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We construct N = 1 supersymmetry in 4 + 2 dimensions compatible with the theoretical framework of
2T physics field theory and its gauge symmetries. The fields are arranged into 4 + 2-dimensional chiral
and vector supermultiplets, and their interactions are uniquely fixed by supersymmetry (SUSY) and 2T-
physics gauge symmetries. Many 3 + 1 spacetimes emerge from 4 + 2 by gauge fixing. Gauge degrees of
freedom are eliminated as one comes down from 4 + 2 to 3 + 1 dimensions without any remnants of
Kaluza-Klein modes. In a special gauge, the remaining physical degrees of freedom, and their inter-
actions, coincide with ordinary N = 1 supersymmetric field theory in 3 + 1 dimensions. In this gauge,
SUSY in 4 + 2 is interpreted as superconformal symmetry SU(2, 2|1) in 3 + 1 dimensions. Furthermore,
the underlying 4 + 2 structure imposes some interesting restrictions on the emergent 3 + 1 SUSY field
theory, which could be considered as part of the predictions of 2T-physics. One of these is the absence of
the troublesome renormalizable CP violating F % F terms. This is good for curing the strong CP violation
problem of QCD. An additional feature is that the superpotential is required to have no dimensionful
parameters. To induce phase transitions, such as SUSY or electroweak symmetry breaking, a coupling to
the dilaton is needed. This suggests a common origin of phase transitions that is driven by the vacuum
value of the dilaton and needs to be understood in a cosmological scenario as part of a unified theory that
includes the coupling of supergravity to matter. Another interesting aspect of the proposed theory is the
possibility to utilize the inherent 2T gauge symmetry to explore dual versions of the N = 1 theory in 3 + 1
dimensions, such as the minimal supersymmetric standard model (MSSM) and its duals. This is expected

to reveal nonperturbative aspects of ordinary 1T field theory.
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I. 2T-PHYSICS FIELD THEORY

Two-time physics (2T physics) [1-15] is a unification
approach for usual one time physics (1T physics) through
higher dimensions that includes one extra timelike and one
extra spacelike dimension. This unification is distinctly
different from Kaluza-Klein theory because in the reduc-
tion from d + 2 to (d — 1) + 1 dimensions there are no
Kaluza-Klein towers of states. Instead, in the end result of
the reduction one finds a variety of (d — 1) + 1 emerging
spacetimes embedded in the same d + 2 spacetime, result-
ing in a family of 1T-physics systems in (d — 1) + 1
dimensions, with different dynamics from each other (i.e.
different Hamiltonians), obeying duality-type relationships
among themselves.

Furthermore, each 1T system in the family is a holo-
graphic image of the same parent system in d + 2 dimen-
sions and has hidden symmetries that reflect the global
symmetries of the parent theory. These hidden symmetries,
and the dualities, are reflections of the hidden extra dimen-
sions. Such properties of 2T physics are summarized with
some examples in Fig. 1 of Ref. [13].

The essential ingredient underlying 2T physics is the
basic gauge symmetry Sp(2, R) acting on phase space
XM P, [1]. The role of Sp(2, R) is most easily explained
in the worldline description of particles. In that context it is
a generalization of the l-parameter gauge symmetry of
worldline 7 reparametrization to a 3-parameter non-
Abelian Sp(2, R) gauge symmetry acting on phase space.
This gauge symmetry requires the particle to live in a
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target spacetime with two timelike directions, so the 2T
feature is an outcome of the gauge symmetry rather than
being an input by hand.

The extra 2 parameters in the gauge symmetry are able
to remove 2 degrees of freedom from target spacetime in
many possible ways. Through such gauge fixing one can
then find many possible embeddings of phase space in
(d — 1) + 1 dimensions into d + 2 dimensions. So, a given
d + 2-dimensional 2T theory descends, through Sp(2, R)
gauge fixing, down to a family of holographic 1T images in
(d — 1) + 1 dimensions. All images are gauge equivalent
(or dual) to each other, while each one is also gauge
equivalent to the same parent 2T theory in d + 2 dimen-
sions. However, the various images have differing 1T-
physics interpretations because of the different definitions
of “time”” and “Hamiltonian’ inherent in the phase space
embeddings of (d — 1)+ 1 in d + 2. The rich web of
dualities among the emerging 1T-physics systems is the
surprising unifying power of the 2T-physics approach.

2T physics includes all cases of particles moving in all
possible background fields [3]. It also describes particles
with spin [2] or with target space supersymmetry, by
appropriate generalizations of Sp(2, R) [4,5,7]. In all such
cases one finds unified families of 1T-physics systems that
emerge from a unifying parent theory directly defined in
d + 2 dimensions. So, 2T physics appears to be sufficiently
general to be able to accommodate all 1T-physics systems
as members of families of holographic images, with each
family representing some higher system with 1 + 1 extra
dimensions.

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.76.105028

ITZHAK BARS AND YUEH-CHENG KUO

The discussion in the present paper is at the level of 2T
field theory. To make the paper self-contained we have
included Appendix A to give some details for how one goes
from Sp(2, R) gauge symmetry on the worldline to 2T field
theory with its own 2T gauge symmetries.

Recently, a field theoretic description of 2T physics has
been established and applied to the standard model of
particles and forces [13]. In the field theoretic 4 + 2 stan-
dard model (SM), the type of phenomena such as hidden
symmetries, duality, holography, and emergent spacetimes
are also present owing to a newly discovered 2T gauge
symmetry in field theory which is actually a consequence
of the gauge symmetry Sp(2, R) on the worldline [12,13].
This is briefly explained in the case of scalar field in
Appendix A along with brief comments on the quantiza-
tion of the field theory. For the time being only one of the
field theoretic images, namely, the ‘“‘massless relativistic
particle” gauge (see footnote 8) noted as the first item in
Table I in Appendix A, has been studied in the field theory
context. This 3 + 1 holographic image of the 4 + 2 SM
coincides with the well-known 3 + 1 SM and improves
some of its properties as discussed in detail in [13].

In particular, some attractive features of the emergent
SM include a new solution of the long-standing strong CP
problem in QCD without an axion and novel ideas on the
origins of mass as briefly reiterated below. These features
emerge from the underlying 4 + 2 structure which imposes
some interesting restrictions on the emergent 3 + 1 stan-
dard model. Such properties of field theory in 3 + 1 di-
mensions [more generally (d— 1)+ 1] could be
considered as part of the predictions of 2T physics.

The goal of the present paper is to formulate the general
supersymmetric version of 2T-physics field theory in 4 + 2
dimensions, for fields of spins 0, %, 1 with N = 1 super-
symmetry (SUSY). This will be a starting point for physi-
cal applications in the form of the supersymmetric version
of the SM in 4 + 2 dimensions, as well as for general-
izations to higher N = 2, 4, 8, supersymmetric 2T-physics
|
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field theory, which will be presented in future papers. A
summary of our results for N = 1 SUSY has appeared as a
short letter [15].

In the following, we briefly summarize the essential
features of 2T field theory which will be the structure on
which we will impose N = 1 supersymmetry in the com-
ing sections.

The field theory in 4 + 2 dimensions with fields of spins
0, % 1 describes a set of SO(4,2) vectors A¢,(X) labeled
with M = SO(4, 2) vector, and a = the adjoint representa-
tion of a Yang-Mills gauge group G [for example, G =
SU@3) X SU(2) X U(1) for the standard model, G =
SO(10) for grand unification]; scalars H;(X), labeled by
an internal symmetry index i = 1,2, - - - (a collection of
irreducible represqntations of G); left- or right-handed
spinors ! (X), ¢k, (X) in the 4, 4 representations of
SU(2,2) = SO(4, 2), labeled with « = 1, 2, 3,4, and & =

1~, 2, 3, 4, and internal symmetry indices / = 1,2, - - - and
I =1,2,--- (again, a collection of irreducible representa-
tions of G).

The generic 2T-physics Lagrangian has the form of a
Yang-Mills theory in 4 + 2 dimensions (G-covariant de-
rivatives). But it contains 4 + 2 spacetime features shown
explicitly in the Lagrangian below, which are needed to
impose the underlying Sp(2, R) gauge symmetry and the
related 2T-physics gauge symmetries. For a summary of
how these concepts are derived from Sp(2, R) the reader
can consult Appendix A. The origin of the 2T-physics
gauge symmetry in field theory is more fully explained in
[12,13].

We emphasize the basic important fact that the equations
of motion that follow from the Lagrangian below impose
the Sp(2, R) gauge singlet conditions X?> = X - P = P? =
0 [or OSp(n|2) gauge singlet conditions for a field with
spin n/2], but now including also interactions [13]. The
field theory Lagrangian with these properties has the gen-
eral form (see Appendix A)

L = [ 800 Dy DY H,} + 28/ M H, + S0 H XDy, + 9D X o) — 5 XDy + FD X

. - - 1
+ XV I XYiH; + OF) H PXipui} + 6(X2){— 7 FiwFa™ = VH, H, @)}

— %8(X2)8M<136MCI> + 6’(X2)<I>2}

The left arrow on D,, means_that the covariant derivative
acts on the field on its left 4; D,; = Dy, . The distinctive
spacetime features in 4 + 2 dimensions include the delta
function 8(X?) and its derivative 8'(X?) that impose X> =
XMy u = 0 (see footnote 6), the kinetic terms of fermions
that include the factors XD, XD, and Yukawa couplings
proportional to yi, yi’ that include the factors X or X,
where X =T™X,,, D =T"D,, etc., with 4 X 4 gamma
matrices '™, T'™ in the 4, 4* spinor bases of SU(2,2) =

(1.1)

{
SO(4, 2). Our notation for gamma matrices for SO(4, 2) =
SU(2, 2) is given in Appendix B.

This Lagrangian is not invariant under translation of X
but is invariant under the spacetime rotations SO(4,2). In
fact, it has precisely the right spacetime, and gauge invari-
ance, properties for the 4 + 2 field theory to yield the usual
3 + 1 field theory. The reduction from 4 + 2 dimensions
XM to 3 + 1 dimensions x* is obtained via gauge fixing
(see footnote 8). The emergent 3 + 1 field theory is invari-
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ant under translations of x* and Lorentz transformations
SO(3,1). These Poincaré symmetries are included in
SO(4,2) that takes the nonlinear form of conformal trans-
formations in the emergent 3 + 1-dimensional spacetime
x*. The emergent 3 + 1 theory contains just the right fields
as functions of x*: all extra degrees of freedom disappear
without leaving behind any Kaluza-Klein type modes or
extra components of the vector and spinor fields in the
extra 1 + 1 dimensions. Furthermore, the emergent field
theory has the usual kinetic terms and Yukawa couplings in
3 + 1-dimensional Minkowski space [13].

