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The Standard Model

» The modern knowledge of the particle world is
concentrated in Standard Model (SM). This theory
consist of two parts: Electroweak Model (EWM), which
unified electromagnetic and weak interactions, and
Quantum Chromodynamics (QCD), describing their
strong interactions.

» The Electroweak Model is a gauge theory with the
gauge group SU(2) x U(1), which act in the boson,
lepton and quark sectors.

» QCD is SU(3) gauge theory based on the local color
degrees of freedom of quarks.
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Elementary particles content of SM
Gauge bosons:

7 (photon).
W# (charged weak bosons), Z° (neutral weak boson),

AF k=1,...,8 (gluons).

Special particle:
X (Higgs boson).

() (5): (7)ee

Leptons:

Quarks:
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Electroweak Model

The Lagrangian of the model is given by the sum of the
boson Lg, of the lepton L;, and of the quark L Lagrangians:

L:LB+LL+LQ.

It is invariant under the action of the gauge group
SU(2) x U(1) in the 2-dim. complex space Cj:
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Boson sector L = L4 + L involve two parts:
the gauge field Lagrangian

La=—[(FL)? + (FR)? + (F)?) -

Fu =0,A, - 0,A, +[Au A, By =0,B,—0,B,

and the matter field Lagrangian
1 A 2
S T _ 2 dtd — 02
Ly = 5(Du0) Dus = 5 (16— ?)

where ¢ = ( 21 > € Cy are the matter fields.
2
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Fermion sector is represented by the lepton Lz and quark L
Lagrangians.

For the first generation the lepton Lagrangian is taken in the
form:

Lp.= Lz[i%uD,uLl + eiiT,uDuer — he [ejﬂ(quLl) + (qub)er]’

where [; = Zl € Cy is the SU(2)-doublet, ¢, is the
!
SU(2)-singlet, h. is constant, 7o =79 = 1, 7, = —73, 7, are

Pauli matrices and e, ¢;, 1 are the two component Lorentz
spinors. First and second terms in L . describe free
movement of left and right fermions and their interactions
with gauge fields. Last term corresponds to the electron
mass.
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The quark Lagrangian is given by

Lg = QZTZ'@D“QZ + uIiTuDuur + dIiTuD“dr—
—hald} (&' Q) + (Q #)d] — hu[ul (6T Q1) + (QfH)uy),
where left quark fields form the SU(2)-doublet
Q= < Zl > € Cy, right quark fields u,., d, are the
!

SU(2)-singlets, ¢; = €;,dr, €00 = 1,€¢;; = —1 is the conjugate
representation of SU(2) group and h,, h; are constants. All
fields v, d;, u,,d, are two component Lorentz spinors.
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The new gauge fields

1 . 1
WE = 5 (AT, 2= o (947, — 9'By),
1
Ay = —=—==(9'4,+ 9B,

are expressed through the old fields
3
Aulw) = —ig Y TiAu(w),  Bu(x) = —ig'Bu(x),
k=1

and take their values in the Lie algebras su(2) and u(1),
respectively.
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Chromodynamics

» QCD is a gauge theory based on the local color degrees
of freedom. The QCD gauge group is SU(3), acting in
3-dime. complex space C3 of color quark states

q1 dRr
g=| @2 | = 9 | €GC;,
q3 4B

where ¢(z) are quark fields ¢ = u,d, s,c,b,t and R (red),
G (green), B (blue) are color degrees of freedom.

» The SU(3) gauge bosons are called gluons. There are
eight gluons in total, which are the force carrier of the
theory between quarks.
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» QCD Lagrangian is taken in the form

8

£=> q")(Duid - Z Fre,

» where D, q are covariant derivatives of quark fields

) A
D,q= <8u — 1gs <7> AZ‘) q,

gs is the strong coupling constant, t* = \%/2 are
generators of SU(3), A* — Gell-Mann matrices

» and gluon stress tensor has the form

FS, = 0,A% — 0,A% + gs faﬁVAﬁAZ.
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Contraction of SM

Contraction of the Electroweak Model

» The infinite energy limit of EWM corresponds to the
consistent rescaling of SU(2) and C,

Z, (0% 65 21
(34)-(5 2)(5). wreasr-2

when contraction parameter tends to zero ¢ — 0.

» Substitution § — ¢ induces another ones for the gauge
fields:
WiE— eWE, Zy— Zy, Ay — Ay

and substitution 25 — €25 induces the following
transformation of lepton and quark fields:

e, — c€eyg, dl — Edl, vy — vV, up — uj.
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Contraction of SM S s of SM development Evolution of particles Conclusion

» The next reason is the special mechanism of
spontaneous symmetry breaking, which is used to
generate mass for the vector bosons. One of Lz ground

f vac G 4]{? B 0

is taken as vacuum and then small field excitations
v+ x(z) with respect to this vacuum are regarded.

