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We present a new unification of the electroweak and gravitational interactions based on joining the weak
SU(2) gauge fields with the left-handed part of the space-time connection, into a single gauge field valued
in the complexification of the local Lorentz group. Hence, the weak interactions emerge as the right-handed
chiral half of the space-time connection, which explains the chirality of the weak interaction. This is
possible, because, as shown by Plebanski, Ashtekar, and others, the other chiral half of the space-time
connection is enough to code the dynamics of the gravitational degrees of freedom. This unification is
achieved within an extension of the Plebanski action previously proposed by one of us. The theory has two
phases. A parity symmetric phase yields, as shown by Speziale, a bimetric theory with 8 degrees of
freedom: the massless graviton, a massive spin-2 field and a scalar ghost. Because of the latter this phase is
unstable. Parity is broken in a stable phase where the 8 degrees of freedom arrange themselves as the
massless graviton coupled to an SU(2) triplet of chirally coupled Yang-Mills fields. It is also shown that
under this breaking a Dirac fermion expresses itself as a chiral neutrino paired with a scalar field with the

quantum numbers of the Higgs.
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I. INTRODUCTION

The ambition of unifying gravity with the other inter-
actions faces three big obstacles:

(1) Gravity is described by a dynamical metric while the
other interactions are described by connection fields.
Consequently the Einstein action is linear in curva-
ture while the Yang-Mills action is quadratic in
gauge field strength.

(2) The standard model can be quantized perturbatively,
because its action is a polynomial of dimension-4
terms, while the Einstein-Hilbert action, being non-
polynomial, is challenging to quantize.

(3) The standard model of particle physics is chiral,
while gravity, at least at the classical level, is not.
Any unification must explain why parity is broken
only for the weak interactions.

The first two challenges are addressed by the Ashtekar-
Plebanski formulations of general relativity in which gravity is
described by a gauge field [1,2], while the metric is emergent
[3,4]. These connection formulations of gravity are drastically
simpler than Einstein’s original metric formulation, as the
action and Hamiltonian formulations are based on cubic
polynomials in the basic fields, which is amuch better situation
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for quantization than Einstein’s nonpolynomial formulation.
Indeed these theories are as simple as nonlinear theories can be,
with purely quadratic field equations.

Remarkably, these connection formulations of gravity
address the issue of chirality as well. There are a range of
these Ashtekar-Plebanski formulations, which differ in the
value of a complex parameter—the Immirzi parameter, y.
When y takes complex values the action for gravity is
chiral. At the classical level this chirality is hidden in the
gravitational sector and affects only four fermion inter-
actions that arise from their couplings to the torsion of the
connection. But the chirality emerges in the quantum
theory [5,6] where it can cause parity breaking in the
production of tensor modes in inflation [7]. This could be
detected as correlations of B mode polarization with
temperature fluctuations [8].

The gravitational action is maximally chiral when y is
purely imaginary in the sense that the gravitational action is
then just a function of the left-handed part of the space-time
connection. Hence the connection and curvature that arise in
the gravitational action and field equations are valued only in
SU(2),. Any dependence on SU(2), drops out. The parity
invariance of the classical Einstein equations arises from the
fact that the complex conjugate of the left-handed part can be
inserted into the expressions of the equations of motion
without changing their on shell solutions. Thus, adopting
the Ashtekar-Plebanski approach, and in particular making
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use of the complex chiral variables for gravity, makes the
chiral nature of both the weak and gravitational connections
explicit in this framework. The particular choice of an
imaginary Immirzi-Barbero parameter y then makes explicit
the focus on chiral variables of this study.

The fact that the Einstein equations can be generated by
an action which involves only the chiral SU(2), half of the
space-time connection [9] opens the door to an idea about
unification: perhaps the initial action for gravity is parity
symmetric, but there is a phase in which parity is broken so
that one chiral half, SU(2),, of the space-time connection
codes the gravitational interactions, while the other chiral
half, SU(2)g, emerges with the dynamics of a Yang-Mills
field propagating on a space-time described by the left half
of the connection. There might then also be a phase in
which parity is restored so that both chiral halves carry
gravitational dynamics.

Note that this idea requires doubling the degrees of
freedom initially, for in general relativity, applied to real,
Lorentzian metrics, the left and right halves of the space-
time connection are complex conjugates of each other. To
free them up these reality conditions have to be lifted, and
replaced by alternative reality conditions which allow the
left and right halves of the connection to be independent of
each other, but in a way which still realizes the reality of the
metric. We have a proposal for these alternative reality
conditions, but before introducing them we have to
introduce the degrees of freedom that make it possible
to realize our scenario.