As in the last line of the Lagrangian, one may also
include an additional SO(4,2) scalar, the dilaton ®(X),
classified as a singlet under the group G. The dilaton is
not optional if the action is written in d + 2 dimensions
(see [13]), as it appears in overall factors 2@=4/d=2,
®4=4/4=2 multiplying the Yang-Mills kinetic term and
Yukawa terms, respectively, in order to achieve the 2T-
gauge symmetry of the action. In 4 + 2 dimensions (d =
4) these factors reduce to 1, but the dilaton can still couple
to the scalars H in the potential V(H, H*, ®).

The 2T-physics field theory above is applied to construct
the standard model in 4 + 2 dimensions by choosing the
gauge group G = SU(3) X SU(2) X U(1) and including
the usual matter representations for the Higgs bosons,
quarks, and leptons (including right-handed neutrinos in
singlets of G), but now as fields in 4 + 2 dimensions. As
explained in [13] this theory descends to the usual standard
model in 3 + 1 dimensions.

When we apply the 4 + 2 approach to construct the
standard model, almost all of the usual terms of the 3 +
1-dimensional standard model emerge from the 4 + 2 field
theory above, except for two notable exceptions that play
an important physical role. Namely,

(1) There is no way to generate a renormalizable term in
the emergent 3 + 1 theory that is analogous to the P
and CP-violating term HF,“,FMS“’”“’ that is pos-
sible in a purely 1T-physics approach in 3 + 1 di-
mensions." The absence of 6 in the emergent
standard model is due to the fact that the Levi-
Civita symbol in 4 + 2 dimensions has 6 indices
rather than 4, and also due to the combination of

! Actually there appears as if there would be a topological term
of the form [ d®XeMMMMMMeTr(Fy o Fyyoag, Fago,) Whose
density is a total divergence for any Yang-Mills gauge group G.
Such a term could descend to 3 + 1 dimensions HF#,,FA,,:;“”A"
with an effective  ~ F*'~'. However, it can be shown that this 6
is 2T gauge dependent and is gauge fixed to zero in the process
of descending from 4 + 2 to 3 + 1 dimensions. This and other
possible sources of the # term are discussed and eliminated in
[13]. In this sense, the 2T gauge symmetry plays a similar role to
the Peccei-Quinn symmetry in eliminating the topological term.
But one must realize that the 2T gauge symmetry is introduced
for other more fundamental reasons and also it is not a global
symmetry. Hence, unlike the Peccei-Quinn symmetry it does not
lead to an axion.
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2T gauge symmetry as well as Yang-Mills gauge
symmetry. The absence of this CP-violating term
in 2T physics is of crucial importance in the axion-
less resolution of the strong CP violation problem of
QCD [13].

(i) The 2T-gauge symmetry requires the potential
V(H, H*, ®) to be purely quartic, i.e. no mass terms
are permitted. Then the emergent 3 + 1 theory can-
not have mass terms for the scalars and is automati-
cally invariant under scale transformations. This
makes the mass generation with the Higgs mecha-
nism less straightforward since the tachyonic mass
term is not allowed. However, by taking the Higgs
potential of the form V(®, H) = 2(HTH — a?>®?)?
we obtain the breaking of the electroweak symmetry
by the Higgs doublet (H) driven by the vacuum
expectation value of the dilaton (®), thus relating
the two phase transitions to each other. In this way
the 4 + 2 formulation of the standard model pro-
vides an appealing deeper physical basis for mass.”

Having established that 2T physics field theory introdu-
ces new phenomenologically relevant constraints, it would
be of great interest to find out whether the SUSY version is
also constrained in phenomenologically significant ways.
This is especially relevant in view of the upcoming experi-
mental activities at the LHC starting in 2008. It would be
interesting to formulate experimental signatures that could
distinguish 2T-physics versions of SUSY from others, due
to some extra constraints rooted in the structures of 4 + 2
dimensions. The first step towards this goal is the formu-
lation of SUSY in 2T-physics field theory which we present
in this paper. We will establish the transformation rules for
2T-physics N = 1 SUSY in 4 + 2 dimensions, which are
different than a straightforward higher-dimensional SUSY,
and will build the general SUSY Lagrangian for fields with
spins 0, % 1, with any Yang-Mills gauge group G, and with
any representations.

The plan of the paper is as follows. Section II gives a
quick outline of the paper for the reader who is interested in
seeing the results without the technical details. So, in
Sec. II we give a summary of our results for the general

ZAs argued in [13], the dilaton-driven electroweak phase
transition makes a lot more sense conceptually than the usual
approach in which the electroweak phase transition is an isolated
phenomenon. This is because the Higgs vacuum expectation
value fills all space everywhere in the Universe. This is a hard
concept to swallow without relating it to the evolution of the
Universe, which then requires the participation of gravity. In the
2T-physics version of the SM, the Higgs (H) has to be driven by
the dilaton (®) which is a member of the gravity multiplet, so an
essential part of the physics of the standard model becomes
intimately related to the physics of gravity and all of its other
consequences. In particular a relation is established to other
phase transitions that are expected to be dilaton driven in the
evolution of the Universe, such as the vacuum selection process
in string theory, and perhaps even to inflation that is driven by a
scalar field which could be the dilaton.
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N = 1 supersymmetric action for a coupled system of spin
0, %, 1 fields. We give the SUSY transformation laws that
have many new features and derive the conserved SUSY
current for the fully interacting system. These fields are
arranged into N = 1 chiral and vector multiplets of SUSY
in 4 + 2 dimensions, consistent with the gauge symmetries
of 2T physics, and with the gauge symmetries of a Yang-
Mills group. In Sec. III we deal with the chiral multiplet by
itself, discuss the SUSY symmetry in detail, and derive the
conserved SUSY current. In Sec. IV we discuss the vector
multiplet by itself in detail. In Sec. V we couple chiral
multiplets with vector multiplets and find the unique ac-
tion, supersymmetry transformation, and conserved cur-
rent, justifying the outline in Sec. II. Finally, in Sec. VI we
conclude with some comments and point out future
directions.

In Appendix A, we briefly explain how a field theoretical
formulation arises from the underlying worldline descrip-
tion of 2T physics and Sp(2,R) gauge symmetry on the
worldline. In particualr, how the 2T gauge symmetry
which is essential to restrict the form of 2T field theory
action is obtained and how one does gauge fixing to obtain
usual 1T field theory. In Appendix B we provide technical
details on gamma matrices for SO(4,2). In Appendix C we
derive some Fierz identities that are used in the proof of
SUSY including interactions. In Appendix D we discuss
the closure of the SUSY algebra into the supergroup
SU(2, 2|1) when the fields are on shell, and into a larger
algebra when the fields are off shell.

II. N = 1 SUSY IN 2T PHYSICS AND SUMMARY
OF RESULTS

In this section we will provide a summary of our results.
In the following sections, we will show how each piece in
the action and the SUSY transformations arise step by step.

To some extent the well-known 3 + 1 SUSY structures
are a guide toward the 4 + 2 SUSY structures, since after
all the 3 + 1 chiral supermultiplet and vector supermulti-
plet should emerge as the end result of the 2T-physics
gauge fixing. Therefore, the spin 0, %, 1 fields are members
of the chiral and vector supermultiplets in the 4 + 2 2T-
physics SUSY theory.

The chiral supermultiplet (¢, ¢, F); in 4 + 2 dimen-
sions contains a set of SO(4,2) scalars ¢;(X), left-handed
spinors ;;,(X) in the 4 representation of SU(2,2) =
SO(4, 2), labeled with @ = 1, 2, 3, 4, and auxiliary com-
plex scalar fields F;(X), all labeled by an internal symme-
try index i = 1,2,3,--- of a gauge symmetry group G.
The internal symmetry index i is used here generically to
denote any collection of several irreducible representations
of G.

The vector supermultiplet (A,;, Ay, B)* contains fields
that carry SO(4,2) spacetime indices required by their spin.
Thus the spin-1 A{,(X) is the Yang-Mills gauge field, the
spin-1 A%, (X) is the gaugino, and the spin-0 B*(X) is the
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auxiliary field.? They are all labeled by a which belongs to
the adjoint representation of the gauge symmetry group G.

The SUSY transformations of the chiral and vector
multiplets that leave the action invariant will be discussed
below after we make some remarks about the significance
of various terms in the action (2.3). To simplify our nota-
tion we will suppress the group G indices i, a in parts of the
discussion in this paper and make it explicit when it is
necessary for clarity.

A. Lagrangian

In what follows, we use mostly left-handed spinors but
also find it convenient at times to use right-handed spinors
as the charge conjugates of left-handed ones. The left-
handed spinor ¢ ,(X), in the 4 representation of SU(2,2),
is labeled with ¢ = 1, 2, 3, 4 while the right-handed spinor
¥ra(X), in the 4 representation of SU(2,2), is labeled with
a =1, 2, 3, 4. One may also construct an 8-component
spinor of SO(4,2) with a Majorana condition such that ¢,
together with ¢y make up the 8 components of

_ ¢L>
o= (o
and because of the Majorana condition, ¢ and ¢; are
related to each other. One could rewrite all right-handed
spinors as left-handed ones by charge conjugation which is
given by
Yr=Cyl =Cn" ()", or ¢ =—(p)’C. (2.1)
Using these definitions we can also write the following
relations that are equivalent to Eq. (2.1):

Y =—Cip, or g =()'C.

Our SO(4,2) gamma matrix notation in the Weyl basis,
which includes explicit forms of the antisymmetric charge
conjugation matrix C = 7 X 05, and the symmetric
SU(2,2) metric n = —i7; X 1 used to construct the contra-
variant % = ()t 9)B = (%) 4m*#, are explained in
detail in Appendix B.

To satisfy the gauge symmetries of 2T physics discussed
in [13], each one of the spin 0, %, 1 fields can occur only in
the form of the Lagrangian of Eq. (1.1). On this structure
we now impose SUSY whose details are described in the
following sections. It turns out that the general theory of
the N =1 chiral multiplet coupled to the N = 1 vector
multiplet gets organized as follows:

(2.2)

L= Lchiral + Lvector + Lint + Ldilaton- (23)

The vector multiplet (A, Az, B)® with its self-interactions
>The auxiliary field is usually called the D-term in 3 + 1

SUSY, but we use here the letter B to avoid confusion with
the symbol for covariant derivative D.
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is described by

1
Lyector = S(Xz){_ ZFZL:/INFQ/IN
- _ - = 1
+ %[)‘ZXD)‘aL + /\ZDX/\aL] + EBaBa}- 2.4)

The chiral multiplet (¢, ;, F);, with its self-interactions
are described by

L chira = 5(X2){_DM§0iTDM€0i
+ S XDyy + FDX ) + FUF,
ow j _ *W

dIo; dp;dep;
+28'(X¥) et .. (2.5)

Some of the interactions of the chiral multiplet with the
gauge multiplet already appear through the gauge cova-
riant derivatives D™ ¢; and DM, . Additional interactions
of the vector and chiral multiplets occur also through the
auxiliary fields B¢ and the gaugino A{ as follows:

Li = 86X aet(t,)l0;B° + BeTi(1,)](;)T (CX)AY}
+ H.c., (2.6)

where «, 8 will be uniquely determined by SUSY. Finally,
a sketchy description of the dilaton is given by

Ldilaton = {_%8(X2)8M(D6Mq) + 6/(X2)q)2
+ superpartners of @
+ §(X°){£,BD* + V(D, @)} (2.7)

We note the following points on the structure of the
Lagrangian:

(1) The W(¢p) in L is the holomorphic superpoten-
tial consisting of any combination of G-invariant
cubic polynomials constructed from the ¢; (and
excludes the ¢'t)

W(p) =y o004,
y'/k = constants compatible with G symmetry.

