of
the inflation theory concerning the creation of the Universe from vacuum is true, the prob-
lemis, what isthe fate of thisvacuum. It must be present in the contemporary Universe as
well. And its density should be appreciably lower than theinitia one.

A series of experiments conducted by two big research Collaborations of astronomers
1'in 1998 — 1999 provided support for the vacuum occurrence in the Universe. As it
turned out, vacuum (cosmic vacuum is often referred to as a dark energy) predominatesin
the Universe, with the energy density making it superior over all the "ordinary” forms of
cosmic matter taken together

oy = _073+00L (9.19)

Pc

This means that 73% of the total energy of the world is due to vacuum, 23% — due to
cold dark matter, about 4% — due to baryon matter, and less than 0.03% — due to radia-
tion. The discovery was based on a study of distant supernovae outbursts. Owing to their
exceptiona brightness, supernovae may be observed at enormous, really cosmological dis-
tances. The data used are associated with the supernovae of the certain type, conventionally
considered as " standard candles’. Their self-radiant exitance lies within fairly narrow lim-
its, making it possible to trace the relationship between the visualy registered brightness
of the sources and their distance. Now these supernovae occupy in cosmology the place
previously taken up by less bright Hubble's cepheids. The observation presents difficulties,
as supernovae are few in number. On the average, a typical galaxy exhibits approximately
one supernova outburst some 100 years, the outburst itself being very short: a few months
or even weeks. Two quantities are directly measured during observations of supernovae,
namely the energy coming from supernovato the Earth in a unit time per unit square J (vi-
sual luminosity), and the red shift ¢. The red shift caused by the distance to the observable
galaxy is given by the formula:
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IA. G. Riesswas aleader of one group while the other group is guided by S. Perlmutter.
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where A is a wavelength of a light detected, Ag is a wavelength of a light emitted by a
source, and V is a source speed. According to Hubble law, short distances are associated
with low ¢, and long distances— with great ¢. Fig. 45 showsin the coordinate plane (J,¢)
two theoretical curves describing accelerating and decel erating expansions of the Universe.
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Figure 45. Two theoretical curves describing accelerating and decel erating expansions of
the Universe.

At short distances these curves are coincident, whereas at long distances the curve rep-
resenting an accelerating expansion goes above the curve for decelerating expansion. To
determine a character of the Universe expansion, one should observe supernovaeto the dis-
tances, where the theoretical curves shown in Fig. 45 are moving apart. The observations
indicate that experimental points are located at the upper curve, i.e. cosmologica expan-
sion proceeds with acceleration. On the other hand, acceleration may be exclusively dueto
antigravitation whose origin isthe cosmological term A in Einstein equations. Immediately
the question arises: "What cosmol ogical substanceis described by the term A7’

Already at the outset of the relativistic quantum theory G. Gamow has suggested that
the Dirac vacuum should manifest itself through gravitation. It is presently universaly
acknowledged that cosmic vacuum is described by the cosmological constant. A density of
vacuum is related to the value of this constant by the following relation:

A
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From this point of view, we can relate evolution of the Universe to its genesis: ex-
pansion of the matter stems from antigravitation of cosmological vacuum, the matter per
se appearing as a result of quantum fluctuations of the same vacuum. As expected, vac-
uum exhibits rather unusual properties. A state equation for vacuum, i.e. the relationship
between the pressure and density, is derived in a quantum field theory and has the form:

R/ = —pvC. (9.20)

Eq. (9.20) isrelativistically invariant, that is, is valid in any frame of reference. Also,
from Eq. (9.20) it follows that the energy density of vacuum is invariable with expansion
of the Universe. Indeed, under expansion of the Universe the energy density should have to
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be decreased as:
d(pc?) = —pc”aV,

where dV is an increase of a volume element. But this decrease is compensated for by a
negative work donein this case by the expanding volume

PdV = —pc?dV.
Since the effective gravitating energy of vacuum
pe = pyC®+ 3R, = —2pyC?

is negative for a positive density, this vacuum is responsible for antigravitation. Thus, in
any reference system the cosmological vacuum has a density invariablein time and space.
In principle, inits propertiesavacuum differs from all other forms of cosmic energy, whose
density is inhomogeneous in space, decreases in time with cosmological expansion, and
may be different in various reference systems. In any arbitrary reference system a vacuum
seems absolutely identical, every system being co-moving. In other words, two frames of
reference may be moving with respect to each other at any speed, but a vacuum will be
co-moving with each of them.

The vacuum has another unique property: influencing all the natural bodies through
antigravitation, the vacuum is immune to their gravitational effects. Consequently, it is not
governed by the third law by Newton. In terms of dynamic observables, the vacuum has
a negative active gravitational mass, while its passive gravitational and inertial masses are
zero. At the same time, al the above is true for weak fields only. In intense fields one
can observe a number of effects such as vacuum polarization, particle+antiparticle pair
production, etc.