Our starting point is a gauge theory of the complexified
Lorentz group, SL(2, C). on a four-dimensional manifold
M. The space-time connection A*”> = —A“ is a 1-form,
valued in 8[(2, C). the Lie algebra of SL(2, C).. That Lie
algebra is represented by complex antisymmetric, 4 x 4
matrices, M = —M"?_ where a,b,c =0, 1,2, 3 are inter-
nal Lorentz indices. Because we want the metric to be
emergent, we do not include it as a fundamental degree of
freedom. Instead, we write dynamics of A%’ making use of
two auxiliary fields, a 2-form B, also valued in the Lie
algebra of SL(2, C) and a scalar field which provides a map
U:31(2,C). — 8L(2,C), which is written as ¥ ;,.; with
the following symmetries and constraints:

\Ilabcd = ‘Ilcdah = _\Ijbucd’ lc"a}Md\I/ahcd =0. (1)

To specify the dynamics we choose the most general parity
symmetric' polynomial of dimension 4 and less:

1 o1
S = /% {8adeBab/\FLd - E\Ilabchab/\BCd}
A
“( e

162G 2

\Ilflbcd) eefghBef/\th, 2)

'With parity transformations applied simultaneously to space-
time and internal Lorentz indices.
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where F’ is a 2-form which is the field strength of A**, G
is Newton’s constant and A is the cosmological constant.
A“ then naturally has dimensions of inverse length, B is
dimensionless and ¥ ., has dimensions of inverse length
squared. W2, =W, Webed  gibed g the Levi-Civita
symbol and g is a new dimensionless coupling constant.
Note that there is no Immirzi parameter and no FAF term
as we restrict the action to parity even terms.

The last term is a topological invariant. Apart from that
there is only a single term with a derivative in it, which is
the first term.

This action has been studied in several forms. Without
the terms in W, it describes BF theory, a topological theory
[10]. With ¢> = 0 it is a form of the Plebanski action for
general relativity [1]. The full action gives an extended
dynamics for the gravitational field as discussed in [11]. It
has been studied by Alexandrov and Krasnov [12] and
Speziale [13] and is known to have 8 degrees of freedom.
Alexandrov, Krasnov and Speziale studied the symmetric
phase and found a bimetric theory with a massless graviton,
a massive spin-2 field and a scalar ghost (§ =2+ 5+ 1).
The presence of the scalar ghost might have been suspected
from results of Berezhiani et al. in [14], which show it
bedevils a large class of bimetric theories. More recently,
moving for the Hamiltonian analysis of the chiral Plebanski
formulation, Alexandrov et al. have recovered in [15] an
infinite class of ghost-free massive bigravity actions.
Anyway, the nonchiral version of the theory we are going
to focus on contains a ghost degree of freedom, as analyzed
by Speziale in [13].

The phenomena of spontaneous gravitational symmetry
breaking were discussed earlier in [11] where it was shown
that an extended Plebanski action of the form of (2), for a
gauge group G which contains the Lorentz group,
SO(3,1), suffers spontaneous symmetry breaking to an
Einstein-Yang-Mills theory with a Yang-Mills gauge group
in G/SO(3,1). The same phenomena were demonstrated
by Torres-Gomez and Krasnov for the chiral SU(2),
subgroup of the Lorentz group [16]. Krasnov also had
earlier originated the notion of extending the Plebanski
action in [17], with G taken to be the chiral left-handed
space-time connection valued in SU(2),. He has also
explored a closely related set of theories whose actions
are purely functions of connections, and demonstrated the
phenomena of gravitational spontaneous symmetry break-
ing there [18].

In [19], within the framework of left- and right-handed
graviweak unification models, namely SL(4,C); x
SL(4,C)g and its extension GL(4,C); x GL(4,C)g,
Nesti has studied a parity-breaking coupling of gravitons
with a combination of opposite helicities to matter. Nesti
and Percacci have discussed issues related to the Higgs
phenomenon and the electroweak symmetry breaking in
[29], and elaborated those topics for the gravi-GUT
unification model they have presented in [20]. The latter

065017-2



GRAVITATIONAL ORIGIN OF THE WEAK ...

work develops a different perspective than the one
addressed in [19], in that the graviweak and color gauge
sectors have been accounted for separately in [19].
Renormalizability of Ashtekar-Plebanski theories has
been widely addressed in the literature. In particular,
nonperturbative renormalizability has been studied in
[21] by Crane et al. while dealing with the quantization
of Lorentzian general relativity. The first order Palatini
formulation of general relativity, which is tied to the
Plebanski formulation of FEinsteinian gravity, has been
deepened in [22], in which Daum and Reuter have started
an analysis of the asymptotic safety of the Ashtekar-
Plebanski formulation and found evidence for the existence
of at least one non-Gaussian renormalization group fixed
point. However, Krasnov argued in [23] that Ashtekar-
Plebanski theories similar to the one we have been dealing
with in our paper are renormalizable once the assumption
of metricity is relaxed. Despite the existence of a sizable
number of studies already devoted to this issue in the past,
and despite the promising results that have been already
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recovered, more work will be needed in order to reach a
definitive understanding of this subject.

To discuss the dynamics in more detail, as well as to
specify the modified reality conditions, it is convenient to
change to two component spinor indices [24,25]. A, B = 0,
1 are left-handed spinor indices while A’, B' =0/, 1’ are
right-handed spinor indices. This allows us to easily
distinguish between the left- and right-handed fields.
The connection decomposes into

Aab — AANBB _ ABAA'B' 4 AABA'B 3)

and the 2-forms B’ similarly decompose. The scalar fields
U ,»ecq decompose into pure spin-2 fields represented by
W,apcp and Uy p oy, both totally symmetric, and mixed
components W, p4p on symmetric pairs of indices. Thus,

Vagep = Y(agen) 4)

and the same for primed indices represents the spin-2 field.
The action now takes the form,

! jf 1p!
S = / o {BAB/\FAB — BNB AF g + —— (BugAB* — By ABYE)

4drnG

6G

1 1 1! /A / rp!
-3 U, pcpBABABCP) 4 E\I/A/B,C,D,BV‘ BABED) — Wy g BAB /\BAB}
2
19 i
+ 7 (\IIZXBCD + \Ilz\’B’C’D’ + \I//%BA’B’)(BAB/\BAB - BA’B’/\BA B ), )]

where 4 = GA is the dimensionless cosmological constant.

