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Abstract

In the present paper we develop the self-consistent Spin(4,4)-invariant model of the
unification of gravity with weak SU(2) interactions in the assumption of the existence of
visible and invisible sectors of the Universe. It was shown that the consequences of the
multiple point principle predicting two degenerate vacua in the Standard Model (SM) suggest
a theory of Inflation, in which the inflaton field o starts trapped in a cold coherent state
in the “false vacuum” of the Universe at the value of the Higgs field's VEV v ~ 10!8 GeV
(in the visible world). Then the inflations of the two Higgs doublet fields, visible ¢ and
mirror ¢’, lead to the emergence of the SM vacua at the Electroweak scales with the Higgs
boson VEVs v =~ 246 GeV and v = (v; (with ( ~ 100) in the visible and invisible worlds,
respectively.
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1 Introduction

&= Ref. [1] a model of unification of gravity with the weak SU(2) gauge and Higgs fields was
wmstructed. We imagine that at the early stage of the evolution of the Universe the GUT-group
=== broken down to the direct product of gauge groups of internal symmetry and Spin(4,4)-group
» the Graviweak unification.
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In the assumption that there exist visible and invisible (hidden) sectors of the Universe, we
presented the hidden world as a Mirror World (MW) with a broken Mirror Parity (MP). In
present paper we give arguments that MW is not identical to the visible Ordinary World (OW }
We started with an extended g = spin(4, 4) p-invariant Plebanski action in the visible Universe
and with g = spin(4,4)g-invariant Plebanski action in the MW. Then we have shown that the
Graviweak symmetry breaking leads to the following sub-algebras: g = 5u(2)§fmv) @ su(2)p -
in the ordinary world, and § = su(2)\¢"*") @ su(2)}, - in the hidden world. These sub-algebrs
contain the self-dual left-handed gravity in the OW, and the anti-self-dual right-handed gravis
in the MW. Finally, at low energies, we obtain a Standard Model (SM) group of symmetry ang
the Einstein-Gilbert’s gravity. In this approach we have developed a model of Inflation, in whie
the inflaton o, being a singlet, decays into the two Higgs doublets of the SM: o — ¢'¢, and thes
the interaction between the ordinary and mirror Higgs fields (induced by gravity) leads to the
hybrid model of the Inflation.

In Section 2 we considered the Plebanski’s theory of gravity, in which fundamental fields
are 2-forms, containing tetrads, spin connections and auxiliary fields. Then we have used a
extension of the Plebanski’s formalism of the 4-dimensional gravitational theory, and in Section 2
we constructed the action of the Graviweak unification model, described by the overall unificatios
parameter g,n; Section 4 is devoted to the Multiple Point Model (MPM), which allows the
existence of several minima of the Higgs effective potential with the same energy density. The
MPM assumes the existence of the SM itself up to the scale ~ 10'® GeV, and predicts that thege
exist two degenerate vacua into the SM: the first one — at the Electroweak scale (with the VE¥
v =~ 246 GeV), and the second one — at the Planck scale (with the VEV v = vy ~ 10! GeV),
In Section 5 we consider the existence in the Nature of the Mirror World (MW) with a broke
Mirror Parity (MP): the Higgs VEVSs of the visible and invisible worlds are not equal,! (¢) = n
(¢') = v and v # v'. The parameter characterizing the violation of the MP is { = ¢//v > L
We have used the result ¢ ~ 100. In Section 6 we suggest a hybrid model of Inflation provided
with the visible Higgs field ¢ and mirror Higgs boson ¢’, which interact during Inflation vis
gravity. This interaction leads to the emergence of the SM vacua at the Electroweak scales wit '
the Higgs boson VEVs v ~ 246 GeV and v; = (v; (with ¢ ~ 100) in the visible and invisible
worlds, respectively, while the original “false vacuum” exists at the Planck scale and has VE

v = vy ~ 1018 GeV. Section 7 contains conclusions.