Let us consider Fig. 45 again. We observe a star as it has been in the process of light
emission. Approximately at the epoch of ty = (6 — 8)10° years accel eration & has changed
its sign. Because of this, in case we are observing a supernova at distances on the order
of tyc, the corresponding point should be located at the lower curve. At the same time, to
travel such a distance, the speed of the galaxy should be very high and hence the red shift
should be great too. As seen from the calculations, this takes place at ¢ > 0.7. Thus the
theory predictsthat for great ¢ there are observation points associated with the lower curve
too. Actualy, at thetop of thegraph shownin Fig. 45 thereissuch a point that has evidently
" descended” from the upper curve.

For the present-day value of the Hubble constant, the obtained densities of the compo-
nents of a cosmologica medium are consistent with open and flat as well as closed cosmo-
logical models. A flat model is associated with:

Q=0y+Qp+Qp+Qr=1,

In open model thissum of relative densitiesis below unity and in closed — over unity.

It should be noted that some scientistshold another viewpoint of the accel eration source
for the Universe expansion. They supposed that the cosmological acceleration is produced
by aquintessence, so far unknown and totally hypothetical, rather than vacuum. Thissource
is understood as a special form of cosmic energy described by the state equation P = gpc?,
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where g is a constant parameter with the values falling within theinterval —1 < q < —1/3.
Since the effective gravitating density is negative for this energy type, quintessenceis creat-
ing antigravitation too. Theidea of quintessenceis deeply rooted in ancient times. Accord-
ing to Greek philosophers, quintessence represents the fifth element that is complementary
to the earth, water, air and fire and forms the basisfor celestial bodies.

Now we consider amodern model of the Universein thelight of new discoveries. Let us
begin with the dynamics of cosmological expansion. Eg. (9.13) isrewrittenin thefollowing
form:

1. 1 1
éa2 =C,%a®+Cpa t+Cga 1+ écéa*Z -5k, (9.21)
where constants C (Friedmann’s integrals) are given by the common relation
2 3(14w) ] Y/ (1+3W)
Cc— <1+23W> 8nGNp3a ’ (9.22)

w = P/(pc?) and for vacuum w = —1, for cold dark matter and baryon matter w = 0, for
radiation w = 1/3. Knowing the densities for some a, one can find the constantsC. In this
way these integrals are used to set the initial conditionsfor the Friedmann theory. As seen
from (9.22), al integrals C have the dimensions of length. Their numerical values are close
in the order of magnitude and amount to 10°® — 10%® cm. It is obvious that the |eft-hand
side of EQ. (9.21) contains the kinetic energy attributed to the unit mass. Therefore, a sum
of the first four terms taken with an opposite sign is nothing else but the potential energy.
Taking into account that the first integral in eguations of motion represents energy, the
value —1/(2k) in (9.21) should be identified with the total mechanical energy of aparticle.
The total energy may be positive, negative or equal to zero, the associated motion types
usually being referred to as hyperbolic, eliptic and parabolic, respectively. The sign of
the space curvature in (9.21) k is opposite to that of the total energy . So, we have a one-
to-one relation between the curvature of the three-dimensional space and dynamic type of
cosmological expansion.

From Eq. (9.21) it follows that a dynamic role of vacuum is different under evolution
of the Universe. At the early expansion stages of the Universe, the effect of vacuum isin-
significant asfor small a(t) (a — 0) the vacuum term on theright-hand sideis less than four
others (pya? — 0). By virtue of the fact that gravitation of the normal matter (understood
as nonvacuum components of a cosmic medium) leads to a negative acceleration, & < 0,
cosmological expansion in this case will be realized with deceleration. The role of vacuum
becomes significant for big times. Asfollows from (9.21), sooner or later there comes an
instant for the dynamic vacuum domination, that is,

1
2
Now (formally at a — <o) we can neglect gravitation of the nonvacuum components,

and acceleration & turns out to be positive. A solution for (9.21) is easily found and takes
the form:

C,%a®>Cpa 1 +Cgal+ZCia 2

a(t) = Gy (1), (9.23)
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where

£(t) = sinh (é) () = exp (é) . f(t)=cosh (é) ,

for k= —1,0,+1, respectively. In this manner for al three variants of Friedmann model
asolution of Eq. (9.23) describes the cosmological expansion accelerating in time. In the
long times limit the expansion varies exponentially for all the three variants. A changefrom
deceleration to acceleration, and transition to the vacuum domination in the dynamics of
cosmological expansion is associated with zero total gravitating energy p, = 0. However,
in Friedmann model, as distinct from the Einstein static model, thisis possible only for a
singletimet =ty when &= 0. Fig. 46 shows the density of the cosmological components
as afunction of time.

density

Figure 46. The density of the cosmological components as a function of time.