To describe the real world we have to impose reality
conditions, which restrict the solutions of the theory to
those in which the metric is real. This can be done directly,
in spite of the fact that the metric is not a fundamental field
in the action. Instead, we make use of the remarkable fact
that a densitized metric can be constructed which is cubic in
the B fields. In fact, two metrics can be built, out of the left
and right parts of B, which we call the left and right
Urbantke metrics [26,27]

~L __ Lyépo pB A C
I = € Bm/ABwSCBpaB’ (6)
~R __ _ySpoRB A’ el
glIfV =¢ Bm/A'BvﬁC’BpJB” ™)

in which %79 is the Levi-Civita symbol and over tildes
label tensor densities of weight —1, i.e. tensor densities
transforming like a covariant tensor times /=g, g,, being
the space-time metric. Note that in the symmetric
solution, which we study in Sec. III, these are equal
to each other while in the asymmetric solution (see
Sec. IV) they differ. The reality conditions we propose

|

are that both left- and right-handed Urbantke metrics

are real.

To summarize, we make four physical hypotheses:

(i) The SU(2) of the weak interactions is unified with the
chiral representation of gravity in a single SL(2,C)
connection. This was proposed earlier by Alexander
[28] and by Nesti and Percacci [29]. A toy model in
3D was presented in [30] by Alexander et al., together
with its spin-foam quantization.

(ii) The chirality of the standard model arises from a sponta-
neous breaking of parity in the gravitational dynamics.
It is the weak interactions that break parity because the
weak SU(2) gauge connection is in fact a chiral half
of what is originally the space-time connection.

(ii1) This mechanism also explains why parity is maxi-
mally violated in the weak interactions. The parity
mirror of the coupling of weak isospin to matter is the
coupling of the left-handed part of the space-time
connection to left-handed spinors.

(iv) Under the symmetry breaking, right-handed space-
time spinors become internal isospinors. More spe-
cifically, consider the Higgs field, a space-time scalar

1

valued in the 5 of gauged isospin and the sterile

neutrino (or right-handed neutrinos in general) which
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are isospin singlets but space-time spinors. Focusing
only on the quantum numbers of these particles’ fields,
these representations may be recast in a unified theory
as mirrors of each other under the parity symmetry that
exchanges the SU(2), and SU(2)p parts of the
original connection, and can be hence unified in a
single Dirac spinor.

The basic dynamics of the SL(2, C). extended Plebanski
action are detailed in the next section. Sections III and IV
describe the symmetric and broken phases of solutions. The
imposition of reality conditions is discussed in Sec. V. For
the theory to truly unify the electroweak interactions with
gravity there must be a U(1) in the theory. This can be
incorporated most simply by extending SL(2,C); to
GL(2,C)g as is discussed in Sec. VI. But if we keep
the philosophy that parity is only broken spontaneously,
there must be another U(1) gauge field coming from
extending SL(2,C), to GL(2,C),. Matter coupling is
discussed in Sec. VII, and some possible phenomenological
consequences are spelled out in the conclusions, in
Sec. VIII. Finally, the appendixes contain a summary of
the Infeld—Van der Waerden map, in Appendix A, and of
the conventions and recurrent identities we have been
making use of, in Appendix B.

II. FIELD EQUATIONS

We now exhibit the field equations. Because the reality
conditions are subtle we start with the complexification of the
theory and study phase invariant reality conditions below.

We write the equations of motion: from variation with
respect to the BA® and BA'®' fields we obtain

1!
Fap = YapcpBP + Wypyp BYE

A
- (ﬁ + 477ng‘1/2> B g, ®)

vy
Fyp = \IJA’B’C’D’BCD - \IIA’B’ABBAB

A
+ <_£ + 477:Gg2\IJ2> BA/B/, (9)

while varying with respect to the multiplet of scale fields
we find

1

Uapcp = WB(AB/\BCD% (10)
1

Vypcep =— S2GPW Bp ABcpys (11)
1

Yypap = WBAB/\BA’BH (12)
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where
W - BAB/\BAB - BA/B//\BA’B,. (13)

Finally, variation with respect to the connection compo-
nents gives

D/\BAB — D/ABA/BI - 0, (14)

in which D stands for the covariant derivative with respect
to A48, while D’ stands for the covariant derivative with
respect to AYE,

III. SYMMETRIC SOLUTION

We begin with a left-right symmetric solution of the
theory. We expand the BA? and B4 in ¢

By = BY) + Pbag, (15)

By = B\ + Pbyp. (16)

We then solve the equations of motion (10) and (11) order
by order in g. We have to leading order on the left side

© g0
By ABoy =0, (17)

while to order ¢?

