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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 ,.....,  1018 GeV 
(in the visible world). Then the inflations of the two Higgs doublet fields, visible </> and 
mirror <I>', lead to the emergence of the SM vacua at the Electroweak scales with the Higgs 
boson VEVs vi � 246 GeV and v� = (v1 (with ( ,....,  100) in the visible and invisible worlds, 
respectively. 
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Introduction 

Ref. [1] arnodel of unification of gravity with the weak SU(2) gauge and Higgs fields was 

ructed. 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 

e Graviweak unification. 

• crdas@prl.res.in 
.aper@itep.ru 

29 



· Graviweak unification in the visible/PAC Journal 5(2015) 

In the assumption that there exist visible and invisible (hidden) sectors of the Universe. 
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 (0\'" 

We started with an extended g = spin] 4, 4) £-invariant Plebanski action in the visible U nive _ 
and with g = .spin(4,4)R-invariant Plebanski action in the MW. Then we have shown that 
Graviweak symmetry breaking leads to the following sub-algebras: g = .su(2)}:'rav) EB .su(2)L 
in the ordinary world, and g' = .su(2)'}frav) EB .su(2)n - in the hidden world. These sub-algeb 
contain the self-dual left-handed gravity in the OW, and the anti-self-dual right-handed gravi 
in the MW. Finally, at low energies, we obtain a Standard Model (SM) group of symmetry an - 
the Einstein-Gilbert's gravity. In this approach we have developed a model of Inflation, in whi 
the inflaton a, being a singlet, decays into the two Higgs doublets of the SM: a ---+ </> t </>, and th 

the interaction between the ordinary and mirror Higgs fields (induced by gravity) leads to 
hybrid model of the Inflation. 

In Section 2 we considered the Plebanski's theory of gravity, in which fundamental fiel 
are 2-forms, containing tetrads, spin connections and auxiliary fields. Then we have used 
extension of the Plebanski's formalism of the 4-dimensional gravitational theory, and in Section _ 

we constructed the action of the Graviweak unification model, described by the overall unificati 
parameter 9uni· Section 4 is devoted to the Multiple Point Model (MPM), which allows t 

existence of several minima of the Higgs effective potential with the same energy density. � - 

MPM assumes the existence of the SM itself up to the scale ,....., 1019 Ge V, and predicts that th 

exist two degenerate vacua into the SM: the first one - at the Electroweak scale ( with the VE 

v1 :::::::: 246 GeV), and the second one - at the Planck scale (with the VEV v = v2 ,..._, 1018 Ge\· 

In Section 5 we consider the existence in the Nature of the Mirror World (MW) with a bro 
Mirror Parity (MP): the Higgs VEVs of the visible and invisible worlds are not equal, 1 (</>) = 

(</>') = v' and v =/= v'. The parameter characterizing the violation of the MP is ( = v' /v » · 

We have used the result ( ::::::::  100. In Section 6 we suggest a hybrid model of Inflation provid 

with the visible Higgs field </> and mirror Higgs boson <I>', which interact during Inflation , 

gravity. This interaction leads to the emergence of the SM vacua at the Electroweak scales wit · 

the Higgs boson VEVs v1 � 246 GeV and v� = (v1 (with ( ,..._, 100) in the visible and invisible 

worlds, respectively, while the original "false vacuum" exists at the Planck scale and has VE 

v = v2 ,..._, 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 9,u, 

Later, Plebanski [3] and other authors (see for example [4, 5]) presented GTR in the self-dua. 