Integrating Eq. (9.21), we derive arelation that holds true for any instant of time:

“2da=t, (9.24)

| [e/% + 2003+ 2Coa 4+ CRa 2K
where we have accepted a(0) = 0 and taken into account that the sign plus corresponds
to the cosmic medium expansion. Based on the derived solution, it is possible to find, for
instance, timety aswell as an age of the Universety.

It isof interest that in both limiting cases, a— 0 and a — <o, the dynamics of cosmo-
logical expansion isindependent of asign of thetotal energy or sign of the space curvature
k asit followsfrom Eq. (9.24). For all these variants the expansion begins in the parabolic
mode; then, during a finite period of time, possible difference between the expansion dy-
namics and this mode may be exhibited, and finaly the dynamics is characterized by the
parabolic mode again, maintaining this type of motion for infinitely long time.

Assuming for a(t) the exponential time dependence that i s associated with the dynamic
vacuum domination, we can change the Friedmann solution by the solution of de Sitter.
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Substituting a(t) = Gy exp[t /Cy] into Eq. (9.5) and changing coordinatest, 6 by 1, z, we
come to one of the possible expressionsfor the de Sitter interval:

ds? = (1—zvK)2dt? — 2dQ? — (1—zvK) 2dZ, (9.25)

where afour-dimensional world curvature K isdefined by the Friedmann’sintegral for vac-
uum K = C,; 2. It should be emphasized that for any form of writing de Sitter’s interval the
differential geometry of the four-dimensional world is identical to the geometry in case of
(9.25): thisis afour-dimensional space-time geometry of the constant and positive curva-
ture K.

The Friedmann'sintegral for vacuum Cy (let us call it by Friedmann constant) playsin
cosmology the same role as Planck constant in the microworld. Indeed, the observable size
of the Universe (Friedmann length)® issimply equal to G, ~ 10%® cm. An agety (Friedmann
time) and amass My (Friedmann mass) of the Universe are determined by the relations:

to =Gy /c~ 10° years, My = pvCJ ~ 10> g.

In the cosmological solution for (9.23) the Hubble constantisa/a=H ~ C, ! practi-
cally for any k shortly after the transition to vacuum domination. At the stage with complete
predominance of vacuum H is independent of time, being determined by the value of the
Friedmann constant only. Nonzero curvature of the real four-dimensiona world L. rep-
resenting nearly the major constant of the Nature is aso associated with the Friedmann
constant

£=C,2~10 % cm 2

Thus, in the expanding Universe a change from domination of the normal matter to
the vacuum-dominated stage points to gradua vanishing of the dynamics in the four-
dimensional space-time. Actually, the stronger acceleration of the galaxies, the lower their
distribution density and hence the weaker their influence (through gravitation) on the prop-
erties of space-time. And the influence of vacuum exerted by its antigravitation becomes
more and more prevalent. The space-time structure of the world freezes, ceasesto vary in
time, and remains frozen forever. All the processes, events, transformations of the matter
have actually no effect on metrics of the four-dimensiona world now, and this effect will
be still greater attenuated in the future. With increasing acceleration of the cosmological
expansion under the effect of antigravitating vacuum, our four-dimensional worldisnearing
absolute statics, invariability and rest. These are the most important dynamic and geomet-
ric effects of vacuum in cosmology. Obviously, such new conditionsmake the conventional
problem, what isthetype of area cosmological model (open, closed or flat), or what equals
k, less acute and principal than it has been previously. It is clear that selection of acertain
model out of the three available variants for the three-dimensional geometry is not critical
when solving the problem, what awaits the world: could its expansion be perpetual or this
expansion would be changed by compression. The solution for (9.19) demonstrates that
cosmologica expansion is infinitely long for al the above-mentioned models. The mod-
els are distinguished by different approaches to separation of the three-dimensional spaces

1As alight passes finite distances during finite time, there is a fundamental limit for observationsrange. It
means one may not observe of that liesfar beyond the distancealight could travel during the Universe existence
timetp. Notice, that avisible range of modern telescopeshas just the same order ctp.
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from the same unified four-dimensional space-time with the constant and positive curvature
K.

A theory of Friedmann, where the dynamicsis given by Eq. (9.24) and geometry is de-
termined by theinterval of (9.4), together with the observabl e cosmic densitiesand the Hub-
ble constant represent a present-day standard cosmological model (SCM). By this mode,
antigravitation may be caused both by vacuum and quintessence. However, Occam’s razor!
is not in favor of such a new degree of freedom as quintessence. Moreover, inclusion of
vacuum into a model for the Universe inflation has been proved reasonable. Giving pref-
erence to a hypothesis of cosmic vacuum, one can state that evolution of the Universe was
initiated at dynamic domination of vacuum. It isevident that theinitial and the present-day
densitiesof vacuum are different values, the first value being much higher than the second.