2 Plebanski’s formulation of General Relativity

General Theory of Relativity (GTR) was formulated by Einstein as dynamics of the metrics g,,..
Later, Plebanski [3] and other authors (see for example [4, 5]) presented GTR in the self-dual

|
'In this paper the superscript ’prime’ denotes the M- or hidden H-world.
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approach , in which fundamental variables are 1-forms of connections A’/ and tetrads e’ :
AV =Allde?, &l =elda. (1)

Also 1form A = %A” ~rJ is used, in which generators «;; are products of generators of the
Clifford algebra Ci(1,3): 1y = vrvs. Indices I,J = 0,1, 2,3 belong to the space-time with
Minkowski’s metrics n/° = diag(l, —1, —1, —1), which is considered as a flat space, tangential
to the curved space with the metrics g, In this case connection belongs to the local Lorentz
group SO(1, 3), or to the spin group Spin(l,3). In general case of unifications of gravity with
the SU(N) or SO(N) gauge and Higgs fields, the gauge algebra is g = spin(p, ¢), and we have
I.J =1,2..p+ q. In our model of unification of gravity with the weak SU(2) interactions we
consider a group of symmetry with the Lie algebra spin(4, 4). In this model indices I, J run over
all 8 x 8 values: I,J =1,2.,,7,8.

For the purpose of construction of the action for any unification theory, the following
J-forms are also-considered:

#

Y = F g AP NIy
B =e Ne’ = 3e,e,dzt Ndz¥,

F!J = 1Fl de# A d,

where F‘f;,’ = @,4 - 8UA£J & [Ag, A,)"’, which determines the Riemann-Cartan curvature:
Ry = elelF i,f . Also 2-forms of Band Fare considered :

1 1 5 1
B= §B”7U, F= §F”’YIJ, - F=dA+ A 4] (2)
The well-known in literature Plebanski’s BF-theory is submitted by the following gravitational
action with nonzero cosmological constant A: = -
I = L/EIJKL B]J /\FKL & éBIJ /\BKL {3
) (GR) K;2 4 y 2 ]

where k& = 871G, Gy is the Newton’s gravitatignal constant, and M5 = 1//87Gy.
Considering the dual tensors:

1 1 =
po *IJ _ 1 IJKL 4KL
2\/__96#,/ bay A 5¢ A™Y,

*
uv
== can determine self-dual(+) and anti-self-dual(-) components of the tensor A’:
o
AR - (pay’ = % (Al £iA*1), (4)

Two projectors on the spaces of the so-called self- and anti-self-dual tensors

1
P = L (68, 2 i)
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carry out the following homomorphism:

s0(1,3) = su(2)gp & su(2).. N

As a result of Eq. (5), non-zero components of connections are only A®)? = A®)%  Instead
(anti-)self-duality, the terms of left-handed (+) and right-handed (-) components are used.

Plebanski [3] and other authors [4, 5] suggested to consider a gravitational action in
(visible) world as a left-handed 5u(2)(l‘f’mv)- invariant action, which contains self-dual fields F =
F)Y and £ =2 (i=12,3):

L

_ 1 , A . s
I(_gm,,)(E,A,w) = ;2- / [21 AF*+ (\I’_l)ij SHAA 2‘7]

Here ©' = 2B%, and ¥;; are auxiliary fields, defining a gauge, which provides equivalence
Eq. (6) to the Einstein-Gilbert gravitational action.

3 Graviweak unification model

On a way of unification of the gravitational and weak interactions we considered an extend
g = spin(4, 4)-invariant Plebanski’s action:

I(A,B,®)=

/ <BF+ B®B + —1-B<I><I><I>B>,
m 3

Guni

where (...) means a wedge product, guni is an unification parameter, and ®;;x are auxili
fields.

Having considered the equations of motion, obtained by means of the action (7),
having chosen a possible class of solutions, we can present the following action for the Graviw:
unification (see details in Refs. [1,2]):

1
I(A,®) = / SFF),
( ) gurg 9]!( )
where
d4$ pvpo oxIJ KL
(PFF) = 35 Puw N g Fox1aFpe ™ (o)
and

B P 3 = (ef)(eB)ess™ (ef) )80

A spontaneous symmetry breaking of our new action that produces the dynamics of gravity.
weak SU(2) gauge and Higgs fields, leads to the conservation of the following sub-algebra:

(10}

§=su(@) ® su(2)y.
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Considering indices a,b € {0,1,2,3} as corresponding to I,J = 1,2,3,4, and indices m,n as
sorresponding to indices I, J = 5, 6, 7, 8, we can present a spontaneous violation of the Graviweak
mmification symmetry in terms of the 2-forms:

A=—21w+—iE+Aw,
where w = W™y, is a gravitational spin-connection, which corresponds to the sub-algebra
a."ZﬁL‘gmv). The connection E = E®™+,,, corresponds to the non-diagonal components of the
matrix A7)y described by the following way (see [2]): E = ep = €5 7o ™ ymdz*. The connection
Ay = LA™y, gives: Aw = AL 7, which corresponds to the sub-algebra su(2) of the weak
==eaction. In the present paper o; and 7; are the Pauli matrices with i =1, 2, 3.