(2.8)

The purely cubic form of W(¢) leads to a purely
quartic potential energy for the scalars after the
auxiliary fields F; and B? are eliminated through
their equations of motion. A purely quartic potential
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is required by the 2T gauge symmetry even without
SUSY.

(2) The X in the Yukawa couplings ()7 X
(CX)j1 azg‘;/_ or B(@Tty, )T(CX) A, is consistent
with the SU(2, 2) = SO(4, 2) group theory property
(4 X 4) ypisymmenic = 6, namely, two left-handed fer-
mions must be coupled to the vector X to give an
SO(4,2) invariant. The X insertion is also required
for the 2T-gauge invariance of the Yukawa cou-
plings, as discussed in [13].

(3) SUSY requires that the dimensionless constants «,
B are all determined in terms of the gauge coupling
constants g for each subgroup in G as follows®:

a=g  B=+2g (2.9)

The only parameters that are not fixed by the sym-
metries are the Yang-Mills coupling constants g,
and the Yukawa couplings y"/* which are restricted
by invariance under G-symmetry, namely,

ow
dp;

(1,9)i = O. (2.10)

(4) As in the nonsupersymmetric case discussed in the
previous section, in the SUSY 2T-physics theory
there is no way to write down a term in 4 + 2
dimensions that will reduce to the CP-violating
term OF ,,F,,e*"* that is possible in 3 + 1 di-
mensions in the context of purely 1T physics. The
absence of this CP-violating term is of crucial im-
portance in the axionless resolution of the strong CP
violation problem of QCD suggested in [13], and
which generalizes to the supersymmetric case in this
paper

(5) Now we turn to the dilaton term L gja0n- AS men-
tioned above, the superpotential W(¢) is restricted
by supersymmetry to be purely cubic in ¢. So for
driving the spontaneous breakdown of the G sym-
metry the same way as in the nonsupersymmetric
case (as in footnote 2), as well as for inducing soft
supersymmetry breaking through the Fayet-
Illiopoulos type of term &,®?B¢, it would be desir-
able to couple the dilaton ® to the chiral and vector
multiplets by having interactions of the form
V(®, ¢) and &, # 0 for U(1) gauge subgroups.
However, we have not yet included the superpart-
ners of the dilaton because this is still under devel-
opment in the 2T-physics context, so we are not yet

“There is a separate gauge coupling g for each subgroup in G,

so there are separate «, 8 proportional to the g for each such
subgroup.
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in a position to discuss the SUSY constraints on the
desired couplings. So in this paper we will not be
able to comment in detail on the dilaton-driven
electroweak or SUSY phase transition. However,
we point out that in agreement with footnote 2 this
is again a consistent message from 2T physics,
namely, that the physics of the standard model, in
particular, the electroweak phase transition that gen-
erates mass, is not decoupled from the physics of the
gravitational interactions in a complete unified the-
ory of all the forces. The full theory may be attained
by further pursuing these hints provided by the 2T-
physics formulation of the standard model.

B. SUSY transformations

We now summarize the properties of the SUSY trans-
formations for the chiral and vector multiplets that leave
invariant the action S = [ d°xL based on the above
Lagrangian. The supersymmetry transformation for the
chiral multiplet is [in the following e = C&! and &; =
(e.)TC, and similarly for Ag or i, as in Egs. (2.1) and
(2.2)]

- 1_ - 1w .
Opp; = {SRX’wbiL + X2|:_§8RD‘//iL + 3 WWLSL
ig ,_ _
— ——= (LA} + Afep)(t, o) (L 2.11
S e LL>(¢>}} @.11)
8. = i(Dye))Teg) — iFiey, (2.12)
8.0 = iggT™(Dy @)t + iz F1i, (2.13)

8,F; =&, [XD — (X - D + 2)Jghy, — iv28(8, XA8)(1,9):-
(2.14)

The supersymmetry transformation for the vector multiplet
is

1 _ _ 1 _
88 aM = {_\/ZaLFMXAZ + X2|:2\/§ SLFMN(DN)\Z)

i .
- Zg(éLrM%)(tago)iﬂ + He., (2.15)

5.A¢ — i pa qpmNg )~ L pag (2.16)

e/lL 2\/5 MN L \/2_ L :
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_ 1 1
SN0 = i——(§, TMN)Fe, — &, B, 2.17
L 2\/5( L ) MN \/§ L ( )
8,8 = ——5,[XD — (X-D+2)]A¢ + He.  (2.18)

V2

These SUSY transformations have some parallels to naive
SUSY transformations that one may attempt to write down
as a direct generalization from 3 + 1 to 4 + 2 dimensions.
However, there are many features that are completely
different.” These include the insertions that involve X =
XMT',, or X = XMT",,, the terms proportional to X2, and
the terms proportional to derivative terms involving
(X - D +2). These are off shell SUSY transformations
that include interactions and leave invariant the off shell
action. The free field limit of our transformations (i.e.
W = 0 and g = 0) taken on shell [i.e. terms proportional
to X? and (X - D + 2) set to zero] agrees with previous
work which was considered for on shell free fields without
an action principle [16].

Despite all of the changes compared to naive SUSY, this
SUSY symmetry provides a representation of the super-
group SU(2, 2|1). This is signaled by the fact that all terms
are covariant under the bosonic subgroup SU(2,2), while
the complex fermionic parameter g; and its conjugate &;,
are in the 4, 4* representations of SU(2,2), as would be
expected for SU(2, 2|1).

The closure of these SUSY transformations is discussed
in Appendix D in the case of the pure chiral multiplet (i.e.
gauge coupling g = 0). The commutator of two SUSY
transformations closes to the bosonic part SU(2,2) X
U(1) C SU(2, 2|1) when the fields are on shell. More gen-
erally, when the fields are off shell the closure includes also
a U(1) outside of SU(2, 2|1) and a 2T-physics gauge trans-
formation, both of which are also gauge symmetries of the
action.

When reduced to 3 + 1 dimensions by choosing a gauge
as prescribed in footnote 8, the SU(2, 2|1) transformations
give nonlinear off shell realization of superconformal sym-
metry in 3 + 1 dimensions.

C. Conserved supercurrent

The Lagrangian in Eq. (2.3) transforms into a total
divergence under the SUSY transformations (in the ab-
sence of the dilaton). Applying Noether’s theorem we

>Once we notice the parallels, part of the structure can be
understood from SU(2,2) group theory. For example, consider
the gamma matrix structures X, etc. sandwiched between fermi-
ons, which are absent in 3 + 1 dimensions. £z X¢;; is a SU(2,2)
scalar since £ and ;; are both in the 4 representation of
SU(2,2), and the product 4 X 4 = 6 + 10 shows that when we
couple the 6 to the SO(4, 2) = SU(2, 2) vector XM through the
gamma matrices, we obtain a scalar.
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compute the conserved SUSY current. The details are
shown step by step in Secs. III, IV, and V. The result is

I = 5() DXy (TN — VK

ow
+ — Xy MV,
1 _
+ o P X IR — D
i .
+ \/% so,»(rago*)lXNFMNALa}, (2.19)

where the first line comes from L ;.,, the second from
L,,.c1or» and the third from L;,,. The Hermitian conjugate of
JM can be written as the right-handed counterpart of the
above J¥ = C(JM)T (see Appendix B for Hermitian and
charge conjugation properties)

Ju = a(xz){DK<xN¢*f>(f’<NfM — VR,

ow* AN L
1 _ _
+ Fo X I‘KLNFM _ NMFKL A .
2\/5 KL N( n ) R
ig ti SMN
— 18 ot @) Xy TMN Mg, . 2.20

Using the equations of motion that follow from the action
(2.3) we can verify that this SUSY current is conserved

The conservation of the current amounts also to a proof of
SUSY for the theory of Eq. (2.3) that supplies the equations
of motion.

In the rest of the paper we provide the details of the
theory summarized above.

III. CHIRAL SUPERMULTIPLET IN 2T PHYSICS

The chiral multiplet (¢, ¥, F); is defined in terms of
left-handed spinors. As noted in Egs. (2.1) and (2.2), right-
handed spinors i are treated as the charge conjugates of
left-handed spinors. Hence, for each i, there are only 4
independent complex fermionic components (i; ,);. If one
would like to introduce right-handed independent fermions
g, one may do so by introducing more (i ); with different
values of i since these are equivalent to the ¢ under
charge conjugation. It is evident that the formalism in the
form (¢, ¢, F);, with a range of values for i, includes all
possible chiral supermultiplets (left or right) that may be
needed in various applications.

PHYSICAL REVIEW D 76, 105028 (2007)

A. Interacting action for chiral supermultiplets

Independent of SUSY, the free field part of the action is
determined by the field theoretic formulation of 2T physics
given in [13]

So = [dGXS(Xz)[%(goTazgo + 02pte) + FTF
+ %(IZLX‘;IIIL + l/_/LBX '/fL):|’ 3.1

where X = XMTy,, d=1Ma,,, etc.
Hermiticity property

By using the

(i'»zlLFMFN T f‘Kllsz)Jr = il/_/zL(_FK) T (_FN)

X (=", (3.2)
which is explained in Egs. (B27)—(B32), it is easily verified
that this action is Hermitian.

The delta function® in the volume element d®X 8(X?) as
well as the given structure of the kinetic terms are required
by global SO(4, 2) = SU(2, 2) and local 2T-physics gauge
symmetries [13]. The gauge symmetry is responsible for
eliminating ghosts and thinning out the field degrees of
freedom from 4 + 2 to 3 + 1 dimensions holographically
without any residual Kaluza-Klein type excitations. It is
also responsible for the unifying features of 2T physics as a
structure above 1T physics through various definitions of
time in the embeddings of 3 + 1 dimensions in 4 + 2
dimensions (see Fig. 1 in [13]).

It will be convenient to rewrite the scalar part of the free
action by doing an integration by parts so that it contains
only first order derivatives. The result is’

So(p, F) = f d6X[5(X2)(—aM¢’faM<p + PR

+ 25'(X2)¢Jf<p} (3.3)
The term that contains 28'(X?) with a specific coefficient is
an outcome of the 2T-physics gauge symmetry. Similarly,
the fermion term is invariant under a separate 2T-physics
gauge symmetry [13]. It may also be integrated by parts.