May one state that the modern cosmological model, the standard cosmological model
(SCM), givesthe answersto all questions? Unfortunately, experimental factsdo not al find
explanations within the SCM. For example, the confused ambiguity concerning the initial
singularity is being conserved till now. There are no theoretical foundations allowing to
calculate the present day vacuum density. Moreover, the relict radiation, the detection of
which has played the important role in the Big Bang model formation, seriously puzzles
theorist-cosmol ogists. Recently the data on the background microwave radiation fluctua-
tionswas obtai ned with the help of automatic cosmic station MAP (Microwave Anisotropy
Probe). Collected by MAP information alows to build the most detail map of small tem-
perature fluctuations in microwave radiation distribution within the Universe. At present
the microwave radiation temperature comprises nearly 2.73 K differing by only million part
of degree in different sites of heavenly sphere. It turned out that on the heavenly sphere
the "cold” and "warm” regions found by the cosmic telescope are located not by accidental
manner, asit would wait, but by ordered one (see Fig. 47). So, the relict radiation map has
the symmetry axis which penetrates al the observed Universe. The SCM fails to account
for the existence of this phenomenon and, as a result, the axis derived the semimystical
name " Axis of Harm”.

Figure 47. The Harm Axis.

In the nearest future the increase of the observations precision both in y-astronomy and
in neutrino astronomy will lead to the enhancement of number of reliable experiments. The
time will show what kind of reconstruction is needed for the SCM to explain these new
experiments. However, one should not forget that a great number of existing experimental

LAccording to the statement formulated by English philosopher W. Occam, " the essences should not be
multiplied without necessity”.
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facts have found their solutionswithin thismodel. One should al so remember that the SCM
will be considered as the completed theory only after the consecutive gravitation theory
will have been built. Nowadays it may only state that we have established the SCM basic
outlines and behind them we could make out a pre-image of the true model of the Universe
evolution.

9.2. Neutrino Astronomy

The data obtained during investigation of solar neutrino under SNO in 2002 directly sup-
ported the transitions ve in v, and v,. This result presents a conclusive evidence of the
validity of a neutrino oscillation hypothesis used for explanation of the solar neutrino de-
ficiency, measured by Homestake, SAGE, GALLEX, GNO Super-Kamiokande neutrino
telescopes (NT). And the problem of solar neutrino stimulating physical studies of neutrino
for a period of 35 years was successfully solved. The same year the results of SNO were
supported by the experiments with a strictly controlled beam of reactor antineutrinos. All
this has madeit possibleto conclude that neutrino has amass, and mixing is afeature of the
lepton sector. A year of 2002 was unanimously declared an ”annus mirabilis’ in physics
of solar neutrinos. This triumph was the first great success of such a recently developed
branch of science as neutrino astronomy (NA).

The history of NA is dated from 1967 when the first Homestake NT was put into op-
eration. NA presents studies of cosmic objects on the basis of incoming neutrino fluxes.
Without NA, electromagnetic waves (visible light, IR and UV radiation, short wavelength
radio waves) were the only accessible type of radiation faling down on the Earth from
the outer space. Note that electromagnetic waves are emitted only from the surface layer
of celestial bodies. In the process of motion from their source to the terrestrial observer,
electromagnetic waves interact with cosmic rays, particles of the Earth atmosphere and
so on, loosing the major part of information about their praobjects. Following the steps
of the conventional gamma-astronomy that covers a very wide range of the wavelengths
A = (1+10"%?) m, NA shows tendency to expansion of its potential to cover the whole
energy range of neutrinos occurring in the Universe.

By their generation sources and energy range these neutrinos may be subdivided into
cosmological (relict), stellar and high-energy cosmic neutrinos.

A temperature of gas comprising relict neutrinosis presently equal to ~ 1.9 £, and the
average energy amounts to 5 x 10~4 eV. With the use of modern experimental techniques
detection of relict neutrinosis very difficult due to extremely small cross-sections of their
interaction with the matter.

Two classes are distinguished for the sources of stellar neutrinos. The first class re-
lates to the quiescent (static) stars, similar to our Sun, producing neutrinos in the process
of nuclear fusion reactions which provide the observable luminosity. The energy of these
neutrinos ranges from a few fractions to several dozens of MeV. The second classis repre-
sented by the collapsed stars, i.e. those collapsing to a heutron star or to a black hole. At
thefinal stage of stellar cores evolution their density isincreased up to 10*° — 10% g/cm?,
and their temperature — up to 10'° — 102 £.. The principal mechanism responsiblefor the
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energy lossin these conditionsis emission of neutrinos through the reactions:
et +e — v+, € +p—N+ve, et +n— p+ve.

The energy carried away by neutrinos (all types of neutrinos are radiated) may amount
to tens of the star mass percentage. The duration of neutrino radiation comes to 10 — 20
s, and the average energy is 10 — 12 MeV. The outbursts of the supernova SN 1972E, SN
1987A, SN 1993Jmay be taken as an example of such radiation. Obviously, at the modern
stage of cosmology aregistration of supernova outburstsis the principal goal.

