Nonlinear supersymmetric general relativity and origin of mass
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Abstract
We explain the relation between the large scale structure (the cosmology) and the
low energy particle physics, e.g. the observed mysterious relation between the (dark)
energy density of the universe and the neutrino mass, which gives a new insight into
the origin of mass, based upon nonlinear supersymmetric general relativity towards
the unity of nature beyond (behind) the standard model.

Nonlinear supersymmetric general relativity (NLSUSY GR) [1], which is based upon the general relativity
(GR) principle and the nonlinear (NL) representation [2] of supersymmetry (SUSY) [3, 4], proposes a
new paradigm called the SGM (superon-graviton model) scenario [1, 5, 6] for the unified description of
space-time and matter beyond (behind) the standard model.

The NLSUSY [2] is known as a symmetry which represents a priori spontaneous SUSY breaking (SSB)
and the basic NLSUSY action [2] is described in terms of only spin-1/2 Nambu-Goldstone (NG) massless
fermions. Also, the NLSUSY model is recasted (related) rigorously to various linear (L) SUSY theories
with the SSB (NL/L SUSY relation), which has been shown by many authors in the various cases [7]-[12].

In NLSUSY GR, a new (generalized) space-time, SGM space-time [1], is introduced, where the tangent
space-time has the NLSUSY structure, i.e. it is specified not only by the SO(3,1) Minkowski coodinates

x, but also by SL(2,C) Grassmann coordinates ¢, (i =1,2,---, N) for NLSUSY. The new Grassmann

coordinates in the new (SGM) space-time means the coset parameters of % which can be

interpreted as the NG fermions (superons) associated with the spontaneous breaking of super-GL(4R)
down to GL(4R). The fundamental action in NLSUSY GR is given in the Einstein-Hilbert (EH) form
in SGM space-time by extending the geometrical arguments of GR in Riemann space-time, which has a
priori promising large symmetries isomorphic to SO(10) (SO(N)) super-Poincaré (SP) group [5].

The SSB in NLSUSY GR due to the NLSUSY structure is interpreted as the phase transition of SGM
space-time to Riemann space-time with massless superon (fermionic matter), i.e. Big Decay [6, 11] which
subsequently ignites the Big Bang and the inflation of the present universe. In the SGM scenario all
(observed) particles are assigned uniquely into a single irreducible representation of SO(N) (SO(10)) SP
group as an on-shell supermultiplet of N LSUSY. And they are considered to be realized as (massless)
eigenstates of SO(N) SP composed of N NG fermion-superons through the NL/L SUSY relation after
Big Decay.

Since the cosmological term in NLSUSY GR gives the NLSUSY model [2] in asymptotic Riemann-flat
(an ordinary vierbein e*, — §%,) space-time, the scale of the SSB in NLSUSY GR induces (naturally) a
fundamental mass scale depending on the cosmological constant and through the NL/L SUSY relation it
gives a simple explanation of the mysterious (observed) numerical relation between the (four dimensional)
dark energy density of the universe and the neutrino mass [6] in the vacuum of the N = 2 SUSY QED
theory (in two-dimensional space-time (d = 2) for simplicity) [13].

In order to explain the above low energy physics in NLSUSY GR, i.e. the relation between the large
scale structure and the low energy particle physics, let us begin with the fundamental EH-type action of
NLSUSY GR in SGM space-time given by [1]

Lyvsusyar(w) = IGCTGW\{Q(U)) — A}, (1)
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where G is the Newton gravitational constant, A is a (small) cosmological constant, (w) is the the
unified scalar curvature in terms of the unified vierbein w®,(z) (and the inverse w,*) defined by

W = e+ (), 1) = S (B0, — 0. ), @

and |w| = detw®,. In Eq.(2), e, is the ordinary vierbein of GR for the local SO(3,1), t*, () is the
stress-energy-momentum tensor (i.e. the mimic vierbein) of the NG fermion 1¢(x) for the local SL(2,C)
and ~ is an arbitrary constant of NLSUSY with the dimemsion (mass)™2. Note that e®, and t%,(¢)
contribute equally to the curvature of space-time, which may be regarded as the Mach’s principle in
ultimate space-time.

The NLSUSY GR action (1) possesses promissing large symmetries isomorphic to SO(N) (SO(10))
SP group [5]; namely, Lnpsusycar(w) is invariant under

[new NLSUSY] ® [local GL(4,R)] ® [local Lorentz] ® [local spinor translation]
® [global SO(N)] ® [local U(1)M].