Assuming that we have only singlet field ™ = (¢, ¢' = 0), we can consider a symmetry
seeakdown of the Graviweak unification leading to the following OW-action [1]:

3 § R Tl
I A, Aw) = PR — =
ow o Aw) = = [ dtall (LloPR - o
1 1 i g
+ER@C"R“”M - 5Da¢TD ©— prabF;V“ ) : (11)

Iz Eq. (11) we have the Riemann scalar curvature R; |¢|2 = o'y is a squared Higgs field;
T2 =dp + [Aw, ¢ is a covariant derivative of the Higgs field, and Fiy = dAw + [Aw, Aw] is a
survature of the gauge field Ay,. The third member of the action (11) is a topological term in
“2e Gauss-Bone theory of gravity (see for example [6]).

Lagrangian in the action (11) leads to the nonzero vacuum expectation value (VEV) of the
Shgss field: v = (p) = o, which corresponds to a local minimum of the effective Higgs potential
%+~ = Ro/3, where Ro > 0 is a constant de Sitter space-time background curvature [2].

-According to (11), the Newton gravitational constant Gy is defined by the ratio

i (red.)\—2 _ 649un; .
8rGy = (Mf )2 = i, (12)

& bare cosmological constant is equal to

et va = 8guni/3.

The coupling constant gw is a bare coupling constant of the weak interaction, which also
smncides with a value of the constant go = gw at the Planck scale. Considering the running
% (z), where ap = g2 /47, we can carry out an extrapolation of this rate to the Planck scale,
what leads to the following estimation (7, 8] ax(Mp;) ~ 1/50, i.e. guni ~ 0.1. Using this value
o the parameter gun;, it is impossible to obtain a correct value of the Newton constant Gy from
£a (12), if we consider the well-known Higgs VEV at the Electroweak scale (v; = 246 GeV).
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4 Multiple Point Model

The radiative corrections to the effective Higgs potential, considered in Refs. [9,10], bring to
emergence of the second minimum of the effective Higgs potential at .the Planck scale. It =
shown that in the 2-loop approximation of the effective Higgs potential, experimental values
all running coupling constants in the SM predict an existence of the second minimum of
potential located near the Planck scale, at the value vo = o ~ Mpy

In general, a quantum field theory allows an existence of several minima of the effecti
potential, which is a function of a scalar field. If all vacua, corresponding to these minims
are degenerate, having zero cosmological constants, then we can speak about the existence of
multiple critical point (MCP) at the phase diagram of theory considered for the investigatios
(see Refs. [12,13]). In Ref. [12] Bennett and Nielsen suggested the Multiple Point Model (MPM
of the Universe, which contains simply the SM itself up to the scale ~ 1019 GeV. In Ref. K
the MPM was applied (by the consideration of the two degenerate vacua in the SM) for :
prediction of the top-quark and Higgs boson masses, which gave:

M= 173 £5 GeV, My =1351+9 GeV. (13

Later, the prediction for the mass of the Higgs boson was improved by the calculation of the
two-loop radiative corrections to the effective Higgs potential [9, 10]. The predictions: 125 Ge
< My < 143 GeV in Ref. [9], and 129 + 2 GeV in Ref. [10] — provided the possibility of #
theoretical explanation of the value My ~ 126 GeV observed at the LHC. The authors of ti
recent paper [11] have shown that the most interesting aspect of the measured value of My &
its near-criticality. They have thoroughly studied the condition of near-criticality in terms
the SM parameters at the high (Planck) scale. They extrapolated the SM parameters up
large energies with full 3-loop NNLO RGE precision. All these results mean that the radiati
corrections to the Higgs effective potential lead to the value of the Higgs mass existing in
Nature. ) :
Having substituted in Eq. (12) the values of gun; =~ 0.1 and Gy = 1/8n(M7T d‘)z, whe
J\/f’,‘,‘id ~ 2.43-10'® GeV, it is easy to obtain the VEV’s value v, which in this case is located ne
the Planck scale: v = vy &~ 3.5 - 1018 GeV. Such a result takes place, if the Universe at an ea
stage stayed in the “false vacuum”, in which the VEV of the Higgs field is huge: v = v ~ 10 .
GeV. The exit from this state could be carried out only by means of the existence of the secons
Higgs field, say, ¢’. A similar model of the hybrid inflation was considered, for example, &
Ref. [15]. In the present paper we assume that the second Higgs field, participating into the
Inflation, arises from the interaction between visible and invisible sectors of the Universe.
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5 Mirror world with broken mirror parity