Cosmic neutrinosare defined as those produced by cosmic rays. The energies especialy
convenient to search for the local sources of cosmic neutrinos are tens of GeV and above.
Thelower limit of thisrange isdetermined by the requirement of a smallnessof an angle be-
tween the momentum directions of an incident neutrino and outgoing particle (e.g., muon)
during thereaction used for neutrino registration. Thisrequirement isessentia in determin-
ing the direction for the source. Asthe energy is reduced, the angle in question increases
and the background of atmospheric neutrinos within a solid angle in the source direction
grows too. The energy of cosmic neutrinos may be fantastic as compared to their accel-
erating counterparts. One of the sources of ultrahigh-energy neutrinos is represented by
active galactic nuclei (AGN). Asatypical luminosity of AGN iswithin the range from 10*
to 10%’ Erg/s, it may be assumed that the evolution of AGN is determined by gravitation,
i.e. supermassive black hole (M > 108M,,) accretion of the matter. In the neighborhood of
AGN the protons accel erated to superhigh energies are interacting with the matter or with
radiation to produce in the process n-mesons, whose radioactive decay products include
photons, neutrinos, and antineutrinos. Maximum neutrino energy of AGN isof the order of
10% GeV. Another source of superhigh-energy neutrinos and antineutrinos are also the de-
cay products of t-mesons, but now produced in the inelastic collision reactions of protons
and photonsforming the microwave cosmic-ray background. The energy of these neutrinos
may be as high as 102 GeV.

The effect of magnetic fields on the neutrino is minor. The cross-section of neutrino
scattering from the interstellar matter is aso small. To illustrate, for vN-interaction the
characteristic cross-section in case of high-energy neutrinos (E, ~ 1= 10° TeV) measures
~ 1073510733 cm? (in case of low-energy neutrinosit isstill smaller). If one assumesthat
the matter along the whole neutrino path has the density which equal to the galactic density
(=~ 1 nucleon/cm?), then the mean free path of neutrino amountsto ~ 1033 10%° cm, being
well in excess of the Universeradius.

Neutrino radiation is the only radiation type that comes to the terrestrial observer from
the extraterrestrial source carrying almost invariableinformation about the praparent object.
Thus, NA is characterized by a number of unique features making it superior to gamma-
astronomy.

First, with the use of high- and superhigh-energy v-astrophysicsthere is a possibility to
widen the horizon of the observable Universe and to deliver information about extremely
distant cosmologica epochs. y-astronomy is inefficient in the high-energy region because
of very small free path of the associated y-quantadueto their scattering from relict radiation
in the intergal actic space.

In the Universe one can find the objects radiating extremely low y-fluxes, whereas their
neutrino fluxes are very great. Such objects are called the hidden sources. Among these
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objects are young supernova shells, active galactic nuclel, black holes, etc. Consequently,
the second merit of NA isits effectiveness in the detection of hidden sources. Also, NA is
used in search for bright phases of galaxies and antimatter in the Universe.

Third, analysis of the high-energy neutrino spectra from cosmic sources, in principle,
enables registration of the relict neutrino background of the Universe. Actually the calcu-
lations demonstrate that in case when high-energy neutrinos are scattered from the back-
ground neutrinos

VIV = ZF =+,

at the energy of (E, ), = m&/(2m,) one can observe the resonance associated with Z-boson.
Then for the source-radiated neutrinos with the energy E, = (E, ), reducing the neutrino
flux will be within the limits from 15 to 50%.

Fig. 48 presentsthe first neutrino image of the Sun (Sun neutrinography). However, the
Sun in neutrinography is greater in size than in an ordinary photography. This stems from
the fact that the direction of neutrinos arrival in modern NT is determined less accurately
than the photons direction. At the same time, NA is still making the first steps, and its
maturity may be attained only upon definite establishment of a structure of the neutrino
sector and production of high-resolution NT.

Figure 48. The Sun neutrinography.

No doubt that this should occur in the nearest decades. In the future the neutrinogra-
phies of supernovae located at enormous distances will present much more accurate data
concerning the structure and evolution of the Universe.

Also, neutrino fluxes may be used to acquire information about the structure of starsand
planets. For instance, a study of solar neutrinos enables one to obtain more accurate data
about the Sun compared to those of helioseismology. The other example may be a neutrino
geophysical tomography (geotomography).
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All methods of geophysical tomography are based on acquiring the information about
the physical properties of elements occurring in the Earth’s thickness with the use of the
summarized effects measured at its surface. Presently, the data on the Earth structure are
acquired using seismic and gravitational tomography. Seismic tomography is associated
with registration of time spent by seismic waves on covering the distance from the interna
regions of the Earth to the detectors positioned on the surface at different distances from
the source. Seismic waves are produced by earthquakes the deepest seismic foci of which
are alocated at a level of about 700 km. An analysis of the measuring results makes it
possible to determine the values of seismic speeds for bulk (transverse and longitudinal)
waves, or so-called speed profiles. Nevertheless, the features of the outer Earth shells may
be successfully established by seismic tomography, while three inner shells including the
outer core, transition core region, and inner core are inaccessible as irradiance of these
regions by seismic wavesis extremely weak.