1In this paper the superscript 'prime' denotes the M- or hidden H-world. 
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pproach , in which .fu�damental variables are 1-forms of connections A1J and tetrads e1 : 
(1)  

- 1-form A = !A1J,JJ is used, in which generators ,JJ are products of generators of the 
lifford algebra Cl(l, 3): ,JJ = ,nJ. Indices I, J = 0, 1, 2, 3 belong to the space-time with 

owski's metrics r,1J 
= diag(l, -1,  -1,  -1) ,  which is considered as a flat space, tangential 

he curved space with the metrics 9µ11• In this case connection belongs to the local Lorentz 
up SO(l, 3), or to the spin group Spin(l, 3).  In general case of unifications of gravity with 

e SU(N) or SO(N) gauge and Higgs fields, the gauge algebra is g = spin(p, q), and we have 
l J = 1 ,  2 . . .  p + q. In our model of unification of gravity with the weak SU(2) interactions we 

nsider a group of symmetry with the Lie algebra spin( 4, 4). In this model indices I, J run over 
x 8 values: I, J = 1, 2 . .  t  7, 8. . .  
For the purpose of construction of the action for any unification theory, the following 

_-::orms are also-considered: 

F1 J = ! F1 J dx!' I\ d;11 

2 µ11 , 

re FJf = 8µ,A�J - 811A1J + [Aµ, A11]1J, which determines "the Riemann-Cartan curvature: 
.,v = e�e{FJ{ Also 2-forms of Band Fare considered :· 

1 IJ 
B = 

2
B ,u, (2) 

well-known in lite�ature Plebanski's BF-theory is submitted by the following gravitational 
on with 1;1onzero cosmological constant A: 

I = 2- J /JKL (BIJ (\ pKL + A BIJ (\ BKL) . (GR) ,.,,2 4 . , 

e ,.,,2 
= 81rGN, GN is the Newton's gravitational constant, and Mpjd. = l/J81rGN. 

Considering the dual tensors: 

can determine self-dual(+) and anti-self-dual(-) components of the tensor A1J: 

A(±) 1� 
= (P± A)1J = t (A1J ± iA*1J) .  

projectors o� the spaces of the so-called self- and anti-self-dual tensors 

-p+ - 1 (6/J ± f.IJ ) 
- 2 KL KL 

(4) 
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where ( . . .  )  means a wedge product, 9uni is an unification parameter, and cl>JJKL are auxiliary 
fields. 

c- 

c� 

r 

(10 

so(l, 3) = su(2)R EB su(2)L· 

..l'.. paob _ ( f)(  Y) kl( P)( u).rab �µv cd - eµ ev €Jg ek e1 ucd. 

I(A, B, cl> ) = �  f  I  BF+ BcI>B + !BcI>cI>cI>B)' 
9um }'JJI \ 3 

•· 

I(grav)(t,A,'lj,) = :2 I [Ei /\ p i +  (w-1)ij Ei /\ Ej ] .  

and 

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

3 Graviweak unification model 

Here Ei = 2BOi, and Wij are auxiliary fields, defining a gauge, which provides equivalence • 
Eq. (6) to the Einstein-Gilbert gravitational action. 

where 

I(A,cI>) = -8 l f (cI>FF), 
9uni J'JJI 

As a result of Eq. (5), non-zero components of connections are only A(±)i = A(±)Oi_ 

(anti-)self-dtiality, the terms of left-handed ( +) and right-handed (-) components are used. 
Pleb�ski [3] and other authors [4, 5] suggested to consider a gravitational action in 

(visible) world as a left-handed su(2)tav)_ invariant action, which contains self-dual fields F = 

p(+)i and E = E(+)i (i=l,2,3): 

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: 

9 = su(2)tav) EB su(2)£. 