2
0 g
busABlp, + 5 banAbep) = 4nGUpep W, (18)

There then must exist frame field ¢#4 such that
B,(qozg = e} Aegy = Zap. (19)

Similarly on the right side we have the same equations of
motion,

(0) (0)
B yg B

=0 (20)
and
(0) g
B(A’B’AbC'D/) +Eb(A’B’/\bC’D’) =—4zGUypopW, (21)

which tells us that there must exist a second frame field f44’
such that

By = Fhinfast =y (N (22)

The two frame fields, e*’ and f44, are coupled through

(12) which to leading order give

TAB(e)AZAB () = 0. (23)
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This is solved by

A = het, (24)

where / is a function. Speziale shows that in general the
symmetric solutions give a bimetric theory with 8 degrees
of freedom [13].

IV. SYMMETRY BREAKING SOLUTION

We keep the above solution on the left and unprimed
side, and we continue to expand as in (15). Thus, we have a
frame field ¢#4" from the solution to (17).

However on the right-hand side we do something else.
We image that the equation of motion for F g, Eq. (9), is
dominated by the term (Byp4)/3G and by the term
BCP(Byg ABep)/(4nGg?W). In doing so, we have
assumed B, to be order ¢> and higher and we have
imaged the scaling Ag* = &, with & a fixed dimensionless
real parameter, so that

BiypAB A
SWBID) _ L By + O().  (25)

~ _BCD
4zGPW 3G

FA’B! ~

In this limit 4> 1, which may be admissible since A
denotes here the bare cosmological constant, not the
physical one. The issue of finding realistic values for the

|

PHYSICAL REVIEW D 89, 065017 (2014)

physical cosmological constant is currently under inves-
tigation by the same authors of this paper [31].

We may now expand the left-handed B fields as
BAB = ¥AB 1 O(g?), which to zeroth order leads to

W = 24ie + O(4%), (26)

and invert (25) in order to obtain an expression for BA'B in
terms of FA®" and its dual. We then realize the relation
between BAB and FA'P shifting the B’ field by

BA'B' = —ﬂng((S.fﬂ + yﬁ*)FA/B’ + g6bA'B” (27)

where * stands for the space-time Hodge dual with indices
suppressed, T acts as the identity operator on 2-forms, and

1 5) 1
S:=(—+2 d
‘ <16 &+ -

35

% 28
128(& +%) 28

Ye =

We can check that the shifting term in (27) is small in
solutions to equations of motion and compute that b,/ p is
suppressed in power of G:

bA’B’ = —77,'463((5% + 72)]] + 256}/6*)FC1D/(5§]] + ]/6*)FAIB//\(5§“ + }/Zj*)FC’D' =+ 0(96) (29)

To understand the effect of this shift we solve the equations of motion for the ¥ multiplet, (10)—(12), and plug the result

back into the action to find

dnG

l 'n! l rp!
S = /— {BAB/\FAB — BYBAF yp —|—@(BAB/\BAB — Byg ABYB )}

n 811
128722G**W

We incorporate the shift (25) together with

((BaABcp)? + (Bag ABopy)* — 4(BapABap)?). (30

BAB — YAB + QZbAB 31)

to write the action as

S =8O0(eM, Ag, Ayp) + SV (bap. bap. e Apg. Axg). (32)

where the leading order action S is

l A e
L SABAF e —
Bt 102G T,

SO —
AnG

9G?

FA’B’FA,B/pggypguo _ l@FA’B,/\FA’B’ + W (F(A’B’/\FC’D’))Z‘ (33)
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In this latter expression the Yang-Mills coupling constant’ is

(34)

while the ©® angle is

0|+ (% -

Notice that for £~ 107!

1 7
2
=g 57(5
49%{M {55 3

1
a—74> +}/§:|,

1
i 37) + 54 : (35)

or smaller we would get g?g%y, ~ 1074,

The »*% and b*'®" are auxiliary fields which are determined by variation of the higher order action S(!), namely

A A A I
s = / h {bAB/\FAB +—bABAZAB +EbABAbAB +3—bA,B,/\bAB }

4nG
811
+ 22
128722G*¢*W

3G

where by the last “()(!)”” we mean that the zeroth order terms
present in S© in Eq. (33) are absent.

The action SV is a nonderivative polynomial up to the
fourth degree in b*# and b*'%'. These latter fields are then
determined by the solution of local, nonderivative cubic
equations. By solving these equations we get higher
order interactions in the physical fields, 44, A4P
and AYF',

V. REALITY CONDITIONS

A crucial part of this construction is a modified form of
the reality conditions. Initially we regard all fields as
complex (for the Lorentzian case), and then specify reality
conditions which are to be imposed on the solutions of the
equations of motion.

We first review the standard reality conditions imposed
in the Ashtekar formulation, and then introduce our new
proposal.

The standard reality conditions are to take the three
metric as real,

éab* — &ab’ (37)
while the connection satisfies the nonlinear condition,
AP+ AP = or(e)i. (38)

Here we indicate the left and right connection by

‘We acknowledge one of our Referees for having brought to
our attention that relation (34) is consistent with real values of
gym only for & < 20.41.

((BapABcp)® + (Bap ABerpy)* = 4(BagABag)?)Y, (36)
I
AMB — A Pigas o qxE = ARG (30

where the i index labels the three Pauli matrices o;.