It isassumed that withinthe outer core the convection processes governing the magnetic
field of the Earth are proceeding, and that it is rotating faster than the solid Earth by 1 — 3°
ayear. Also, the inner core oscillations near the Earth center are expected. We can only
guess about the state of the matter in theinner core. But considering that seismic waves are
transmitted through the core, the aggregate state of the inner core is a solid. By now this
core remains inadequately studied due to the shielding effect of the liquid interlayer (outer
core) inaccessiblefor seismic waves, i.e. for seismic tomography thereis no physical effect
in thisregion. One of the latest hypotheses suggests that at the center of the Earth one can
found a mixture of uranium and plutonium maintaining the continuous nuclear reaction.
This core representing a "giant natural nuclear reactor” is amost 8 km in diameter. Due
to the activity of this nuclear core, a high-power magnetic field formed around the Earth
protects our planet against hazardous cosmic rays, capable to wipe out al forms of living
biological objectsin afew seconds. This natural reactor provides energy for continental
drift and manifestsitself as volcanic eruption.

Thus, applicability of seismic tomography is limited; its measurement accuracy isrel-
atively low and, what is more, it fails to control the initial conditions. The potentialities
of gravitational tomography are limited even more, as it is based on measurements of the
terrestrial gravitational field by changesin the free fall accel eration values.

Neutrino tomography can outperform the seismic and gravitational tomography for ac-
curacy by some orders of magnitude, enabling determination of the Earth structure a a
radicaly new degree of quality. The development of neutrino tomography will be real-
ized in two directions. The former is based on use of high-energy collider neutrinos. The
scattering cross section of neutrinos from nucleons o, turns out to be proportiona to the
neutrino energy E,, namely o, ~ 10~3E, cm?. So, the part of neutrinos withdrawn from
theinitial beam through the interaction with nucleons of the matter nuclei is proportional to
the nucleon number Ny, a the beam path per unit area. On the other hand, N, is determined
by:

Nm=Nam(L) =Na <p >L,
where N, is Avogadro number, m(L) is a summarized matter massin 1 cn?, < p > isa
average matter density along a path L. Then, one can obtain the mass m(L) by measuring
the absorption degree of neutrinosin the path L. Detail information about m(L) enablesone
to establish the in-depth variation of the matter density without any additional assumptions.
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Thisis agreat advantage of neutrino tomography compared to the seismic one, where the
matter density may be recovered only on the introduction of additional assumptions con-
cerning the values of the elastic modulus for the in-depth regions of the Earth. Since the
section oy, is the same for nucleons of the matter, both at the surface and in-depth of the
Earth, its value may be found by the laboratory measurements and hence neutrino tomog-
raphy isfree from the above-mentioned ambiguities.

L et us estimate the neutrino energies required for geophysical tomography. Attenuation
of neutrino flux J through absorption is exponential in character:

W =30ep|-|.
Ly
where L, = (Napoy) 1t is an absorption length in which the flux is lowered by a factor
equaling to e = 2.718281828.... The total mass in the path of a neutrino beam passing
aong the Earth diameter comes to about 1.2 x 10'° g/cn?. This value is associated with
p = 10 g/cm? giving:
L, = 1.7 x 10° km/E,.

Comparison between the obtained absorption length and the Earth diameter demon-
strates that these val ues correlate at the neutrino energies of the order of TeV. For instance,
a E, = 10 TeV the Earth will absorb about a half of theinitial neutrino beam. Registration
of the neutrino beams transmitted through the Earth thickness with energies over the range
from a few fractions to tens of TeV enables one to obtain a detail neutrinography of the
Earth. This type of neutrino geotomography makes it possible to have information about
the in-depth distribution of nucleons. Detector at the far side of the Earth, serving as a
photographic film in X-ray radiography, will be used to record the withdrawal process of
theinitia neutrinos from the beam.