Graviweak 11nification in the visible/PAC [ouma! 5(2015) 

carry out the following homomorphism: 

Having considered the equations of motion, obtained by ineans 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]): 
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"dering_ indices a, b E {O, 1, 2-, 3} as corresponding to I, J = 1 ,  2, 3, 4, and indices m, n as 

anding to .indices I, J = 5, 6, �' 8, we can present a spontaneous violation of the Graviweak 
-cation symmetry in terms of the 2-forms: 

1 1 A = - w + - E + A w  
2  4  '  

w  =  wab'Yab is a gravitational spin-connection, which corresponds to the sub-algebra 
_ f:av). The connection E = Eam'Yam corresponds to the non-diagonal components of the 

· rix A11, described by the following way (see [2]): E = esp = e�'Ya<{)m"fmdxµ. The connection 
= !Amn,mn gives: A w =  !Aivri, which corresponds to the sub-algebra .su(2)L of the weak 

,.__=ci .... tion. In the present paper a, and Ti are the Pauli matrices with i = 1,  2, 3. 
Assuming that we have only singlet field <pm = (<p, <pi = 0), we can consider a symmetry 

·down of the Graviweak unification leading to the following OW-action [1]:  
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(12) 

(11) 

3 1 -,4  ( 1  2  3  4  -  a·xlel -j<pj R - -j<pj 
89uni !JJt 16 32 

1 R cd oab 1 t a 1 i p,i ab) 
+ 

16 
ab .n. cd - 

2
'Da<p 'D sp - 

4
Fwab W · 

I cow) ( e, ip, A, Aw) = 

re cosmological constant is equal to 

z.q. ( 1 1 )  we have the Riemann scalar curvature R; j<pi2 
= <pt<p is a squared Higgs field; 

- .: = d<p + [Aw, <p] is a covariant derivative of the Higgs field, and Fw = dAw + [Aw, Aw] is a 
rure of the gauge field Aw. The third member of the action ( 1 1 )  is a topological term in 

Gauss-Bone theory of gravity (see for exampl� [6]). 
Lagrangian in the action (11) leads to the nonzero vacuum expectation value (VEV) of the 

- · - field: v = (<p) = <po, 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 ( 1 1 ) ,  the Newton gravitational constant G N is defined by the ratio 

8 G _ (M(red.))�2 _ 649uni . · 
7r N - Pl - 3 2 ' 

v . 

? -  =  89uni/3. 
The coupling constant 9w is a bare coupling constant of the weak interaction, which also 

==:::::oldes with a value of the constant 92 = 9w at the Planck scale. Considering the running 
. where 02 = 9? / 41r, we can carry out an extrapolation of this rate to the Planck scale, 

· leads to the following estimation [7, 8]: a2(Mpz) rv 1/50, i.e. 9uni "' 0 . 1 .  Using this value 
parameter 9uni, it is impossible to obtain a correct value of the Newton constant G N from 
2), if we consider the well-known Higgs VEV at the Electroweak scale (v1 � 246 GeV). 



MH = 1 3 5 ± 9  GeV. Mt= 173 ±-5 GeV, 

'-' 

Later, the prediction for the mass of the Higgs boson was improved by the calculation of -­ 
two-loop radiative corrections to. the effective·Hi� potential [9, 10]. The predictions: 125 G· 
;S MH ;S 143 GeV in Ref. [9], and 129 ± 2 GeV in Ref. [10] - provided the possibility of - 
theoretical explanation of the value MH � 126 GeV observed at the LHC. The authors o f ·  
recent paper [11] have shown that the most interesting aspect of the measured value of MH 

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 radia · 
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 9uni :::::::: 0.1 and GN = 1/87'C(Mr//°)2, whee 
M1;,e/· � 2.43. 1018 Ge V, it is easy to obtain the VEV's value v, which in this case is located n 
the Planck scale: v = v2 � s.s · 1018 GeV. Such a result takes place, if the Universe at an ear 
stage stayed in the "false vacuum", in which the VEV of the Higgs field is huge: v = v2 rv 1 
GeV. The exit from this state could be carried out only by means of the existence of the seco 
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 t 

Inflation, arises from the interaction between visible and invisible sectors of the Universe. 
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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 value; 
all running coupling constants in the SM predict an existence of the second minimum of 
potential located near the Planck scale, at the value v2 = </)min2 rv Mp1. 