Note that the no-go theorem is overcome (circumvented) in a sense that the nontivial N-extended SUSY
gravity theory with N > 8 has been constructed in the NLSUSY invariant way.

The SGM (empty) space-time for everything described by the (vacuum) EH-type NLSUSY GR action
(1) is unstable due to NLSUSY structure of tangent space-time and decays spontaneously to Riemann
space-time with the NG fermion-superons (matter) described by the ordinary EH action with the cosmo-
logical term, the NLSUSY action for the N NG fermions and their gravitational interactions, i.e. by the
following SGM action;

A

LSGM(€7 1/)) = 167TG€|U}VA|{R(€) —A + T(e, 1/1)}, (3)

where R(e) is the scalar curvature of ordinary EH action, T'(e, ¢) represents highly nonlinear gravitational
interaction terms of 1, and |wya| = det w®, = det(d¢ + t%;) is the determinant in the NLSUSY model
[2]. The second cosmological term in the action (3) reduces to the NLSUSY action [2], LnLsusy (¢) =
— iz |wyal, i.e. the arbitrary constant x of NLSUSY is now fixed to

_ A
= &G (4)

in Riemann-flat e,*(z) — 0¥ space-time. Note that the NLSUSY GR action (1) and the SGM one
(3) possess different asymptotic flat space-time, i.e. SGM-flat w,* — 0% space-time and Riemann-
flat e,* — 0,* space-time, respectively. The scale of the SSB in NLSUSY GR (Big Decay) induces a
fundamental mass scale depending on the A through the relation (4).

It is interesting and important to investigate the low energy physics of NLSUSY GR through the
NL/L SUSY relation. In asymptotic Riemann-flat space-time, we focus below on the relation between
the NLSUSY model and a LSUSY QED theory for the minimal and realistic N = 2 [10] SUSY (in the
d = 2 case for simplicity) [11, 12]; namely,

% ;L_’éa

Ly—sscm(e,¥) —" Ly—anwsusy (¥) = Ln—2susyqep(V, @) + [tot. der. terms]. (5)

In the relation (5), the N = 2 NLSUSY action Ly_anrsusy(®) for the two (Majorana) NG-fermion
superons ' (i = 1,2) is written in d = 2 as follows;

1 1 1
Ln—onrsusy () = _ﬁ|7~UVA| =52 {1 +t% + ?(taatbb - tabtba)}

- 1{1 — k2P Y — %n‘*(qﬂiaw%i&w - Wv“@bwiwjvbaawj)} (6)
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where & is a constant with the dimension (mass)~!, which satisfies the relation (4) in the d = 4 case.
On the other hand, in Eq.(5), the N = 2 LSUSY QED action Ly=2susyqen(V,®) is constructed
from a N = 2 minimal off-shell vector supermultiplet V' and a N = 2 off-shell scalar one ®. Indeed, the



most general Ly=osusyqep(V, ®) in d = 2 with a Fayet-Iliopoulos D term and Yukawa interactions, is
given in the explicit component form as follows for the massless case;

1 Teiovs 1 1 1
Li—susvaen(V,®) = —(Fu)? + SXOX + (0,4 + 5(0,0)° + 30° — =D

i 1 - i 1, .

c - Bl 2 U= - Fl 2
HoXIX + 5(0.B) + Grdv + S (F7)
+F(ANN + €N iys N — A%D + ¢°D + €** ApF )
+e{ivax'y“u — €99 B9, BY + N'xB' + €I \'vB?

DB + Ao+ o) - ¢>Z75V} £ A (B (1)
where (v2, X, A, ¢, D) (Fup = Oqvp — Opv,) is the V containing v® for a U(1) vector field, A* for doublet
(Majorana) fermions and A for a scalar field in addition to ¢ for another scalar field and D for an
auxiliary scalar field, while (y, B, v, F") is the ® containing (x,v) for two (Majorana) are fermions, B®
for doublet scalar fields and F* for auxiliary scalar fields. Also £ is an arbitrary dimensionless parameter
giving a magnitude of SUSY breaking mass, and f and e are Yukawa and gauge coupling constants with
the dimension (mass)! (in d = 2), respectively. The N = 2 LSUSY QED action (7) can be rewritten
as the familiar manifestly invariant form under the local (U(1)) gauge transformation in the superfield
formulation (for further details see Ref.[12]).