®Some useful properties of the delta function
include -7 6(X?) = 2X,,6'(X?), X -5%6(X?) =2X%6'(X?) =
—28(X?), and 926(X?) =2(d + 2)8'(X?) + 4X286"(X?) =
2(d — 2)6'(X?). Here &'(u), 8" (u) are the derivatives of the delta
function with respect to its argument u = X>. So we have used
ud'(u) = —6(u) and ud"(u) = —28'(u) as the properties of the
delta function of a single variable u to arrive at the above
expressions. These are to be understood in the sense of distri-

butions under integration with smooth functions.

" An intermediate step in deriving Eq. (3.3) has the second term
in the form fdﬁXS’(Xz)X- d(¢t@). This differs from the ver-
sion in Eq. (3.3) by a total derivative.
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After using TMX = —XT'M +2XM and &'(X*)XX =
X268'(X?%) = —68(X?), it takes the form

So() = i f BXSXFXT — (X -0+ 2. (34)

By using the relation ’'MNX,,0, = Xd — X - 9 this may be
rewritten further in the spin-orbit coupling form

!
So) = i [ X0 T Ly +2 o 35)
i
where L,y is the SO(4,2) orbital angular momentum

Lyny = —iXydy — Xydy). (3.6)

The free field equations are derived by extremizing the
action in Eq. (3.1)—(3.5) while treating carefully the delta
function as in footnote 6. The result is [13]

(ngo)xz:() =0, [(X-d+ 1Delp_y =0, a7
(F)X2:() =0,
(X0t )x2—g =0, [(X-0+ 2 ly—0 =0 (3.8)

plus their complex conjugates. Accordingly, when the
fields are on shell, they are homogeneous with a specific
degree of homogeneity, namely, under rescaling they give
o(tX) =t'o(X) and ¢, (tX) =t %, (X). However,
when the fields are off shell they are not restricted to be
homogeneous. We emphasize that our supersymmetry
transformations given below are constructed off shell with-
out homogeneity restrictions on any of the fields

(¢, Y1, F);.
With an appropriate holographic embedding of 3 + 1
dimensions in 4 + 2 dimensions as shown in the footnote,8

8The “relativistic particle gauge” that provides one of the
embeddings of 3 + 1 dimensions in 4 + 2 dimensions is given as
follows. We choose a lightcone-type basis in 4 + 2 dimensions
so that the flat metric takes the form ds? = dXMdX"Nn,y =
—2dXV'dX~" + dX*dX*m,,, where 1,,,,, with u, v = 0,1,2,3
is the Minkowski metric and X*' = % (XY = X" are the light-
cone coordinates for the extra space X' and time X% dimen-
sions. Furthermore we choose the following parametrization
Xt =k, X~ = k), X* = kx*, which defines the emergent
3 + 1-dimensional spacetime x* as embedded in 4 + 2. The
inverse relation is k = X', A =X x# = X This provides
one of the many possible embeddings of 3 + 1 dimensions in
4 + 2 dimensions. In this paper we will mainly use the 3 + 1
spacetime embedding given above. This embedding, first dis-
cussed by Dirac [17], was useful to express the usual standard
model of particles and forces as a gauge fixed form of 2T physics
[13]. Therefore, the same 3 + 1 embedding will connect the
supersymmetric standard model in 3 + 1 dimensions to the
supersymmetric formulation of 2T physics in 4 + 2 dimensions.
In addition to the embedding described above there are many
other embeddings of 3 + 1 in 4 + 2. Such embeddings corre-
sponds to Sp(2, R) gauge choices in the underlying 2T-physics
worldline theory and lead to a variety of 1T-physics dynamical
systems as summarized in Fig. 1 of Ref. [13].

PHYSICAL REVIEW D 76, 105028 (2007)

the on shell equations above are equivalent to free relativ-
istic massless fields in 3 + 1 dimensions [13].

The general interaction among chiral supermultiplets,
which we will show to be supersymmetric directly in 4 + 2
dimensions is given by

Sine = fdﬁXCs(Xz)[(a—wFi - %(JIR)I'X(‘//L)

92w
dp; )

ja%a%

+ H.c. } (3.9

where W(¢) is any cubic superpotential constructed from
the scalars ¢;, i = 1,2,3,---, with any desired internal
symmetry group G.

The structure of Sy, is similar to the SUSY formalism in
3 + 1 dimensions, except for the fact that the Yukawa
coupling in 4 + 2 dimensions involves the factor X in the
expression  (g); X(4r); = (Pr.)i(CX)*P(fp);. Taking
into account that (CX)*# is antisymmetric in (a < B),
and that the fermions anticommute, this factor is symmet-
ric under the interchange of i and j and is consistent with

. 2
the symmetric =2 %
y Ip;0g;

As in 3 + 1 dimensions, the auxiliary fields F; can be
solved from the equations of motion

W )
Fti=— = —3yifkp. ,
90, YUk (3.10)
AW\ ‘
= — — —2v* pti Tk
Fi <a¢i> 3y et

and inserted back into the action, so that Sy, = So + Sin
can be expressed only in terms of the dynamical fields
(¢, ¢1); in 4 + 2 dimensions. The effective scalar potential
energy “F-term” in the supersymmetric 4 + 2 action is
then Vi(e, of) = Ig—;‘i |2, just like 3+ 1 dimensions.
However, to discuss the SUSY properties of the action, it
is more convenient to keep the F; off shell in the actions S,
Sin: as written above. We will see that unlike 3 + 1 dimen-
sions, Sy, S;, are not separately supersymmetric in 4 + 2
dimensions, but after reducing the theory to 3 + 1 dimen-
sions, the mixing term will drop and the 4 + 2-dimensional
supersymmetry will reduce to ordinary 3 + 1 superconfor-
mal symmetry.

Renormalizability of 2T-physics field theory in 4 + 2
dimensions is determined by the renormalizability of the
equivalent 1T field theory in 3 + 1 dimensions in the 2T-
physics gauge described in footnote 8. Hence renormaliz-
ability restricts W to be at the most cubic in 3 + 1 as well
as 4 + 2 dimensions. Furthermore, the 27T-physics gauge
symmetries discussed in [13] require that Sy + S, cannot
have any dimensionful couplings or mass terms in 4 + 2
dimensions. Hence Vj(p, ¢f) = Ij.j—:)‘il2 must be purely
quartic, or W must be purely cubic, which is also what is
required by supersymmetry.
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As in the case of the nonsupersymmetric standard model
discussed in [13], this cubic restriction on W will require
that we include a supermultiplet that includes the dilaton ®
as part of the fields in our theory so that we can generalize
to W(g, ®@). This would be used to drive the spontaneous
breakdown of the electroweak SU(2) X U(1) gauge sym-
metry, as demanded by phenomenology. This point is
elaborated in more detail in the comments following
Eq. (2.3).

B. Supersymmetry transformations

SUSY transformations in 2T physics in 4 + 2 dimen-
sions with N supersymmetries were formulated for the 2T
superparticle on the worldline [4,5]. These form the super-
group SU(2, 2|N) as the global symmetry of the super-
particle, and therefore this is the supersymmetry in the
field theory version in 4 + 2 dimensions. Here we concen-
trate on N =1 supersymmetry with the supergroup
SU(2,2|1). The fermionic parameter g; is a left-handed
spinor (just like ;) in the 4 representation of SU(2,2). We
also note the right-handed charge conjugate ez = C&!
which is not independent of &; (just like ), and classified
as the 4 of SU(2,2)

We introduce the SUSY transformations of the chiral
multiplet (¢, ¥, F); off shell

8o = ExXihi, — 3X78p(9hy + U?j%) + 8i0;,

(3.11)
O b, = i(0@))eg — iF e, (3.12)

The additional pieces 8. ¢;, 8.F; [given in Eq. (2.11) and
(2.14) and explained in Sec. V] are proportional to the
gauge coupling constants g and are needed when vector
supermultiplets are coupled to chiral supermultiplets. In
this section we assume the chiral supermultiplets on their
own, so we will take 8L¢;l,—g = 8;Fl,—o = 0. In the
absence of interactions among the chiral multiplets the
coefficient U,-Jrj is also absent, but with interactions we

e = 3ot
where W(¢p) will turn out to be the superpotential of
Egs. (2.8) and (2.10). The last line may be rewritten as
8.F; = =&, G- TMNLyy + 2)ip;, + SLF; as in Egs. (3.4)
and (3.5).

There are some parallels and some differences between
these 4 + 2 SUSY transformations and the familiar ones in

will see that U;rj must satisfy U;rj =

PHYSICAL REVIEW D 76, 105028 (2007)

3 + 1 dimensions. In particular, the terms proportional to
X% and (X - 0 + 2)in 8, ¢, and 8,F;, respectively, have no
parallels in 3 + 1 dimensions, as noted following
Eq. (2.18).

The transformation of the Hermitian conjugate fields
(¢* ¢y, F*)! is derived from above by using the
Hermiticity properties of gamma matrices given in
Eqs. (B27)-(B32)

Scoll =i Xep — X2 0 — Ulhp)eg + Sloti,

(3.14)
8o, = igg(dg") + i5, FT, (3.15)
8 Fti = —(/_/’L[EX—(B ‘X +2)]e, + 8LFT. (3.16)

The transformation of the charge conjugate fields
(¢*, g, F*)', in terms of /% instead of ¢}, are obtained
by using the properties given in Eqs. (B42)—(B47)

S0t =5, Xyl — 1X?8, (0l + U'lipy) + 8L,

(3.17)

8oty = —i(d@T)e, + iFTiey, (3.18)

8 F1 = 5p(Xo — (X - 0 + 2)) + SLFT. (3.19)
The last line may be rewritten as &,F! =

—Eg(LTYNLyy + 2)ip + SLF1.

We will first show that the free action S, is invariant off
shell in the absence of interactions provided the matrix U,
Ut is dropped in the transformation rules (3.11)—(3.19).
When §;,; is included we will show that, unlike SUSY in
3 + 1 dimensions, Sy, S;,; cannot be made separately in-
variant. However, by including the U, UT terms in the
transformation rules (3.11)—(3.19), the total action S¢hiral =
So t+ S;, will be invariant off shell in 4 + 2 dimensions.