In general, a quantum field theory allows an existence of several minima of the ef!ecrr. 
potential, which is a function of a scalar field. If all vacua, corresponding to these mi · 
'are degenerate, having zero cosmological constants, then we can speak about the existence : 
multiple critical point (MCP) at the phase .diagrarn of theory considered for the investig 
(see Refs. [12 , 13]) .  In Ref. [12] Bennett and Nielsen suggested the Multiple Point Model (MP. 
of the Universe, which contains simply the SM itself up to the scale ""' 1019 GeV. In Ref. �:._ 
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: 

• 



I 
f 

CR Das and L V. Laperashvili/ FAC Journal 5 (2015) 

- irror world with broken mirror parity 

noted at the beginning of this paper, we assumed the parallel existence in the Nature 

. · ible (OW) and invisible (MW) (mirror) worlds. The used model was described in 

• .  17] (see also [18]) . The group of symmetry GsM of the Standard Model was enlarged 

s 1 x GSM'' where GsM stands for the observable SM, while GSM' is its mirror gauge 
:::::::::ierp.art. Here O(M)- particles are singlets of the group GsM (GsM' ) .  

·  he ordinary and mirror worlds are identical, then 0- and M-particles should have 

e cosmological densities. But this is immediately in conflict with recent astrophysical 
��ll.I'ements. Astrophysical and cosmological observations (see for example [19, 20]) have 
�.:ea1Et1 the existence of the Dark Matter (DM), which constitutes about 25% of the total energy 

of the Universe. This is five times larger than all the visible matter, OvM : OM '.:::::'. 5 : l. 

particles have been suggested as candidates for the inferred dark matter in the Universe 
ferences in [16, 17]). Therefore, the mirror parity (MP) is not conserved, and the OW and 

not identical. It was assumed that the VEVs of the Higgs doublets ¢ and ¢/ are not 

(¢) = v, (¢') = v', and v f, v'. 

ameter characterizing the violation of the MP is ( = v' / v » 1. Astrophysical estimates 

· > 30, ( ""  100 (see references in [16, 18]). 
The action I(MW} in the mirror world is represented by the same integral ( 11 ) ,  in which we 

• make the replacement of all OW-fields by their mirror counterparts: e, ¢, A, Aw, R ---+  

.,.,, A' R' Th G' re A' 1"2A M'red. ;-Mred. H 1 it . • -""' . w, . en N = .,, N, 0 = .,, o, Pl = .,, Pl . owever, 9w = gw: 1 1s 
s=;:;,c:tSea that at an early stage of the evolution of the Universe,when the GUT takes place, 

� parity is unbroken, what gives 9�ni = 9uni· 

Inflation model 

ell-known that the hidden (invisible) sector of the Universe interacts with the ordinary 
e) world only via gravity, or another very weak interaction (see for example [21-23]). In 

ar, the authors of Ref. [24] assumed, that along with gravitational interaction there also 
- he interaction between the initial Higgs fields of both OW- and MW-worlds: 

(14) 

begin to interact during the Inflation via gravitational interactions. The existence of the 

---- Higgs field <.p
1 could be the cause of the hybrid inflation ( compare with Ref. [15]),  bringing 

-Diverse out of the "false vacuum" with the VEV v2 "" 1018 GeV. This circumstance provided 
bsequent transition to the vacuum with the Higgs VEV v1 existing at the Electroweak 
Here v1 � 246 GeV is a vacuum, in which we live at the present time. 
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where 

VHiggs + '\.'i n t +  V(cpF) = -3(¢t¢)2 + a(¢F)l¢�J2¢t¢ + V(¢�) 
= -3(¢t</>- vf)2 + 3vt + V(4>�), 

36 

l(grav) � - L d4xFg [Mil (�Ro (1 +2 1¢ 1 2 /v+ 1¢14/v2) 

-Ao ( 1 + 41¢12 
/v + 6l¢14/v2 + . . .  ))  + . . .  ] ,  

We assume that during Inflation the inflaton a decays into the two SM Higgs doublets ¢. 