&= = was noted at the beginning of this paper, we assumed the parallel existence in the Nature
of the visible (OW) and invisible (MW) (mirror) worlds. The used model was described in
Fef 16.17] (see also [18]). The group of symmetry Gsa of the Standard Model was enlarged
% Gsae x Glgpy, where Ggpy stands for the observable SM, while G, is its mirror gauge
smeterpart. Here O(M)- particles are singlets of the group Ggas (Gsae).

If the ordinary and mirror worlds are identical, then O- and M-particles should have
=& same cosmological densities. But this is immediately in conflict with recent astrophysical
messurements.  Astrophysical and cosmological observations (see for example [19, 20]) have
m=wealed the existence of the Dark Matter (DM), which constitutes about 25% of the total energy
semsity of the Universe. This is five times larger than all the visible matter, Qpar : Qar >~ 5: 1.
Mrror particles have been suggested as candidates for the inferred dark matter in the Universe
== references in [16,17]). Therefore, the mirror parity (MP) is not conserved, and the OW and
SIW are not identical. It was assumed that the VEVs of the Higgs doublets ¢ and ¢’ are not
g

) =v, {p)=7v, and v#7

T&e parameter characterizing the violation of the MP is ¢ = ¢/ /v > 1. Astrophysical estimates
sve (> 30, (¢~ 100 (see references in [16,18]).

The action I(py) in the mirror world is represented by the same integral (11), in which we
Sww= to make the replacement of all OW-fields by their mirror counterparts: e, ¢, A, Ay, R —
.. A Ay, R. Then Gy = (Gn, Ay = (*Ao, M = (Mgt . However, gy = gw: it is
mmmposed that at an early stage of the evolution of the Universe,when the GUT takes place,
mirwor parity is unbroken, what gives gl,; = Guni-

£ Inflation model

% = well-known that the hidden (invisible) sector of the Universe interacts with the ordinary
w=ible) world only via gravity, or another very weak interaction (see for example [21-23]). In
particular, the authors of Ref. [24] assumed, that along with gravitational interaction there also
=usts the interaction between the initial Higgs fields of both OW- and MW-worlds:

rt

Vine = el o) (¢"¢), (14)

wiuch begin to interact during the Inflation via gravitational interactions. The existence of the
s=ond Higgs field ¢/ could be the cause of the hybrid inflation (compare with Ref. [15]), bringing
e Universe out of the “false vacuum” with the VEV vy ~ 10! GeV. This circumstance provided
“2e= subsequent transition to the vacuum with the Higgs VEV wv; existing at the Electroweak
smle. Here v; =~ 246 GeV is a vacuum, in which we live at the present time.
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Indeed, assuming the de Sitter space-time, which is a maximally symmetric Lorentzi
manifold with a constant and positive background scalar curvature Ry, we obtain a nontriva
vacuum solution corresponding to the action (11). This de Sitter space-time has a non-vanishi
Higgs vacuum expectation value (VEV): ¢y = v, because the standard Higgs potential in Eq. (1%
has an extremum at v> = Ryp/3. Then the Higgs field is ¢ = v + o, where the scalar field
is an inflaton. Considering the expansion of the Lagrangian (11) around the background vak
R ~ R in powers of the small value o /v, and leaving only the first-power terms, we can prese
the gravitational part of the action (11) as:

Iigrav) = — fm diz/—g [M,%, (%3(1 +0/v)? — Ag(1 + a/v)4) + ] .