We begin with the free action in the form of Egs. (3.3)—
(3.5). Its variation is

8.5 = f X[~ 5(X2)ay et (8, 0) + 28/ (X))t 5,0

+ SXi(8. 4 )X — (X -0 +2)]yy,

+ F1(8,F)}] + H.c. (3.20)

Inserting the SUSY transformation given above we get
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8,50 = [ aox] ~80)au 0¥ 50X, — 5 X050ty + U |+ 280N 80k, — 5 X250, + Ui
+ i6(X*)(igg(dt) + ig, FH[Xd — (X0 +2)]y, + S(XP)FT5,[Xd — (X -9 + 2)]«!@} + H.c. (3.21)

In the first line, after using the properties X>6(X?) = 0 and X>8'(X?) = —8(X?), the terms containing X simplify to
SXA)(X -0+ Doteg(ay, + U gbR) In the last two lines, the terms proportional to FT&, cancel each other. The

surviving terms from all lines take the form of a total divergence plus a term proportional to U, Ut as follows:

5,50 = f dx{0,[8XVYT + (XX - & + Vet U7 g} + Hee. = 0.

Hence, in the free theory, by dropping the U, U terms in
the transformation laws, and dropping the total divergence
with proper boundary conditions, we have demonstrated
that we have a supersymmetric action 8,5, = 0. Here V}/
is given by’

Vi = Epl—(MeHX +TM(X -0 + 1ot
— dptXTM + XM}y, (3.23)

= gp{TM ot + TMNEX 0 ot hipy, . (3.24)

°The various terms in Eq. (3.27) contribute to the various terms
in Eq. (3.21) as follows. The subscripts in {- - -}, denote terms
that should be combined together for the same n

au[—8(X) (M N X ] = {—8(X2) M 1 d (5 Xb)}
+{=28'(X)(X - d@)ErXy}r
+{=8(X2) (2N ar X, be

au[8(XH)ERMM((X - 9 + Doty ]

={8'(X2)2(X - 0 + Dot apXyy}
+{8XA[(X - 0 + Dot lardile
+{8(X2)ap((X - 0 + 2(Fe M)}y,

Iul—8(X)ER(F@TXTM), ]
= {=8(X)[(Er(@eN XD, It5 + {8(X2)(ER(9 0N XD, }s
+{=28(XD)(Ex((X - & + 2) )b},

Iu[8XOXM (ot ] = {8(XP)Er(@TI(X - & + 2))]}s
+{8(X2)Er[(X - 0 + 2ot Ty 1.

The sum of these terms give the 6,5, in Eq. (3.21) after
cancelling the F1£; terms as follows:

8,5 = [ dOX[{— 8(X2)ay 01 9" (8 X )b

+{28'(X2)ptap X by + {8(X2)(X - 0 + Dol ardp s
— 8(XV)Erd o T[{X s — {(X - 0 + 2)}s]y.] + Hee.

(3.22)

{

Now using the generalized Noether’s theorem we obtain
the part of the conserved current (J¥), coming from the
free action S,

- JL
ve d(dpir)

5,F — 5(X2)VM> t He,

- d
8R(J%I)0 + H.c. = <m 88§D
M

L9 JL
3oy F) °
(3.25)

where the last term is obtained from the total divergence in
Eq. (3.22). For consistency of this computation we must
use again the form of the action in Egs. (3.3)—(3.5). Noting
that (a(LL = a(a F) = 0, only the first and last terms con-
trlbute %’hls gives the current which we write in several
equivalent forms

Er(J¥) = 8(X?)ex[d@T XTM — XM (3 1)

—T™(X -0+ Doty (3.26)
= 8(XN)ER[-TM"CXpaget — aM(XeN)y,  (3.27)
= 8(X?)&r(MO T — pMPT)y 0o(Xpet)  (3.28)

1 - - _
= 80| 5, M™CLyge I = (%o ) 0y

(3.29)

One can check explicitly that this current is conserved
when we use the equations of motion for the free action.

Now we turn to the interaction term S;,, in Eq. (3.9) and
investigate its transformation properties under SUSY for
any W. Inserting the transformation rules above we get
after some simplifications
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5,8, = f d6X6(X2)[<§:Z 5 X9+ 2.

Jd (W
8q>l<ago. >8M¢18LF X)),
i - - W
- (E(¢Li)TCX¢Lj)((8L)TCX¢Lk> m)
+ HC} (3.30)

One of the crucial observations here is the gamma matrix
identities for SU(2, 2) = SO(4, 2)
L(@TMN) BT yy),° =15,P5,° = 8,°8,F. (331

Using this identity, and the fact that CX is an antisymmet-
ric matrix, we see that the - term drops out due to a

p; 890

Fierz identity proven in Appendlx C. Then 6,S;,, takes the

form of a total divergence plus a term proportional to %,
J

g“ﬁ, , as follows:

5,8, = f dﬁx{aM[é(XZ)V{”]

+ 5(x2) W er(x -0+ 20 } +He, (332)
where
oW
Vit = = 2 e (3.33)

So, in the presence of the U, U T terms in the transforma-
tion laws, neither S, nor S, on their own are invariant.
However, the terms proportional to U, Ut, in Eq. (3.22)
combine to a total divergence with the terms proportional

aw aw M+ Hecl],
W1th
ow* _ .
provided
R 24 >2w*
U’ = , ij T o i % (3.35)
agolago] J a¢ laQD J
and
y ow y ow*
' d@; ! de™

These conditions require W(¢) to be a purely cubic, but
otherwise arbitrary, function in the scalar fields ¢;. Thus
only in the case of a cubic superpotential

W) =y o004 (3.37)

with arbitrary dimensionless constants y/* which should
be made compatible with other desired symmetries, we get
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a total divergence for the SUSY variation of the total action
by putting together Egs. (3.24), (3.33), and (3.34),

5 Sehiral = f dSXau[6(X*) (VY + VM + V)] + Hec,

(3.38)

which implies that the total action is supersymmetric
8.(Sy + Sine) = 0 off shell.

The fact that the superpotential W(¢) is purely cubic,
and therefore the F-term of the potential Vy = [0W/d ¢, |?
is purely quartic, is in agreement with what we should have
expected on the basis of the 2T-gauge symmetry, even
without supersymmetry, as discussed in [12,13]. How-
ever, it is interesting that by demanding supersymmetry
we also arrive independently at the same conclusion that
only purely quartic interactions are admitted in the field
theoretic formulation of 2T-physic in 4 + 2 dimensions.
This automatically implies a renormalizable field theory as
easily seen from the perspective of 3 + 1 dimensions.

Since the total divergence is not trivial, the conserved
current gets contributions from both Sy and S, and is
given by

& (UM = &x[(JR)o — 8GNV + VIN] (3.39)

where &z(J¥), is given in Eq. (3.26). Hence the super-
current is

e = O[O — POy g (Xt

aW*

690 (3.40)

XNFMN % }
By using the equations of motion for the self interacting
chiral multiplets that follow from (S, + S;,), one can
verify that the full SUSY current constructed above is
conserved

aM(J%)tolal =0 (341)

IV. VECTOR SUPERMULTIPLET IN 2T PHYSICS

We now turn to the vector supermultiplet (4,,, A;, B)* in
the adjoint representation of the Yang-Mills gauge group G
and at first examine it by itself without coupling it to the
chiral supermultiplet.

We begin with an action of the following form suggested
by 2T-physics field theory for any Yang-Mills type gauge
theory in 4 + 2 dimensions [13]

1
Lyecior = 5(X2){— — F§,yFMN + 2B“B

+ %[)Kgxmd + XZDXA(,L]}. “.1)
This action is invariant under 2T-physics gauge symme-
tries and has just the right structure to get reduced to a
gauge theory in 3 + 1 dimensions when gauge fixed as
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described in footnote 8, without any Kaluza-Klein left-
overs. In this form B¢ could be integrated out and set equal
to zero through its equations of motion. But after coupling
to the chiral multiplet, integrating out the auxiliary field B¢
in the interacting theory will give rise to the so-called
D-term which is a ¢* interaction for the scalar fields in
the chiral multiplet.

We now propose the following supersymmetry trans-
formations in 4 + 2 dimensions:

8.AY = {—2b&, T XA¢ + bX?&, Ty yDV A + 8'A4,}

+H.c, (4.2)
8:A¢ = ib*F§(TMNg, ) — ia*Ble,, 4.3)
8, A8 = ib(8, TMNYF¢,\ + ia&, B, (4.4)

8,B = a&;[XD — (X - D + 2)]A¢ + Hec. 4.5)

Here a and b are complex numbers whose values remain
arbitrary until they are fixed later when we include inter-
action with chiral multiplets [see (5.16)]. Also, & lA"M as
given in Eq. (2.15) is an additional piece that arises only
when chiral multiplets are coupled to vector multiplets and
is determined later in Eq. (5.23) for the coupled theory.
When vector supermultiplets are considered in isolation, as
in this section, the extra term vanishes (61AX4) — 0; how-
ever, we will include it in part of the computation for later
use.

The transformation of the gaugino A{ is similar to
ordinary supersymmetry transformation in 3 + 1 dimen-
sion while the transformation of the auxiliary field B“ is
similar to the transformation law of F in the chiral multi-
plet except that here B? is Hermitian. The first term in the
transformation of A{, also resembles the one in 3 + 1
dimensions except that there is a X inserted between I',
and A{ which breaks translation symmetry in 4 + 2 di-
mensions. This insertion is required by the 2T-physics
structures and has just the correct form such that the
SUSY transformations in 4 + 2 dimensions reduce to ordi-
nary superconformal transformations in 3 + 1 dimensions
when one fixes the 2T gauge symmetry as described in
footnote 8.

Transformation of the action is

6.L = 5(X2)B“(5SBG) — 5(X2)F24NDM(5SAZQV) 4.6)
+ %5(}(2)[(58)}2)()(15 +DX)A,]+ He  @7)
+ i8(X?) fapc (8 A5 AT TMN AL Xy (4.8)

The last term i6(X2)f 50 (8,A%)A2TMN X¢ X vanishes by
itself, partly due to X28(X?) = 0 and partly because of the
nontrivial Fierz rearrangement identity proven in
Appendix C that follows the form of Eq. (3.31). The first
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term in line (4.6) proportional to (5,B,) which we define as
(6,L), gives

(6.L), = ad(X*)B&,[XD — (X- D +2)]A, + H.c.
4.9)

In the second term in line (4.6) proportional to 0,A%,
which we define as (8,L),, we first collect a total derivative
(suppressing the adjoint index a for less clutter)
(8oL); = {—ap{8(X*)FMN 5, Ay}
+ 8(X2)(Dy FMN)(8,A)

+ 8'(X2)2X,, FMN (5, Ay} (4.10)

and then insert §,A% in the remainder. After using
X28(X?) = 0 and X?6'(X?) = —8(X?), we obtain
(8cL); = {9u{—8(X*)FMN S Ay} — 2b8(X?)(Dy FMY)
X [6(X?)(&, TypDPAL) +28'(X*)8, TypAf XF]
+ 8'(X?)2XyFNM(81A4))}. (4.11)
Note that since (8'A¢,) is proportional to X? it survives
only when multiplied by &'(X?). This term will be dropped
in this section since it is present only when there is cou-
pling to chiral multiplets; it will be taken into account later
in Eq. (5.22).