These bind the left and the right parts of the connection
and so prevent the theory from existing in the parity broken
phase. In that asymmetric phase, we might impose different
reality conditions:

(Az(zR)i)* _ AEIR)i' (40)

However the reality conditions are part of the definition
of the theory. They determine the inner product of the
quantum theory. If the symmetry breaking is to be
dynamical we do not want to impose different reality
conditions on different phases of the theory. We want
instead a single set of reality conditions that governs the
whole theory. We can do this the following way.

We differentiate the right and left 2-forms as

BA'B = BLiGA'H BAB = BRigAB (41)
We then use these to define the left and right Urbantke
metrics [26]:

98, = BEBy B e, (42)

Gk, = BBy BEf e 43)

Note that in the symmetric solution
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gk, = det(e)edt el (44)

while on the right
gf, = det(f)fa4f8 .. (45)
In the asymmetric solution (44) holds, but instead of (45)
we have a relation that is cubic in the Yang-Mills field
strength. This latter is found by replacing (27) in (45)
and keeping only the sixth order in the coupling constant g,

which also corresponds to the third order in G,
namely

i, = RGP FIF e 1 o(Gf), )

in which we have defined F\&' = (81 4 y;*)Fi.

PHYSICAL REVIEW D 89, 065017 (2014)

In either case the correct reality conditions are

gk, = (Fh)". (47)
R, = (G5, (48)

In the symmetric case this tells us that both left- and right-
handed metrics are real, whereas in the asymmetric solution
we learn that g, is real and the Yang-Mills connection @},
is real and hence in SU(2).

These can be implemented by adding these reality
conditions to the action so they become equations of
motion which arise by varyig new Lagrange multi-
pliers A¢%:

rp! )f 'n!
§re = /l {BAB/\FAB — BYP AF yp + — (BapAB*? — By ABYP)

ArG
1

6G

1 rn/ 'y 'n!
—E\I/ABCDB(AB/\BCD) + E\IIA/B/C,D/B(AB ABED) — U 41 p 1 g BYE /\BAB}

2
_lg rp!
+ 2 (\IIEXBCD + \IJEK'B’C’D’ + \II,%XBA’B’)(BAB/\BAB - BA/B//\BA B )

+ 228, — (GR,)) + 2095, — (T)7)- (49)

The B equation of motion (8) is modified by

! l e 5§§
FAB = \IJABCDBCD + ‘IJABAIBIBA B _ <% + 471'Gg2\1/2> BAB + 47l'lG/1 f—f (50)

But the new term vanishes because the equation of motion
for BAB* yields

~Rx

o9
of O9f
% Spi 0, (51)

which implies that /lj‘e” vanishes. Meanwhile, variation of
240 enforces the reality of f}ff.

VI. ADDING U(1) FACTORS: PHOTONS

We can incorporate electroweak unification by
adding a U(1) factor.” This is done most naturally
by extending the SL(2,C), gauge symmetry to*

*The inclusion of a U (1) gauge field by extending the
Plebanski action was also studied in [32].
*A subgroup of GL(2,C), is SL(2,C); x U(1),.

K 5BAB

[

GL(2,C);, and similarly for the right component gauge
group. The gauge fields A4? are then no longer
symmetric in AB,

AA/B/ _ A(A/B/) + eAlBla/’ (52)
defining the U(1) gauge field «’. If we want to continue to

follow our hypothesis that left-right breaking occurs only
spontaneously we should do this on the left as well, so

AAB — A(AB) 4 ABg (53)

We use the same action (5), which becomes the previous
action plus a U(1) factor,

§ = §SL2O)c 4 gU()e (54)
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where §512C)c is the previous action (5) (with W extended as below), and

pl
SUMe = / BAf — B'AF + BAB — B'AB’
127G f=BAf+ G( )

1
) \II‘BAB—%\IJ;;B’AB'—%@;BAB’—foAB_BABAB—@A,B,,BA’B’AB—\I/AB,,BABAB’—‘IJA,B,,,BA’B’ AB' }
19’
+5 ) (‘II2+q/2+\112+\I/’,AB+\IﬂAB,+\I/- AV W, 5)
where B and B’ are Abelian 2-forms and f = da, f' = da’ and, now,
W = B,z AB*B — B,y ABYB + BAB — B'AB. (56)
We can again solve for the ¥ equations of motion to cast the action in the form
SUMe = / BAf —B'Af' + 4 — (BAB — B'AB') +L((B/\B)2 + (B'AB")? + (BAB')? — 4(BAB4g)?
472G 6G 12872G* ¢ AB
—4(BAByp)* —4(B'AByg)? —4(B'AByp)?). (57)
Note that if g =0 the U. equation of motion gives
BAB =0, (58)

which implies B = 0. So this extension of the gauge group is only possible in the extended (as opposed to the
unextended) Plebanski action. We then have no choice but to shift the U(1) fields:

B = —n'ng(éfﬂ +yex)f + q°b,

where : and y: have been defined in (28).