The second type of neutrinography is based on the Mikheyev — Smirnov — Volfen-
stein effect!. In this case there is no need in such colossal neutrino energies. The detector
provides registration of the events connected with transitions of neutrinos from one flavor
to the another (vi — vy/). The sources may be both natural neutrinos— the neutrinos com-
ing from the solar and stellar nuclear reactions, and artificial neutrinos — the reactor or
collider neutrinos. Note that in this case the resonance neutrino conversions are influenced
exclusively by theinteraction with the matter electrons Ne. As the probability of resonance
transitions is dependent on the energy as well, by the appropriate selection of the neutrino

1Consider the electron neutrino flux motion in a condensed matter with a variable electron density Ne(2). If
oneis constrained by the two flavor approximation (only the electron and muon neutrinos exist) then probability
of the transition ve — v,, is defined by the expression

const

Mol N2 572" "

fp\/e*)\/“ =

where
AP c0s20g

2V/2EGE
An? = mé — mg, g is a neutrino mixing angle in vacuum, T = 3N, is a resonance width being equal to
Nrtan20o. As it follows from Eq.(l) at Ne(z) = Nr a sharp increasing of #,, .y, takes place. The effect of

the resonant oscillations increasing in matter was predicted by L. Volfenstein, P. Mikheyev, Yu. Smirnov and
gave their names.

R=
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energy one is enabled to provide fulfillment of the resonant conditions for the particular
regions of the Earth, thus making the measurements more sensitive to certain values of
< p > and less sensitive to some others. The principal merit of this method consistsin the
possibility to measure not only attenuation of the initial neutrino beam but also the flavor
composition of the final neutrino beam. It should be emphasized that, as the first method
provides the in-depth nucleon composition and the second method gives the in-depth elec-
tronic profile, combination of these two methods makesit possibleto obtain a detail map of
the Earth structure by neutrino geotomography.

The time is coming when neutrino tomography will be used for studies of other planets.
Note that a detection system used in neutrino tomography need not be stationary. In case of
collider neutrino theinitial beam may have different orientation angles. Directing the beam
in such away that its outgoing to the surface takes place at the water spaces, oneis enabled
to use floating objects for a system of neutrino detectors. Neutrino detectors may be also
mounted at artificial satellites.



Epilogue

Admiring a night sky, it is hard to imagine that magnificent stars and our planet were cre-
ated as a result of the explosion of afire ball compressed to the size of the Planck Iength.
Similar to the midnight chimes of the Big Ben signaling a new day, this explosion was an
announcement of the Universe creation. From the start, this all-embracing explosion has
filled the available space that was closed on itself like the sphere surface. On expiration
of ten milliard years, the aftereffects of this explosion are still material for the Universe:
such enormous stellar clusters as galaxies are moving father apart at a speed close to the
speed of light. The Universe has its starting time, and there is neither start nor ending for
itsspace. The Universewill be expanding for ainfinitely long time and it will belaid ahead
an extinction in the boundless cold.

However, well before thisdismal end the mankind will be threatened by other problems
of cosmological scale. Nothing could be eternal, and our Sun is not an exception to this
rule. Evolution of the Sun is governed by changes in its chemical composition due to
thermonuclear reactions. According to the cal cul ations, the present hydrogen content within
the core amounts to 35% by mass, while in the beginning of evolution, judging by the
surface layers where no thermonucl ear reactions are proceeding, the hydrogen content was
about 73%. In the process of its evolution, the solar core is compressed and its shell is
expanded. As predicted by atheory of stellar evolution, at the stage when the Sun will be
aged 9 x 10° years, hydrogen within its core will be exhausted leading to helium burning.
And at the stage with aduration of ~ 5 x 10® years aradius of the Sun will be considerably
increased, and its effective surface temperature will be decreased making the Sun a red
giant. Asared giant, due to theincreased release of energy, the Sun will burn out our Earth
first, subsequently absorbing its remainder as a result of huge expansion. Before it happens
our descendants will be forced to leave the Earth and search for shelter at other planets of
the Milky Way. However, there they will also face an other problem. The nearest galaxy,
the Andromeda Nebul a, is nearing the Earth at a speed of ~ 100 km/s. In five-six milliard
years both galaxies must collide. It is evident that nobody is interested to take part in such
an event, i.e. the mankind isexpelled to find for living some other galaxy.

This frightening scenario that seems to be beyond human apprehension has been ob-
tained on the basis of the existing standard model of elementary particles physics and ir-
refutable data of astronomical and astrophysical observations. Under the milestones of
mathematics and experiment all other models of the Universe evolution (sometimes even
more favorable for us) have turned to ashes. We must sadly accept that our wonderful
planet isatiny isle for temporary shelter in the boundlessly hostile ocean of the Universe.
To survive, the civilized world must seek another shelter.
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A more or less happy ending of this sad story is only possible with the advancesin the
basic sciences, most of all Physics. Since the times of Copernicusit has been understood
that there is no force in the world which could stop scientific progress. Despite the enough
wide spectrum cares even the inventive Farthers of the Inquisition were not able to do it.
The developing of the fundamental research could not be stopped by numerous scientific
officials, demanding an instantaneous practical yield for al types of research activitiesand
wishing in no way to understand that the progress is the following nonseparable chain:

fundamental science—applied science — production.