» So, Higgs boson field x, constant v and particle masses
my, which depend on v, are multiplied by contraction
parameter:

X —ex, v—ev, my—emy, p=x,W,Z e u,d.
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Contraction of SM

» After these transformations the Lagrangian can be
represented in the form

L(€) = Lo — ey (ulu; + ulTuT)—l—

+€2L2 + 63L3 + 64L4.

For ¢ — 0 the terms with the higher powers of ¢
contribute less then the terms with lower powers.

» So the Electroweak Model demonstrates five stages of
behaviour in the infinite energy limit, which are
distinguished by the powers of the contraction
parameter.
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Contraction of SM

QCD with contracted gauge group
The contracted group SU(3;¢) is defined by the action

/ 2
qq Uil €Ul €U13 q1
/ /
q(e) = €qh = €Ul Ugo €U €qo =U(e)q(e)
2/ 2 2
€7q3 €7Uu31 €uz2  U33 €7q3

on the color space Cj(¢).
The quark and gluon fields are transformed as follows:

G =g, G2 eqe, gz €og3,
GR GR BG BG BR 2 \BR
AT = AT AT = eATT AT = AT,
and diagonal gauge fields are not changed

RR RR GG GG BB BB
A= AP AT = AT AT = AT
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Contraction of SM

» With this substitution, we obtain the quark part of QCD
Lagrangian in the form

L g
Ly(k) = E iqY" Ouqr + ES |Q1\2’Y“A5R+
q

+e {ZQ2’Y“8MQ2+ <\Q2| ’Y”AGG+Q1Q2’Y“A +Q1Q2’Y”AGR>}+
+e [zqsv“auqﬁ <\q3| VAP 41 gsy AR+ qugsy AT R+

+R@ AL+ @26137“14561)} =L+ eszf) + 64L¢(14)-

» Gluon part L, = —%Fl‘j‘yF“”a of Lagrangian is very
cumbersome, therefore we omit its general form.
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Contraction of SM

» The contracted QCD Lagrangian has the form
L= L%+ L0 4 ALO 1 SLO 4 31O,

with the explicit expressions for each L),

» The contraction parameter is monotonous function of
the average energy F (or temperature 7') with the
property ¢(F) — 0 for £ — co.
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Contraction of SM

Very higher energies (temperatures) can exist in the early
Universe after inflation and reheating on the first stages of
the Hot Big Bang (1eV = 10*K).

27K TODAY 14 by
accelerated expansion
41k matter domination b
026eV recombination 370ty e+p—sH+y
0766V matter domination

57ty
radiation domination

primordial nucleosynthesis 2H 4 2H 5 n+ 3He

814 a5 TLiey
mkev\HHHHH,,HH/amm H4He — TLity
ey VA R [ T

2.5MeV neutrino decoupling 01s
200 MeV QCD phase transition 10us confinement« free quarks
s
100 GeV \  Electroweak phase transition | 0.1 ns'\

baryogenesis
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Contraction of SM

» When the contraction of some mathematical or physical
structure is performed one can reconstruct the initial
structure moving back along the contraction way.

» Similar approach as applied to the Standard Model gives
a chance to describe some part of the very early history
of the Universe.
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Stages of SM development

Estimation of boundary values

» The contraction of gauge groups of SM gives an
opportunity to order in time different stages of its
development, but does not make it possible to bear their
absolute date.

» To estimate the absolute date we use additional
assumptions. The equality of the contraction parameters
for QCD and the EWM is one of these assumptions.

» Then we use the fact that the electroweak epoch starts
at the temperature 7; = 100GeV (1GeV = 103K and
the QCD epoch begins at 73 = 0,2 GeV, i.e. we assume
that complete reconstruction of the EWM, whose
Lagrangian has minimal terms ~ ¢*, and QCD with
minimal terms ~ 8, take place at these temperatures.
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Stages of SM development

» Let us denote by A cutoff level for ¢*, k =1,2,4,6,8, i.e.
for ¢* < A all the terms proportionate to ¢* are
negligible quantities in Lagrangian.

» At last we suppose that the contraction parameter
inversely depends on temperature

e(T)= =, A=const. (1)

» From the equation for QCD ¢%(T3) = A%T;® = A we
obtain A = Ty3AY/® = 0,2AY/8 GeV.
From the similar equation for EWM we obtain the cutoff
level A = (TxE; 1) = (0,2-1072)% ~ 10722,

N. A. Gromov Department of Mathematics, Komi Science Center RAS

Particles evolution in the early Universe



Stages of SM development

» From the equation for k-th power *(T}) = Aka_k =A
we obtain

88—15k

Tk = TgA% ~ 10 % GeV

and easily find (GeV): 71 = 1018, T, =107, T3 =
103, Ty =102, T =1, Ty =2-107L.
» The obtained estimation for "infinity" temperature
Ty ~ 10'® GeV is comparable with Planck energy
~ 10" GeV, where the gravitation effects are important.