B' = —nGg*(8:1 + yex ) f' + ¢°V/, (59)

Again this gives a zeroth order action plus an action for the auxiliary fields, b and »’. Below we only write the U(1)¢ part

of the leading order action:

SU(I)C

0 = g Ut + Fulpo)d?" + OUAS + NS +
YM

- 4(f/\FA’B’)2 - 4(}/AFAB)2 - 4(}//\FA’B’>2>7

where we have used the shorthand notations }‘ =
(8:1 +yex)f and f' = (81 + ye*)f'. We see the follow-
ing interesting features:

(iythe two U(1) factors have the same Yang-Mills
coupling constant as the SU(2), factor, so there is
coupling constant unification;

(i1) however they will couple differently to matter as we
will see;

(iii) there is a universal four point coupling of vector
potentials of the form (FAF)? which has a universal
coupling

9¢4°G? 9¢°
2562~ 256M%E

(61)

/14»point =

which is quite small.

9 °G? o, 7! /
TG (FAF + (FAFY + (FAF)?

2568%¢

- 4(}/\FAB)2

(60)

VII. MATTER COUPLINGS

Matter couplings are tricky to write because there is no
metric or frame field initially (as for instance in [33]), but
only a B8 field. Couplings to scalars and additional gauge
fields can be done through the Urbantke metric, but they
involves nonpolynomial couplings. The simplest coupling
is to chiral spinors, with the following action [27]:

Shirac — /BABApA/\(DA)B + T4 ABUEAPC) . (62)

This works like the Plebanski actions above, but here t45€ =
7(ABC) js a Lagrange multiplier 1-form whose variation,
together with the leading order solution for B2, yields

TABApC) =0, (63)
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which is solved by inventing a complex conjugate spinor,
Aar, such that

A= M, (64)

Putting this back into the action we find an effective action
SPirac — / dy e NEABA(DA) g, (65)

which yields the Weyl theory for a right-handed spinor A4.
Let us now consider the right-hand side. By symmetry,
we must start the same way:

Spree = / BYE Ny N(DA) + tap o ABYE Ap©). (66)

Note that there is no relation between 44" and 14’; indeed the
latter is not even a field in the fundamental action.

In the symmetric solution things work the same way on
the right side as the left, and the result is that the fields
combine to make a Dirac spinor. But on the symmetry
breaking side things on the right side are not so simple.
Instead of (63) we have

FAB ApC) =0, (67)

which does not have any simple general solution.

In terms of its transformation properties, in the symmetry
broken phase, 1, is a space-time scalar and weak spinor, so
it has the quantum numbers of the Higgs boson.

VIII. CONCLUSION

Ever since the discovery and experimental success of the
standard electroweak theory, the origin of the weak
interaction’s chirality has remained a mystery. In this work
we have reached the conclusion that a parity symmetric
theory of gravity holds the key to the chiral origin and
maximal parity violation of the weak interaction. In
particular, we describe a parity symmetric theory of gravity
that has a symmetry broken phase, which organizes the
degrees of freedom to give rise to general relativity coupled
to a SU(2) Yang-Mills theory. The emergence of gravity
and the weak interaction is made possible because gravity
has been shown to be completely described in terms of
purely left-handed variables [9]. This leaves the right-
handed connection to function as the weak interaction
connection.

One concern is that the expansion in which we under-
stand the symmetry broken phase involves small g and
large 4, the dimensionless cosmological constant. [See (25)
and (34).] Since A is the bare cosmological constant, it
might be possible to imagine that it must be large to cancel
contributions coming from radiative corrections and sym-
metry breaking, but this will require more investigation.

PHYSICAL REVIEW D 89, 065017 (2014)

As clearly stated in [5] and [6], the parity-breaking
nature of the gravitational sector is tied to torsion, which
explains why experimentally it is extremely hard to detect.
In this model parity violation is maximal in the weak
interaction sector, as can be inferred from the fermion
vertex between the purely left-handed gauge field and the
leptonic sector. Conversely, parity violation is very sup-
pressed in the gravitational sector. Following Refs. [5] and
[6], we may recover nonminimal four fermion interactions
in the gravitational sector that are dimension-6 operators,
are suppressed by the square of the Planck scale, and
violate parity. Much work is required at the level of the
inclusion of matter in order to deepen parity-violating terms
in the gravitational sector, and we definitely plan to study in
greater detail these features in forthcoming works.

At the level of the quantized version of the theory,
another concern may originate from contemplating the
issue of the emergence of gravitational chiral anomalies.
For the two SU(2) symmetry groups of the theory, and
more in general for any SU(N) group, there will be no
gravitational violations of the gauge symmetries due to the
fact that generators of SU(N) gauge transformations are
traceless [34]. For the two U(1) groups that appear in this
study the issue is more subtle, and involves specific
assignments of the quantum numbers of the left-handed
fermions under both the hypercharge [34] and the “dark
hypercharge” sectors [35]. Gravitational anomalies are then
avoided if the sum of all the quantum numbers of the left-
handed fermions under each U(1) group vanishes. This is
the case for the hypercharge sector within the Standard
Model [34]. Nevertheless, a proper and consistent choice
for the assignments of the quantum numbers under the extra
U(1) symmetry group is also necessary to ensure avoidance
of gravitational anomalies,” and it has been considered
in Ref. [35].