In the relation (equivalence) of the two theories (5), the component fields of (V,®) in the N = 2
LSUSY QED action (7) are expanded as composites of the NG fermions v, i.e. as SUSY invariant
relations,

(V. @) ~ &x" 1 (W) [wyal + -+ (n=0,1,2), (8)
where ()2 = pipd | €dahiysapd| €ehiy®ah | which are very promissing features for SGM scenario. The
explicit form [11] of the SUSY invariant relations (8) are obtained systematically in the superfield for-
mulation (for example, see Refs.[7, 9, 12]) and the familiar LSUSY transformations on the component
fields of the supermultiplet are reproduced in terms of the NLSUSY transformations on the v* contained.
Note that a four NG-fermion self-interaction term (i.e. the condensation of 1) appears only in the
auxiliary fields F* of the scalar supermultiplet ® as the origin of the familiar local U(1) gauge symmetry
of LSUSY theory [11, 12]. Is the condensation of NG-fermion superons the origin of the local U(1) gauge
interaction? The relation (5) are shown explicitly (and systematically) by substituting Eq.(8) into the
LSUSY QED action (7) [11, 12].

Now we briefly show the (physical) vacuum structure of N = 2 LSUSY QED action (7) related
(equivalent) to the N = 2 NLSUSY action (6) [13]. The vacuum is determined by the minimum of the
potential V (A, ¢, B%, D) in the action (7), which is given by using the equation of motion for the auxiliary
field D as

V(A,6,B) = 2 2 {A2 — ¢+ (B + 5}2 + 1A% 4 ¢?)(BY)? > 0 (9)
I 2f fr 2¢ =
In the potential (9) the configurations of the fields corresponding to vacua in (4, ¢, B*)-space, which are
SO(1,3) or SO(3,1) invariant, are classified according to the signatures of the parameters e, f, £, k. The
particle (mass) spectra are obtained by expanding the field (A, ¢, B?) around the vacua. We have found
that two different vacua appear in the SO(3, 1) isometry [13], one of which are described by means of the
resulting (physical) model with

one charged Dirac fermion ()p¢ ~ x + iv), one neutral (Dirac) fermion (Ap® ~ A1 —i)2),
one massless vector (a photon) (v,),
one charged scalar (¢¢ ~ 6 +ig), one neutral complex scalar (¢° ~ p + iw),

which are the composites of NG-fermion superons and the vacuum breaks SUSY spontaneously (the local
U(1) is not broken) (for further detailes, e.g. mass spectra, - -- etc., see [13]).

As for the cosmological significances of N = 2 SUSY QED in SGM scenario, the (physical) vacuum
for the above model simply explains the observed mysterious (numerical) relation between the (dark)
energy density of the universe pp (~ gr—g) and the neutrino mass m,,



pB> ~ (107 2GeV) ~ (m)* ~ G (~ gsv®),

provided —¢f ~ O(1) and A’ is identified with neutrino (m3, = %gf), which gives a new insight into the
origin of mass [6, 13]. (gsv is the superon-vacuum coupling constant.) Furthermore, the neutral scalar
field p (~ m,) of the radial mode in the vacuum may be a candidate of the dark matter, provided the
N =2 LSUSY QED structure is preserved in the realistic large N SUSY GUT model. (Note that w in
the model is a NG boson and disappears provided the corresponding local gauge symmetry is introduced
as in the standard model.)

Recently, we have been shown that the magnitude of the bare electromagnetic coupling constant e
(i.e. the fine structure constant o = %) is determined in the NL/L SUSY relation (i.e. the over-all
compositness condition) between the N = 2 NLSUSY model and the N = 2 LSUSY QED theory (in
d = 2) from the general auxiliary-field structure in the general off-shell vector supermultiplet [14].

The similar investigations in d = 4 are urgent, and the extension to N = 5 is important in SGM
scenario and to N = 4 is suggestive for the anomaly free nontrivial d = 4 field theory. Also NLSUSY GR
with extra space-time dimensions equipped with the Big Decay is an interesting problem, which can give
the framework for describing all observed particles as elementary a la Kaluza-Klein. Linearizing the SGM
action (3), Lsam(e, 1), on curved space-time, which elucidates the topological structure of space-time,
is a challenge. The corresponding NL/L SUSY relation will give the supergravity (SUGRA) [15, 16]
analogue with the vacuum breaking SUSY spontaneously. The physical and mathematical meanings of
the black hole as a singularity of space-time and the role of the equivalence principle are to be studied in
detail in NLSUSY GR and SGM scenario. Finally we just mention that NLSUSY GR and the subsequent
SGM scenario for spin-3/2 NG fermions [5, 17] is in the same scope.
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