» So the developed evolution of the elementary particles
does not exceed the range of the problems described by
electroweak and strong interactions.
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Evolution of particles

Evolution of elementary particles
(T > 10'8 GeV).

» We can give some conclusions already at the level of
classical fields. At the infinite temperature (¢ = 0) the
EWM Lagrangian is as follows

1 1
22, — 2 F 4 vlin, 0,0 + ulit, 00+

Loo = =38 = 3w

+elit,due, + dlit,0,d, + ulit,du, + LT (AL, Z,,).

» So the Electroweak Model includes only massless
particles: photons A, and neutral bosons Z,,, left quarks
u; and neutrinos v, right electrons e, and quarks u,, d,.

» The electroweak interactions become long-range
because they are mediated by the massless Z-bosons
and photons.
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Evolution of particles

» From the explicit form of the interaction part

; 2e
L7YA,, Z,) = wl/[ TMZ v+ — 3 u;rTMAuul—l—

g
2 cos 0

1 2
cosgﬁ <— —3 sin? ) ulT%#Zuul + ¢’ sin HwelT#Z#er—

1 1
—g' cos HweiTMAuer—gg’ cos deiTpAudr‘i‘gg, sin de:[TuZudr-i-

2 2
+§g’ cos ewulTpApur - gg' sin kulTuZuur

it follows that there are no interactions between
particles of different kind, for example neutrinos interact
only with each other by neutral currents.

» It looks like some stratification of the Electroweak
Model with only one sort of particles in each stratum.
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Evolution of particles

» It follows from the limit QCD Lagrangian

L g 2 RR
Loo = L + L = Y i1y Ouqr + 5 |ar]* 1" A~
q
L rr\2 1 .6ce\2 1 .RRpco
_Z (Fw/ ) _Z(F;w ) _ZF’“’ F;w .
that only dynamic terms for the first color components
of massless quarks survive under infinite temperature,
which means that quarks are monochromatic.
» The terms also survive, which describe the interactions
of these components with R-gluons. So the stratification
is conserved in the QCD sector.
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Evolution of particles

Evolution of elementary particles

(~e, 1018GeV >T > 107 GeV).

» The mass term of u-quark in the complete Lagrangian
L(e) is proportional to ¢

emy(ulug + u;rur)

The same is held for c- and ¢t-quark. So u-, ¢- and ¢-quark
first restores its mass in the evolution of the Universe.

N. A. Gromov Department of Mathematics, Komi Science Center RAS

Particles evolution in the early Universe



Evolution of particles

Evolution of elementary particles
(€%, 107GeV >T > 10°GeV).

» The mass terms of electron and d-quark are multiplied
by €2

€2 [me(elel + €}L€T) + md(didl + dz[dr) ,

The same is true for u- and 7-lepton, for s- and b-quark.
These particles become massive in the second stage.

» The quarks obtain the second color degree of freedom.

» The main part of electroweak and color interactions are
restored in this epoch.
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Evolution of particles

Evolution of elementary particles
(e, 103GeV >T > 10?2 GeV).

There is one term in Lagrangian L3 = gWJW;X
proportionate to ¢, which describe Higgs boson interaction
with charged W-bosons.

(=€, 102GeV >T > 1GeV).

» Higgs boson y and charged 1W-boson last restore their
masses after all other particles of SM.

» The final reconstruction of the EWM takes place
in this epoch.

» The quarks obtain the third color degree of freedom.
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Evolution of particles

Evolution of elementary particles

(=8 1GeV >T>2-10"1GeV).
Next part of color interactions is restored.
(=8, T<2-1071GeV).
» The color interactions are completely valid.

» The QCD is fully reconstructed .
» Start the time of the Standard Model.
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Conclusion

Conclusion

The theory of the elementary particles evolution in the
early Universe from Planck temperature 10 GeV up to
the typical QCD temperature 107! GeV was developed
from the first principles of the gauge theory on the base
of the contractions of the SM gauge groups.

4

It was shown that "elementary"particles are not
elementary but have their own development. The only
exception is photon which properties are not changed
in this temperature interval.

N. A. Gromov Department of Mathematics, Komi Science Center RAS

Particles evolution in the early Universe



Conclusion

» more details:

Journal of Cosmology and Astroparticle
Physics 03(2016) 053.

- Thank you for attention.
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