Extending the SL(2, C) symmetry group to GL(2,C),
enables us to account for two additional U(1) sectors, one
of them describing the U(1), and the other accounting for
an extra Abelian gauge group that we can speculate may be
eventually related to dark matter. We note that the theory we
have discussed naturally supplies an extra U(1) which has
been suggested both as a constituent of dark matter [36,37]
and as possibly relevant to the diphoton excess seen at the
LHC [38,39]. In our model, the correct quantum numbers of
the Higgs boson arise naturally, and in the symmetry restored
gravitational theory the Higgs quantum numbers are iden-
tified with those of a sterile neutrino under a parity trans-
formation. Recovering the correct action for the Higgs field
deserves of course much more study. Furthermore, a non-
standard assignment for the Grassmannian weak spinor to
represent the Higgs field must be considered. It is also
important to see any effects of the symmetry breaking in

*We acknowledge one of our Referees for bringing to our
attention the points listed in this period and in the previous one.
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the neutrino and Higgs sector, such as new interaction
vertices. We leave these questions to future work. In this
work, we did not provide a mass generation’s mechanism,
such as spontaneous symmetry breaking (SSB), although it
is not difficult to implement this into our model. We will
address the issue of SSB in a forthcoming paper [31],
together with the role of the extra U (1) gauge sector, in order
to unveil its consequences for current and upcoming LHC
experiments.
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APPENDIX A: FROM LORENTZ INDICES TO
SPINORIAL INDICES: INFELD-VAN DER
WAERDEN MAP

We started from a theory that is Lorentz invariant, whose
“objects” in the starting action are Lorentz algebra valued
tensor fields. We have then recast the action in terms of
spinor fields. If we want to account for the usual Plebanski
theory with spinorial variables, we may start the analysis by
considering, instead of an SO(3, 1) principal fiber bundle,
an SL(2,C) principal fiber bundle, where SL(2,C) is the
universal covering of the group of SO(3, 1). Lorentz tensor
fields are then no longer simply sections of Pg; 5 ), but
they are allowed to be multilinear maps, or eventually
antilinear maps if we use complex conjugation. Sections
of these bundles are called spinor fields. We are then led to
the construction of a spinor algebra, that is mapped in the
Lorentz-algebra-valued tensor fields algebra through the
Infeld—van der Waerden symbols o:

! !
Trms... N TAA...BB,W — o..;lA .0 Tr...Sm’

RET (A1)

where again the pair of capital latin indices A, A’ take the
values 0, 1. We identify ¢4*" with the 2 x 2 unit matrix and
o, 04", 644 with the Pauli matrices, satisfying the
relations

o Gy = 5,

oMo, =5, (A2)
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This map allows us to recover spinor fields from Lorentz
algebra tensors, and thus to rewrite our starting actions for
the SL(2,C)¢ and GL(2,C) symmetric theories.

We start here below reviewing the spinor equivalent of
the objects entering our action. Tetrads are recast using the
map in e — ¢ = ¢%¢A’ Writing the Lorentz connec-
tion components requires us to select a convention in the
order that the primed and unprimed indices appear: what
matters is indeed the relative order of the primed with
respect to the unprimed indices associated to the Lorentz
index through the Infeld—van der Waerden symbols. Since
the Lorentz connection is written in terms of a pair of
antisymmetric indices such that A,;, = —A;,, we have then
that A pap = —Apapa,» from which it follows that the
Lorentz connection can be decomposed in

Appap = Anpexp +Axp€np, (A3)
in which now the components A, and A,/ p are symmetric
in the swap of indices in order to fulfill the prop-

erty Ajpap = —Aapap-
We use a convention such that £,5 = €42, in which e, is
the Levi-Civita symbol &y = —&;o = —1. Indices are

raised and lowered using the so-called ‘northwest-

southeast” convention, that means o’y = e"wyy and
4 /

e ¢ = ePCep,. Moreover

(A4)

The 1-forms A,y have an SL(2, C) connection with an
associated curvature 2-form that we may recover from the
Ricci tensor R, = Ryypn, Which can be decomposed in

Rynwn' = Runepn' + Ry eun (A5)
in which R,y and R, are also symmetric in the swap of
indices and are expressed by

Ryn = dAyy + Ay Npy,

Ry = dAyiy + Ay Npiy. (A6)
Following this recipe we can map any Lorentz tensor
field in a spinor field. Finally, we recall that

EunpoMN'P'Q = UEMPENQEM O EN'P — EMQENPEM PEN'Q')-
(AT)

Thanks to this decomposition, we may recast the
covariant derivative (with respect to the Lorentz connec-
tion) acting for instance on the tetrad field as

De = de? + AMpAeBA + AN p AP (A8)
which allows us for instance to write the Cartan structure
equation for the Einstein-Hilbert action in the vacuum as
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DelfyneM? =0« d(e'ne’)
— ek ne/ AAT g + el NeKAAY

=0. (A9)

Notice now that we may switch to the Plebanski
formulation of gravity by composing in the only two

possible combinations allowed for the tetrad field in the
resulting (Plebanski) 2-forms

BB = ACNBL, BYE =N ael,  (A10)
which in turn allows us to rewrite
I / 1 ! p! 'n!
M neBB = —E(SABBAB + eABBAE). (A1)

Using the Infeld—van der Waerden map we can recover
that the Plebanski 2-forms satisfy the following geometric
properties:

*BAB = BB, *BA'B = | BA'B (A12)
in which we have used the definition of the space-time
Hodge star operator

1
*(dx* NdxY) = 3 P gy GopdX® AdxP . (A13)

Thus  acts as an endomorphism on the Plebanski 2-forms.
Notice now that the identity *BABABAE = BAB A« BA'F
implies actually that

BABABAE =0, (A14)

and that finally

BABABp = 418465\ /=gd"x, (A15)
having recognized that d*x := dx° Adx' Adx> Adx>.