We assume that during Inflation the inflaton o decays into the two SM Higgs doublets ¢, @
we obtain o = |¢|> Then the further expansion gives:

Boves) & = /sm d*zv/=g [M?», (%Ro (1 +2|¢|*/v+ |¢|“/v"')
—Ao (1 + 4|2 Jv + 6lp]* /v + )) S ] :

and near the local “false vacuum” we have:
Iigra) =~ = / d'ov/=g M3 (Ao -3191*)] . (1
o

Finally, it is necessary to end the inflation and to consider a transition to a radiation dominas
era. The mirror Higgs field ¢ gives a point of the end of Inflation, say, at the value ¢.. The
a sum of all the Higgs potentials at the end of inflation is given by the following expression:

Viiggs +Vint+ V(or) = —3(076)? + a(¢r)|¢x 616 + V()

= -3(¢'o— v3)? + 30} + V(9F),

where

v = 9%52 |¢'* ~ (246 GeV)? (1
is the squared VEV of the Higgs field in the first (Electroweak) vacuum of the Universe, in whick
we live.

A similar inflation is carried out in the Mirror World of the Universe. Details of
hybrid inflation are presented in Ref. [15] and in the references cited there. The Graviweak ums
fication leads to the modern theory of Inflation, which in principle can explain all astrophysie
experimental data predicting a correct value of the tensor-to-scalar ratio r (see for example [25]
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7 Conclusions

In the present paper we constructed a model of unification of gravity with the weak SU(2) gauge
and Higgs fields. Imagining that at the early stage of the evolution the Universe was described
o a GUT-group, we assumed that this Grand Unification group of symmetry was quickly broken
“own to the direct product of the gauge groups of internal symmetry and Spin(4,4)-group of the
Graviweak unification.

Also we assumed the existence of visible and invisible (hidden) sectors of the Universe.
We have given arguments that modern astrophysical and cosmological measurements lead to a
moxdel of the Mirror World with a broken Mirror Parity (MP), in which the Higgs VEVs of the
w=ible and invisible worlds are not equal: (@) = v, (¢) =v and v # v/. We estimated
= parameter characterizing the violation of the MP: ( = ¢/ /u > 1. We have used the result:
. ~ 100 obtained by Z. Berezhiani and his collaborators. In this model, we showed that the
action for gravitational and SU(2) Yang-Mills and Higgs -fields, constructed in the ordinary
wurld (OW), has a modified duplication for the hidden (mirror) sector of the Universe (MW).

Considering the Graviweak symmetry breaking, we have obtained the following sub-
sigebras: § = 5u(2)§frav) ® su(2), - in the ordinary world, and § = su(2)’gmv) ® su(2)y -
= the hidden world. These sub-algebras contain the self-dual left-handed gravity in the OW,
snd the anti-self-dual right-handed gravity in the MW. We assumed, that finally at low energies,
== have a Standard Model and the Einstein-Gilbert’s gravity.

We reviewed the Multiple Point Model (MPM) by D.L. Bennett and H.B.Nielsen, who
s=umed the existence of several minima of the Higgs effective potential with the same energy
semsity (degenerate vacua of the SM). In the assumption of zero cosmological constants, MPM
pestulates that all the vacua, which might exist in the Nature (as minima of the effective
sotential), should have zero, or approximately zero, cosmological constant. The prediction that
there exist two vacua into the SM: the first one — at the Electroweak scale (v; ~ 246 GeV),
=i the second one - at the Planck scale (vy ~ 10'® GeV), was confirmed by calculations in
“5e 2-loop approximation of the Higgs effective potential. The prediction of the top-quark and
Hizgs masses was given in the assumption that there exist two vacua into the SM.

In the above-mentioned theory we have developed a model of Inflation. According to
“=is model, a singlet field o, being an inflaton, starts trapped from the “false vacuum” of the
Tniverse at the value of the Higgs field’s VEV v = vy ~ 10'® GeV. Then during the Inflation o
decays into the two Higgs doublets of the SM: o — ¢'¢. The interaction between the ordinary
s=d mirror Higgs fields ¢ and ¢', induced by gravity, generates a hybrid model of the Inflation
m the Universe. Such an interaction leads to the emergence of the SM vacua at the Electroweak
scales: with the Higgs boson VEVs v; = 246 GeV - in the OW, and v} = {v; - in the MW.
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