The term in line (4.7) proportional to §,A¢ which we
define as (8,L); takes the form

(8.L); = —38(XH)[b&, (ynFMN) + ag, B]

X (XDA, + DX A,) + He. (4.12)

We do an integration by parts to change the covariant
derivative hitting on A; to covariant derivative hitting on
FMN and change the covariant derivative hitting on B to
covariant derivative hitting on A;, and in this process
collect a total divergence
(58L)3 = {GM(—%aS(XZ)BéLFMX/\L - %b5(X2§L)

X (CypFYP)XTM Ap)

— 8(X?)aBg,;[XD — (X - D + 2)]A,

—P
- B(Xz)béL(FMNFMN)FPQD XQ/\L

This is further developed with some gamma matrix algebra

UynT'po = Uyweg +{nvelvo = murlno + muolne

— nvol'mpt + 0npimo — Mmpnoh
4.14)

105028-12
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and simplifications due to the Bianchi identity
Cynpo(DPFMN) = 0.
Combining all the terms we find a total divergence after

cancellations

(5£L)1 + (6SL)2 + (58L)3

= Iul8(XP)(ELVY + EgVR)™]  (4.15)
where &, V! is
(éLVM)VeCtor = {_FMN(S(E:LAN) - %aBéLI‘MXAL
- %bFPQéLFPQXFMAL
+ 2b(XCF yp)E, TMP AL}, (4.16)

and similarly for V¥ (obtained by replacing left —
right) which is the Hermitian conjugate of &; V¥ (verified
via the formulas in Appendix B).

Hence we have shown that the Lagrangian (4.1) is
symmetric under the given SUSY transformations for any
complex numbers a and b. This means that in the trans-
formation rules (4.2), (4.3), (4.4), and (4.5) we can replace
ag; by an independent SUSY parameter be;, so that the
SUSY symmetry of the Lagrangian (4.1) is actually twice
as large. However, we will see that we will have to fix @ and
b relative to each other when there is interaction with chiral
multiplets [see Eq. (5.16)].

Noether’s theorem for the theory with only vector super-
multiplets in Eq. (4.1) gives the following supercurrent:

aL JaL
= JM vector — S5- A + b‘ A _
(&L L) G(GMAN)( ) N+ ( L)a(aM/\L)
— 8(X?)(&, Vi1)vector (4.17)
and similarly for (£J%)ve“"*", The part a(a L )(6 N) =

—FMN(5;, Ay) cancels against an equal term in &, VM
of Eq. (4.16). The part (§,A;) = 8(X?)(8, 1) X
(GTYMX L) gives

8(8 A)

oL

(% )‘L)a(aMAL)

— 5(x? ){— L bFpE, TPOTMR A,

- ngLFMX/\L}. (4.18)

The piece proportional to a cancels against an equal term
in &, VM .. After these simplifications we are left with the
following terms proportional only to b&; :

(éLJIZE/[)VeC[Or = 5(X2){_%bFPQ§LFPQ(FMX - XFM)/\L

By using gamma matrix identities (4.14) and (B2)—(B6) it
is convenient to bring this to the following alternative
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forms:

(éLJLM)vector — b5(X2)FpQXN§L(FPQNM

+ 29gMPTeI M)A, (4.20)
= ba(Xz)FpQXNéL(FPQNFM - nNMFPQ
+ 2nMPpNQ) ), . 4.21)

The form in the last line makes it easy to check that this
current is conserved d,,(8,J¥)ve?°r = ( as follows. After
using some of the equations of motion, in particular
XVFyny =0 and'® (X-D 4+ 2)A, =0 plus the Bianchi
identity Dy Fpg) = 0, the divergence of the current be-
comes proportional to the remaining equations of motion
XDA{ and DM Fy, as follows:

Iy (ELJY)er = (X2 Fpoe ITPeXDA,
+ 2§LFQN/\LXN(DMFMQ)}

= sources. 4.22)

In the absence of coupling between the vector and chiral
multiplets the sources in the equations of motion are

XDA¢ =0, DMF4, = gf " (XpTopAf)XT. (4.23)

Therefore, we obtain

aM(éLJ%)VCCtOK = 5(X2)2fachNXP§LFQNAz )_‘?AFQPAE = 0,
(4.24)

where in the last step we have used the Fierz identity (C2)
in Appendix C which is valid only in special dimensions
[in particular valid for SO(4,2)]. Hence, the pure vector-
multiplet current is conserved by itself, 9,,(J})vector = 0.
The conservation of the current amounts also to a proof of
SUSY for the theory of Eq. (4.1) that supplies the equations
of motion.

The Hermitian conjugate of this conserved current can
be written as the right-handed current (see Appendix B for
Hermitian and charge conjugation properties of gamma
matrices)

(éRJRM)Vector = p* 8(x2)XNF§zJQéR(I_‘PQNFM
nVMTP2)AG. (4.25)

Here we have dropped the term proportional to X FMV

"From XNF¢,, = 0 it follows that (X - D + 2)F{,, = 0. This
is needed, along with the other equations, to prove Eq. (4.22).
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since the current can be modified by terms proportional to
the equations of motion, and one of them happens to be
XyFYN = 0. The corresponding term should then be
dropped also from &;J in Eq. (4.21).

Although we do not discuss it in detail, it is worth
mentioning that the currents (J¥, JM¥)¥ecr are invariant
under the 2T-gauge transformations [13] for the fields
(A4, A%, BY), and therefore they are gauge invariant physi-
cal observables from the point of view of all the gauge
symmetries.

V. SUPERSYMMETRIC 2T PHYSICS WITH FIELDS

OF SPINS 0,1, 1

The next step is to couple chiral supermultiplets
(¢, ¥, F); minimally to vector supermultiplets
(AL, Ay, B)? to describe gauge interactions. This requires
more than promoting the ordinary derivatives to covariant
derivatives, namely, more interaction terms also need to be
added (the «, 8 terms) as in the full action in Egs. (2.3) and
(2.6). Once SUSY is achieved we will calculate the full
conserved supercurrent for the coupled theory.

The full SUSY transformation rules for the chiral mul-
tiplet are the gauge-covariantized versions of those given in
Egs. (3.11)—(3.19), but including also the nonzero extra
terms (8LF, 8l¢p) which will be determined below in
Egs. (5.6) and (5.24). Similarly, the SUSY transformation
rules for the vector multiplet are those given in Egs. (2.15)—
(4.5) but with the extra nonzero term 81A which is deter-
mined below in Eq. (5.23).

We will see that the parameters «, B, a, b will be fully
fixed [see Eq. (5.16)]. Eventually when we construct su-
pergravity in the 2T formalism, the dilaton and its partners
will also contribute to the transformation rules and restrict
the possible parameters such as ¢ and V(®, ¢) which
appear in L gj,0n- In this section the dilaton and its partners
will be neglected, so we will assume the case with Lgjja0n
set to zero. With all these points taken into account, the full
SUSY transformation rules will be shown to be those given
in Egs. (2.11)—(2.18).

Thus we consider the full Lagrangian of Eq. (2.3), with-
out a dilaton @ written in three pieces L = Legor T
Lepiral T Line- Here Lo 18 identical to Eq. (4.1), Lepiral
is the gauge-covariantized version of Sy + S;, of
Egs. (3.3), (3.4), and (3.9), and L;,, is the expression given
in Eq. (2.6). The full SUSY variation of the parts Lc.or +
L ;v 1S almost identical to the variations discussed in the
previous sections for the uncoupled multiplets, except for
replacing all derivatives by covariant derivatives in L ;a1
and taking into account extra terms that appear as follows:

(1) Varying A, that occurs in the covariant derivatives

6aLchiral - agg?;‘" (8.9‘4;\!/1)
(2) The effect of the extra SLF term &,Lpia —
(“Gaist 5LF; + H.c.).
(3) New terms that arise in 8L, due to changing of
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orders of noncommuting covariant derivatives.''

(4) The effect of the extra 6.¢, 5L A terms in the varia-
tion of 8,(Lyector + Lehira)- We leave these for last
because they are both proportional to X? so they
drop out in most terms due to the overall §(X?) in
the Lagrangian. They can contribute only through
the variation of the kinetic terms and through the
terms in the action proportional to 8'(X?).

Hence, for 8, (Lyector + Leniral) W€ can use the results of
the previous sections plus the extra modifications listed
above, and then add the full variation of the coupling term
6Ly So, the computation is organized as follows:

8.L = ay((8 VY + ggV)yhinal 4 (5, VM + gpVH)vecter)
(5.1

_l’_ 6 Lextra

s+ 8Lin + 6 LG

(5.2)

In the second line the subscripts indicate the variations that
correspond to the items listed above. The first line is the
total divergence results of Eqgs. (3.38) and (4.15), where
(Ve)veetor are identical to Eq. (4.16), while (V)i js
given in Eq. (3.41) except for replacing all derivatives by
covariant derivatives.

The three items in §,L{Y5 5 give the following contri-
butions:

8L . = 8(X?)g(8,A5)[—ip't, DMgo

+ XN, Cymtath, ] (5.3)
+ 5(x2)(5;F*f)< l. aw:> +tHe  (5.4)
dp™
+ l§3(X2)(FMN§0)iéL[_FMNX + 2FMXN]‘M¢ + H.c.
(5.5

It is evident that (8. F1’) must be chosen to cancel terms
proportional to F; coming from varying the coupling term
6,L;n. The only new contribution proportional to F; is the
variation of ¢ in the coupling term &,L;, given explicitly
below. As will be verified below, this fixes uniquely the
extra piece in the SUSY transformation of F;, F1 as

(8LFT)) = iB(eT(CX) A, ) (@ T19)'. (5.6)

""The terms proportional to [D,, Dy]~ Fyx can be obtained
by going over the computations in footnote 9 and replacing
covariant derivatives in all appropriate places. The terms that
arise from commuting covariant derivatives has the form
8(X*)([Dy, Dylet) gL TMNX — TM XNy, + H.c., where we
replace [D,,, Dylot = zg(go Fyy)'. To obtain the expression in
Eq. (5.5) we prefer to use the Hermitian conjugate version of this
expression —ig8(X*)(Fyy@)ihi [~ AXTMN — TMXN]g, +
H.c., where we have used Eqs. (B28), and then use the
Majorana progertles of Eqs (B38)—(B40), to rewrite it in the
form —ig&(X*)(Fyne):&r[3T MNX — TMXV]yt + H.c.
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Inserting this (8LF1) and (5,A4%,) from Eq. (4.2) into
6,L{%, 5 we obtain

8, LN = —2bgd(X*—i[5, Ty XA¢ @t 1,D ]
+ (B P X)W Upptath )Xy X"} + Hee
(5.7)

+ 5(X2)iﬁ(s{(cX)AaL)(¢fzu)f(m 4 %) + He.
(5.8)

+ i% 8(X2)5, (~TMNX + 2TM XN )i (Fyyw @); + H.e.