But therole of basicresearch is easily comprehended. Really, take any device or mechanism
and trace its production history backwards in time. And you always make sure that its
development wasinitiated owing to acertain law of the fundamental science. Unfortunately,
the time interval between this law and the technological discovery may often last decades
and even more. To illustrate, an electromagnetic field theory put forward by Maxwell in
1860 — 1865 has been embodied in technological discoveries not before the end of the
nineties of the XIXth century. And a positron predicted by Dirac in 1928, whilst it was
discovered in cosmic rays in 1932, has found no application as an energy source for our
power stations up to the present.

Actualy, by now the resources of the classical physics as a source of new technolo-
gies have been practically exhausted. New technology trends are based on the discoveries
within the scope of the already-built standard model for strong and electroweak interac-
tions. Controlled thermonuclear fusion, neutrino tomography, nanotechnol ogies, quantum
computers, prospects of using collider neutrino for the disposal of nuclear ammunition may
provide excellent examples. It is hoped that in the future a source for the development of
new technologiesmay be found in the Grand Unified Theory with the Unified Field Theory
to follow.



Appendix

Natural System Units

Typical velocities of elementary particlesare closeto thelight vel ocity, moment of momen-
tum represent multiplesfrom 72/2, while energies, even if they reach the order of 10~° J, are
ranked among a category of superhigh ones. Consequently, when we are trying to imagine
the elementary particles world visually one of the trouble in our consciousnessis caused
by the fact that constants whose values can not be laid in macroworld standards present in
the microworld physics formulae. On the other hand, it is easy to appreciate their values
compared with each other. So, we should break off, as the natural step, the connection
with macroworld. It isachieved by the transition to the system unitswhere the fundamental
physical constants of microworld are used as the basic units. Such systems are called Nat-
ural System of Units (NSU). The first to suggest one of NSU kind was M. Plank. He chose
h, ¢, G and k (the Boltzmann constant) as the basic units. Under the NSU construction the
fundamental constants, taking as the basic units, are formally assumed to be equa 1. So,
the Plank NSU is defined by the relation

h=c=G=k=1.

Since the quantum field theory is symbiosis of the special theory of relativity and the
nonrel ativistic guantum mechanics then in the quantum field theory NSU should be defined
by the relation

h=c=1

In this system the dimensionality of any dynamical observable A is connected with the
mass dimensionality, i.e.
A= (neN).

For example, for velocity, action and moment of momentum n is equal to 0. From the
Heisenberg uncertainty relations

Ap; - AX Zg (A1)
h
AE-At> 2, (A.2)

it follows that for coordinate and time n equals -1. In this system the electric charge is a
dimensionless quantity as its linkage with the fine structure constant o is given by

¢ _,
Athe
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Using the definition of Lorentz force
e
F= 6£+ E{VX H],

one may be convinced that the strengths of the electric £ and the magnetic # fields have
the dimensionality of m?. In NSU thevalue”eV” (1eV=1.6021892-10~1° J) and derivatives
from it (keV, MeV, GeV, TeV etc.) are used as amass unit.

To pass to some ordinary system of units we must have formulae connecting the basic
units of both systems. Let us choose”GeV” as abasic unit in NSU. Then for CGS system
the definitionsof "g”, "cm”, and ”s” may be found from the relations

1GeV = 1.6021892- 10 %)= 1.7826759- 10 %g.- ¢?, (A.3)
hc=1.9732858- 10~ 1GeV - cm, (A.4)
h = 6.582173-10 ®GeV -s. (A.5)

Using Egs. (A.3) — (A.5) one could express any derivative CGS unit through " GeV”.
For example, in CGSthe force dimensionality is given by

_g-cm  -1022Gev?
ldyn= £ e

that allowsusto state 1 dyneis equal to GeV? in CGS.
To comparison some quantitiesit is necessary that they have identical dimensionalities.

One of the advantages of NSU implies that some quantities with incoincident dimension-

dities in ordinary system of units have one and the same dimensionality in NSU. As an

example, itisinstructiveto consider the coupling constants G and G defining the intensity

of weak and gravitational interactionsrespectively. The calculations give

2 NSU

Gr ~ 1.4-10 *Erg-cm® = 1.2- 10 °1r3c3GeV ~ 1.2-10°GeV 2,

G~6.7-108%m?.g .52 = 6.7-10 ncSGev 2 NN 6.7. 10 ¥Gev 2.

The obtained result correspondsto the fact — in the region of energies reached to date,
the intensity of weak interaction is as great as 10% times than that of gravitational interac-
tion.

After the formula for observable quantity A is obtained we should make the transition
from NSU to some ordinary system units, to say, to CGS units. For this purpose we must
rebuild the right dimensionalities of al the physical quantities entering into A (aside from
energy, of course) with the help of the following replacements:

me — M, [Me— ()t [e—[H(R) (A-6)

where the subscript E shows that quantity dimensionality istaken in NSU.
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