we obtain a = 1¢ 12.  Then the further expansion gives: 

vf = a(¢F) l</>�12 � (246 GeV)2 
6 

is the squared VEV of the Higgs field in the first (Electroweak) vacuum of the Universe, in wh; 

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 
fication leads to the modern theory of Inflation, which in principle can explain all astrophy · 
experimental data predicting a correct value of the tensor-to-scalar ratio r (see for example [25- 

Finally, it is necessary to end the inflation and to consider a transition to a radiation domina; · 
era. The mirror Higgs field ¢' gives a point of the end of Inflation, say, at the value ¢�. T 
a sum of all the Higgs potentials at the end of inflation is given by the following expression: 

Indeed, assuming the de Sitter space-time, which is a maximally symmetric Lorentz.. 
manifold with a constant and positive background scalar curvature Ro, we obtain a nontri 
vacuum solution corresponding to the action ( 1 1 ) .  This de Sitter space-time has a non-vanis 

Higgs vacuum expectation value (VEV): <po = v, because the standard Higgs potential in Eq. 

has an extremum at v2 
= Ro/3. Then the Higgs field is ip = v + a, where the scalar fie 

is an inflaton. Considering the expansion of the Lagrangian (11 )  around the background va, 

R � Ro in powers of the small value a /v, and leaving only the first-power terms, we can pr 
the gravitational part of the action (11)  as: 
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Conclusions 

37 

• e present paper we constructed a model of unification of gravity with the weak SU(2) gauge 
Higgs fields. Imagining that at the early stage of the evolution the Universe was described 
GUT-group, we assumed that this Grand Unification group of symmetry was quickly broken 

to the direct product of the gauge groups of internal symmetry and Spin(4,4)-group of the 
viweak unification. 

Also we assumed the existence of visible and invisible (hidden) sectors of the Universe. 
- have given arguments that modern astrophysical and cosmological measurements lead to a 

el of the Mirror World with a broken Mirror Parity (MP), in which the Higgs VEVs of the 
..:ible and invisible worlds are not equal: (</J) = v, (¢') = v' and v -:f. v'. We estimated 

ameter characterizing the violation of the MP: ( = v' /v » 1 .  We have used the result: 
- 100 obtained by Z. Berezhiani and his collaborators. In this model, we showed that the 
-- n for gravitational and SU(2) Yang-Mills and Higgs fields, constructed in the ordinary 

kl (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 

� bras: g = su(2)trav) EB .su(2)L - in the ordinary world, and g' = su(2)'�rav) EB .su(2)R - 
• e hidden world. These sub-algebras contain the self-dual left-handed gravity in the OW, 

the anti-self-dual right-handed gravity in the MW. We assumed, that finally at low energies, 
aave 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 
ed the existence of several minima of the Higgs effective potential with the same energy 

sity (degenerate vacua of the SM). In the assumption of zero cosmological constants, MPM 
ulates that all the vacua, which might exist in the Nature (as minima of the effective 

ential), should have zero, or approximately zero, cosmological constant. The prediction that 
exist two vacua into the SM: the first one - at the Electroweak scale ( v1 � 246 Ge V), 
he second one - at the Planck scale ( v2 ,....., 1018 Ge V), was confirmed by calculations in 

2-loop approximation of the Higgs effective potential. The prediction of the top-quark and 
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 

� model, a singlet field a , being an inflaton, starts trapped from the "false vacuum" of the 
· -erse at the value of the Higgs field's VEV v = v2 rv 1018 GeV. Then during the Inflation a 

. into the two Higgs doublets of the SM: u -+  ¢t¢. The interaction between the ordinary 
mirror Higgs fields <p and </J', induced by gravity, generates a hybrid model of the Inflation 
e Universe. Such an interaction leads to the emergence of the SM vacua at the Electroweak 

with the Higgs boson VEVs v1 � ?46 GeV - in the OW, and v� = (v1 - in the MW. 
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