(5.9)
Next we compute o, L;, by varying Eq. (2.6)
8sLim = a8(XN[(¢T1,0) + £,971(5,B%)
+ (8,¢Tt,9)B* + Hel} (5.10)

+ BOXI (8,0 ()" (CX)Aar)
+ ¢Tta((5£¢,L)T(CX)AuL) + (6£/iuL)X¢Rta§0}
+He. (5.11)

We insert the (8,4,;) in Eq. (4.4) and 8,01, 6,4, in
Egs. (3.11)—(3.19) with gauge covariant derivatives replac-
ing ordinary derivatives. After dropping the terms
X%28(X?) = 0 we obtain

8sLin = ad(XH)al(ett, )&, (TN Xy Dy — 2)A¢]

+ Ba(éLXlﬁjQ)(ta¢)i} + H.c. (5.12)
+ BOXIN(E Xpgt®) (YT (CX)Aur)
—i(eTt"Dy)E TMX A,
— (@ 1) Fi(el (CX)Ap)ibF§ (B TMNX k) (1, 0);
+ iaBY (& Xk)(t, )} + Hee. (5.13)

Note that the terms proportional to F;, that appear in
Egs. (5.8) and the third line of Eq. (5.13), cancel by the
choice of (8LF1) of Eq. (5.6) as anticipated. To cancel
some of the other terms in the sum 8 L + 8, L;, we fix
the unknown coefficients «, 3, a, b as follows:
(i) a@ = —ifa, cancels terms proportional to B? that
appear in the last lines of Egs. (5.12) and (5.13).
(i) Bb =%, cancels partially terms proportional to
Fin that appear in Egs. (5.9) and (5.13). The left-

over is

igd(X?) (& TMYp)(Fyn @)XV + He  (5.14)

(iii)) B = 4bg, cancels partially terms proportional to
(¢tt°Dy, ) that appear in Eqs. (5.7) and (5.13).
The leftover is —2ibg8(X?) X
(8. Ty XA$)Dy(¢tt,p) which can be rewritten in
the following form by using the gamma matrix
identities 'y, X = Ty XV + Xy,

105028-
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—2ibg8(X*)(Dy (e ]Ltago)[sLFMN/\ 1xv
+ (ELADIX - D +2) (T 1,0)]

= 2(5,A)) (e 1,)). (5.15)

Furthermore, using the same 4bg = S, the charge
conjugation property ¢z = Ct!, and a Fierz iden-
tity, we cancel the terms of the form Ay XX that
appear in (5.7) and (5.13).

(iv) 2aa = 4ibg, cancels the terms of the form
(¢Tt,0)(8 A) that appear in the first line of
Eq. (5.12) and the last line of Eq. (5.15)

From these conditions the unknown coefficients are

completely fixedasa = +i\/1/2,b = ='\/1/8,a = = '

g B= t’\/ig. The *, =’/ signs can be absorbed by a

redefinition of the signs of A, B wherever they appear in the

Lagrangian and transformation rules. Therefore it is suffi-

ciently general to choose one set of signs for these coef-

ficients, thus we settle with the upper signs

1 1
a=1I ﬁ, b 5 \/_2_, a=g, B \/Eg

(5.16)

to agree with conventions in the case of 3 + 1 dimensions.

The remaining terms that have not canceled so far come
from the first line of Eq. (5.12), the first and second lines of
Eq. (5.15), the remainder in Eq. (5.14), and the term
proportional to 2% in Eq. (5.8). These are collected below

FPs Y
after inserting the constants above

8, L, . + 8, Lin, (5.17)

— '8 5()(@11,0)[5, TMNX,, DyA¢]) + He. (5.18)
V2
— & (X (D¢t t,0)[5, Tyy A5 1x"

2
+ (5, A)(X - D + 2)(ott,0)]) + Hee. (5.19)

zfga(xz)(gofza)’ *l(sL(CX)/\uL)+Hc (5.21)

The last term vanishes because W* is gauge invariant,
which requires (gaft“)’ " = 0 as in Eq. (2.10).

The remaining terms assemble into a total divergence
plus terms that are proportional to the subset of equations
of motion that imply homogeneity conditions on the fields
[(X-D +2)(ett,0)] and Fy;yX". These would vanish by
the (homogeneity) subset of equations of motion on mass
shell. However, off-mass shell they can be canceled by
additional pieces 8l¢;, 8LA¢, in the SUSY transformation

15
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of ¢, A4, by taking 8l ¢;, §LA¢, to be proportional to X>.
These extra pieces generally drop out in most terms in the
SUSY variation of the Lagrangian due to X>8(X?) = 0 but
survive in some of the kinetic terms and the terms that
contain &8'(X?). The &8l¢;, 6lAY, variation of the
Lagrangian 6,(Lyecior T Lchira) are also proportional to
the subset of equations of motion [(X - D + 2)(¢'1,¢)]
or FyyX", as follows:

8, L™ = 25/(X2)(Xy FM)51AS,
+28'(X2)[(X - D + 1)¢T]6Le; + Hec. (5.22)
Therefore, we can add the extra pieces 8L ¢;, §LA%, to the

variation of ¢;, Aj, to cancel the terms noted above. So we
choose

51Ag, = —iixz(éLrM¢;)(ta¢)i +He,  (523)
8lo: = —i-S_X2(3, A% + X,8,.)(t,0); 5.24
¢ 23 (BLAL Le)(t.e) ( )
Then we obtain the following expression
0L 4 + 8oLy + 0, L™ (5.25)
ig _
=2 5(X>)(@tt, @), TMNX, Dy AG
\/i( (@108, uDnAL]
= Iy(6(XH)(EL VY + &, VEHIM). (5.27)

In the final form we see that we have obtained a total
divergence, with &;(V¥)™ and its Hermitian conjugate
Er(VM)int given by

& (VM = —%5(X2)(¢*ra¢)[éLFMNXNAz], (5.28)

& R(VMyint = % 5(X2) (ot @) [TV Xy AL]  (5.29)

We have shown that under the SUSY transformations the
total Lagrangian (in the absence of the dilaton) transforms
into a total divergence. Using the form of the divergence
given in (5.27), and the previous pieces in the total diver-
gence noted in Eq. (5.1), we compute the conserved SUSY
current by applying Noether’s theorem. The result is given
by Egs. (2.19) and (2.20).

a. Conservation of the supercurrent

In this section, we prove the conservation of the super-
current obtained above. For clarity, we separate the super-
current into pieces and calculate one by one
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(Jﬁlefl)total — {(Jﬁle/l)chiral + (Jﬁtefl)vector + (J%)im}, (530)

(J M ehiral — 8<x2){DK(xN¢*f)<fKNFM — MNER) g,

W™

—
+ oo Xl lp{?} (5.31)
1 _
(J%)vector — 5(X2) ﬁ{F%LXN(FKLNFM
— pVMTKLY A ) (5.32)

(i — a(xz){— %soWraqo),»fMNARaxN}. (533)

By using the equations of motion that follow from (2.3) one
can check explicitly that this current is conserved as fol-
lows. We first drop terms that vanish because of the homo-
geneity conditions for on shell fields. Then we get

3 pg (J R ychiral = {DSDJ”.XD_%L — (D*e) Xy,
-g , owt _
+ 2 (Fyne ") TNy — —ﬁXD’w[’}e

2 de

awt  _
. DgoffX%}, (5.34)

1 -
aM(J%I)vector — {+ EDM(F%/IP)XNFPN/\R(J

1 o
+ mFPQ“I‘PQXD/\Ra}, (5.35)

8
V2

g 4 -
+ EgDT (ta¢)iXDARa

Oy (T = {+ N[0T (1, 0) TN A e Xys

128 go*f(r(lgo),-ARa}. (5.36)

NG

Next we use the equations of motion to verify the conser-
vation of the current. All of the following equations, and
their Hermitian conjugates, should be multiplied by §(X?),
so they are required to be satisfied only at X> = 0

X-D+1)p;=X-D+2)F,=(X-D+2)B°

= XVFg,, =0, (5.37)

(X-D+2)ph, =(X-D+2)A% =0, (5.38)
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4 FEA4 i- - PwW
Dotidt — — F. — — o CXtpj p—————
dpide; A @090y
+g(otB) + V2g(, 1) XA% = 0, (5.39)
(Dy FMN)* — ifabe xp TN A, Xy — ige "Dy
+ gXy TMN 1@y, =0, (5.40)

o _ W _
XDy, + iX%W — V2g(ett,X2%) =0, (5.41)
iV¥)

3y (JM)ehiral — gource (interaction with vector multiplet from Li,)

= 8(X2){i\/§gD_§DﬁX(AR§D)i + g(@TBY Xy, + V28 XAg) Xty + %g(FMNGDT)iFMNX%L}
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. awf
B + goti(t,@); =0,  F;+ i 0, (5.42)
iXDAG + 2got(t,Xyy); = 0. (5.43)

The first two equations impose homogeneity conditions on
the fields, while the others control the dynamics. In the
absence of the interaction given by L;,, we had already
proven that (J)hira! and (J¥)veeor were conserved. In the
presence of the interaction L;, the surviving terms come
from the sources in the equations of motion provided by
L;,. Indeed we find

(5.44)

(5.45)

= 6(X2){_i\/EgXMDN¢TiFMN(AR¢)i + iV2g[X - Dot l(Age); + g(@T1) [—goti(t,0) 1Ky,

_ L —1i . _
+ V2P XAR) Xy, + Tg(FMNﬁof)lrMNXlﬁiL}’

(5.46)

where we have used the Fierz identity of Eq. (C1), the gauge invariance of W(¢) as given in Eq. (2.10), and the equations of

motion to substitute for B¢.

For the supercurrent arising from vector multiplet a similar argument gives

pr(JM)veetor = source (interaction with chiral multiplet from L;,) (5.47)
1 g - _ ] _ U
= S(Xz){% (ige T t"Dpe — gXpth TM pt4h ) Xy TN Mg, + %FPQ“FPngh(taXl/’L)i}: (5.48)

where we have used the Fierz identity of Eq. (C2). Inserting these results in Egs. (5.34), (5.35), and (5.36) to construct
3y (JM)©l a5 the sum of these, and cancelling terms due to the relation

5(X2)[ 28 X AR) Xiy, — \/15

which follows from the Fierz identity in Eq. (C1), we get

gXM&LFMPta¢LXNfPNARa:| =0,

(5.49)

3y (2ol — a(xZ){—iﬁgww*f)(za¢>i<xMrMNA;s> — 8 (o1 1) Dy Xy MM A%)

i . _
+ 28 a1, 0): (X, TN A

V2

which is seen to sum up to zero. This proves the conser-
vation of the total supercurrent.