Notice that in terms of these Plebanski variables the
Einstein-Cartan action in the presence of a cosmological
constant A = 1/G rewrites

l A.
SEH — R/BAB[e]/\RAB[ACD] +§BAB[3]/\BAB[6L

(A16)

corresponding to “half” of our action for g = 0 and all the
Lagrange multipliers vanishing.

Similarly, without imposing that the Plebanski 2-forms
are simple but using the totally symmetric spinor-value
Lagrange multiplier U zcp,

Vapen = Yasen) (A17)
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the generalized Plebanski action (for g = 0) reads

Pleb[ pAB RA'B’ MN AM'N’ ABCD A'B'C'D’
SPIleb[BAB AT AMN AMN' QABCD ]

o l
472G
1

1 'n! N
-5 U, pcpBAEABCP + 5 U o BYE ABCP

{BAB/\RAB[AMN] — BYB ARy 5 [Aprn]

(A18)

A/ l 'rn!
+@BAB/\BAB - @BAB ABA,B,},

which is included in the action discussed in Sec. L.

Following these conventions, we briefly show in the next
appendix some identities involved in the calculations
reported in the previous sections.

APPENDIX B: IDENTITIES INVOLVING THE
PLEBANSKI 2-FORMS

We can start from the very definition of self-dual and
antiself-dual variables and find

1 1
2,?(? Zcpys = ) [e*? EfaD eaEepys] = 3 [E/J)ro'abz;rby&]

1|1 l 1
=33 (m-gemi)

l )
X <Eahy5 - 2€ahmzrsy5>:|

113
= g [Z Z%Zabya - lzﬁf;’fabcdzﬁg }

1

3
= —3_2%[,)9(;]5 + gepn'y&’ (Bl)

having used in the first line the Infeld—van der

Waerden map.
Given the 2-forms with internal indices (no matter if dual

of antiself-dual) A%2 and B2, we find

3 1
A;‘fBABaﬂellﬁ}’(ielll/ﬂU - 3_2 YypYo)s + g €poys5

3 l
== ﬁA;‘fBABWganU]ﬁ + gAﬁfBABmeaﬂ””
3 1
= — —AABB'ZDB + —

= Al DB,

A (B2)

Similarly for A4®" and BiL?, we find
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3°% 3 l
ALE B i gpe®roeh | — 35 Jrlp9els + g Epors

3 rp! l !
= _3_2‘4;1:‘1/3 BA/BIﬂl/gang]ﬂ + gA;évB BA’B’/weaﬂwj
— _iAA’B’BﬂD

1 A'B' uv
30w PAB +oAw” *B

g A e (B3)
Notice that we have used the definition of the Levi-Civita

tensors € written in terms of the Levi-Civita symbols ¢, such

that €% = gy153 = 1, €70 = 717 and €,5,5 = e€,p,5.

We have also used the definition of the gravitational Hodge

dual * introduced in the previous appendix.

|
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Below, we show some identities concerning or in-
volving the determinant of the metric. From the very
definition of the X% 2-forms it is straightforward to check
that

abycd _
8abcd2yu Zpa - €;wpa-

(B4)

For any two 2-forms A, and B,, that can be decomposed
in terms of tensors A 4 and Bp, symmetric in the spinorial
indices, using the Infeld—van der Waerden map and defin-
ing (...)-€=(...) 4,567, we find that

(A s ABep) - €SABASCD = 1A pABep) - & (SABAZCP) - € edtx
e e

= Aamecdﬂ{,ZgZZ;geaﬁyée’“”’”ed4x = AubBeapee? e ed  x. (B3)
We can also prove that B,gABAE = 4lied*x 4+ O(g?), since
Med*x = (e Aepne Ney)ed = (eqpNegg Aeco Neppy )eBEPABCD!
= (eqpNegpAecoNepp )I(eACEBPAD B C_ gAD gBCAC GB'DTy
= [=(e*onep)N(e " nePy) = (ect neP )N (eCpnep®)]
= —1B*BAB,p + O(57). (B6)
Thus we find for W
W := BygABAB — Bp ABA'F (B7)
= 4!l€d4x + ZQZbAB/\ZAB + g4bAB/\bAB
— 122G (81 + yex) g A(S:1 + yex)FAP + O(g®)
g g*
=4lie|1 - lﬁ(bAB/\ZAB) e—isy (DABAbyg) - €
G gt I~
1 (Bl + 7e%) Fap A(OeT + ) FY) e dix + O(d), (B8)
and consequently
R
W W-e
- 1+ lg—z(bAB/\ZAB) €+ lé (DABAbyg) - €
4ler 12 24
Gg* A'B 4 8
—1 (61 +7ex)Fap NSl +yex)FAP) €| d*x + O(g°), (BY)

24

having used the ansatz on the shifted relation between BA®" and FA'%'
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