VI. PHYSICS CONSEQUENCES AND FUTURE
DIRECTIONS

In this paper we have explicitly constructed N = 1

supersymmetric field theory with fields of spin 0, % 1 in

)}=o,

V2
(5.50)

{
4 + 2 dimensions, which is compatible with the theoretical
framework of 2T field theory and its gauge symmetries.
This represents another significant step in demonstrating
that 2T physics is sufficiently general to encompass all
possible physical phenomena in 1T physics. The impor-
tance of this is in the fact that 2T physics unifies many 1T-
physics systems with different dynamics in different
spacetimes (so different meanings of time and Hamil-
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tonian). By further pursuing this concept in the context of
supersymmetry we expect to obtain dually related 3 +
1-dimensional supersymmetric field theories. This could
be used both as a tool to perform possibly nonperturbative
computations in supersymmetric 3 + 1 field theory, as well
as a new avenue to investigate what is meant by ‘“‘space-
time”” and ‘“‘unification.”

The 4 + 2 supersymmetry transformation is given here
off shell and is shown to leave invariant the action with all
consistent interactions included. The SUSY transforma-
tions are different from higher-dimensional N = 1 super-
symmetry transformations one would write down in 4 + 2
dimensions naively. If we specialize to the on shell and
noninteracting version of our equations, we find agreement
with previous work [16] which was done at the level of
equations of motion without an action and only for free
fields. Despite the differences, the SUSY algebra, com-
bined with the SU(2,2) = SO(4, 2) global symmetry of
any 2T field theory, close to form the Lie superalgebra of
SU(2, 2|1) for on shell fields, including interactions. We
checked this explicitly for the chiral multiplet as shown in
Appendix D, but we believe it to be true for the full
interacting theory. However, for off shell fields the closure
involves a tower of additional 2T gauge transformations.

The coupling of chiral and vector multiplets is studied
and is uniquely fixed by the supersymmetry algebra. But
unlike ordinary 1T supersymmetry, the supersymmetry for
2T field theory requires the superpotential in the theory to
be purely cubic, which is consistent with what is required
by 2T gauge symmetry. In the framework of 2T field theory
dimensionful parameters are not permitted by the 2T-gauge
symmetry. Therefore, to induce soft supersymmetry break-
ing it is desirable to couple the dilaton whose vacuum
expectation value plays the role of the desired dimension-
ful parameter. To maintain SUSY, the superpartners of the
dilaton should also be included.

After fixing the 2T gauge symmetry in a particular gauge
as mentioned in footnote 8, the 4 + 2 supersymmetry
transformation SU(2, 2|1) reduces to the nonlinear super-
conformal transformation of the corresponding massless
fields in 3 + 1 dimensions.

The emergent 3 + 1 SUSY field theory in this gauge is
in most respects similar to standard SUSY field theory.
However, there are some interesting additional constraints
from the 4 + 2 structure which would not be present in the
general 3 + 1 SUSY theory. One of these is the banishing
of the troublesome renormalizable CP violating terms
[18,19] of the type O¢,,,\,Tr(F#*F*?). This is good for
solving the strong CP violation problem in QCD without
an axion. This property of the emergent 3 + 1 theory al-
ready occurs in the nonsupersymmetric 2T field theory as
described in [13], and continues to be true also in the
supersymmetric case.

Recalling also that the superpotential can only be purely
cubic, we see that phase transitions like supersymmetry
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breaking and electroweak breaking need to be driven by the
dilaton vacuum expectation value, and hence according to
2T physics such phase transitions must be intimately re-
lated to the physics of the supergravity multiplet. The fact
that these phenomena are not allowed to be independent of
each other makes the 2T-physics approach physically more
appealing as described in footnote 2.

It appears that to investigate phenomenological conse-
quences of SUSY in the context of 2T physics, we will
need to construct the 2T formulation of supergravity which
includes the dilaton and its couplings to matter along with
the graviton. This is one of our immediate projects. We will
then be in a position to describe a 2T version of the
minimal supersymmetric standard model (MSSM), or its
extensions, including the dilaton. The new restrictions
imposed on it by 2T physics, and the corresponding phe-
nomenological consequences, could be of great interest for
phenomenological predictions at the LHC.

Generalization to extended supersymmetry with N = 2,
4, 8 is another research direction which is straightforward
and will be discussed in a following paper. This would
proceed by constructing the higher N theories from N = 1
blocks discussed generally in this paper. In this way the 2T
gauge symmetry is maintained while the higher N structure
puts more severe symmetry restrictions on the theory. The
higher N theories in 4 + 2 dimensions will then become
laboratories for investigating nonperturbative phenomena
both from the point of view of the new 2T vistas as well as
from the point of view of earlier nonperturbative studies.
The latter would include studies such as the N =2
Seiberg-Witten solution [20] or the N = 4 AdS-CFT phe-
nomena [21], but now directly in 4 + 2 dimensions.

There are two ways to quantize the theory. First, solving
the kinematical equations at the classical level as described
in Appendix A, the theory can be quantized in the usual
way in 1T-physics field theory. This would yield a variety
of dual supersymmetric quantum field theories, which is
related to one another under duality transformations of the
type described in [22]. This should be valid at least at the
level of tree diagrams and most likely also at higher loops.
An alternative and maybe safer way to quantize the field
theory is to quantize directly in 4 + 2 dimensions and then
solve the kinematic equations as Ward-type identities for
the covariantly quantized theory, thus arriving at the vari-
ous dual versions directly in the quantum theory. The
quantization of 2T-physics field theory directly in 4 + 2
dimensions is still under development. This involves the
path integral approach, taking into account the 2T-physics
gauge symmetries discussed in Appendix A, and the cor-
responding Faddeev-Popov ghosts. More on this effort will
be reported in future publications.

Ultimately, the main impact of the 2T point of view is
likely to be along the ideas described in the first paragraph
of this section, so we emphasize this again: In coming
down to 3 + 1 dimensions there are a variety of spacetimes
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that can be obtained through the gauge fixing of the 2T
gauge symmetry, and this is expected to generate a web of
dual supersymmetric field theories one of which is the
well-known 3 + 1-dimensional chiral multiplets coupled
to the vector multiplets. We expect that nonperturbative
information can be obtained from such dualities. The
methods for performing this research will be discussed in
another paper [22].
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APPENDIX A: FROM SP(2, R) WORLDLINE
GAUGE SYMMETRY TO 2T FIELD THEORY

In this appendix we briefly outline the SP(2, R) gauge
symmetry in the worldline particle formalism and explain
its relation to the field theoretic action principle of Eq. (1.1)
and the 2T gauge symmetry at the field theory level. In
particular we want to clarify the origin of the delta function
&(X?) that appears as part of the volume element in the
action principle. These issues have been explained in detail
in other papers [12,13], and the brief outline in this appen-
dix is an attempt to make the present paper self contained.

The idea of a fundamental SP(2, R) gauge symmetry
begins by noting that position and momentum appear at
an equal footing in the commutation rules of quantum
mechanics, or the Poisson brackets of classical mechanics,
as well as in initial boundary conditions, before a particular
system (Hamiltonian) is specified. The SP(2, R) symmetry
is part of canonical transformations that leave the symplec-
tic form dX" P, invariant. 2T physics arises by requiring
that this position-momentum Sp(2, R) global symmetry is
promoted to a gauge symmetry on the worldline that holds
at any instant, and for all motions.

It is useful to first consider the worldline description of a
1T massless scalar particle in Minkowski space described
by a worldline action of the form

: e )
S = fdr(x“pM —Epﬂp,,’f]“ >,

where n*” is the Minkowski metric. This action has a
T-reparametrization symmetry on the worldline which is
sufficient to remove the negative norm states in the theory.
2T physics starts from generalizing this parametrization
symmetry to Sp(2, R) gauge symmetry on the worldline.
The Sp(2, R) gauge symmetry is just sufficient and neces-
sary for the existence of two timelike dimensions and
removing all ghost states. Further generalizations of this
approach to higher groups and/or higher timelike dimen-
sions does not seem to work for a variety of reasons to be
explained elsewhere, so 2T physics seems to be special.
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The free spinless massless particle in 1T physics above,
as well as a host of other dynamical systems involving the
spinless particle in 1T physics, are all described and unified
by the following action in the 2T-physics formulation:

S = fm(X -P— %Aif(r)Qij(X, P)). (A1)

Here AY(7) = AJi(1) with i = 1, 2 is a symmetric matrix
that describes the three gauge fields for Sp(2, R) The three
charges Q,;(X, P) are required to satisfy the algebra of
Sp(2, R) under Poisson brackets. Then this action is invari-
ant under the following local Sp(2, R) transformations:

1 1 .. 90,
M — — ij M B — _ iJ =l
B, XM = S WD, (X, P} = 50l 20, (A2)
. 1 .90,
BwPM = Ew](T){PM: Ql](Xr P)} = _Ew](T) aXA;’
(A3)
8,AV = D 0wl = 9.0 + AT 0" — 0 AY,  (Ad)

where indices are raised/lowered with the completely anti-
symmetric Levi-Civita symbol &;; which is the Sp(2, R)
metric.

There are an infinite set of Q;;(X, P)’s that satisfy the
required Sp(2, R) Lie algebra under Poisson brackets as
shown in [3]. The general case for Q,;(X, P) allows for all
possible background fields in which the spinless particle
can propagate.

The simplest form of Q;;(X, P) occurs for the flat back-
ground metric 7,,y used to construct dot products

0 =31X-X, Qnp=4#X-P+P-X),
0y =3P P.

At the outset 1,y is allowed to have any signature, but the
signature is later fixed by the gauge invariance of the
physical sector and by unitarity as described in the next
paragraph. This example of Q,;(X, P)’s is just the tip of an
“iceberg” in the realm of 2T physics. Most (but not all) of
the 2T physics discussion to date is based on this simplest
and manageable case, which is rather rich in content. The
construction of the 2T-physics version of the standard
model [13] as a field theory in 4 + 2 dimensions, as well
as the supersymmetric generalizations of 2T-field theory
that we discuss in this paper and in [15] are also done in the
context of this simplest Q;;(X, P) in the flat background.
The equations of motion for the gauge field A"/ require
that all Sp(2, R) charges Q;;(X, P) = 0 must vanish in the
physical sector. This simply means that the physical sector
is that part of phase space (X", P,,) which is gauge invari-
ant under Sp(2, R). It is easy to see that a flat metric 17,y
with signature for O or 1 timelike dimensions gives only

(A5)
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trivial solutions to X?> = P> = X - P = 0 in the classical
case. So, the highly symmetric Sp(2, R) invariant motions
cannot be realized in a spacetime with zero or one timelike
dimensions. Nontrivial Sp(2, R) invariant classical solu-
tions are possible only if spacetime has two timelike
dimensions, or more. However, with more than two time-
like dimensions there is not enough gauge symmetry to
remove ghosts. Hence there can be no more and no less
than two timelike dimensions for correct description of
physics with the action in Eq. (A1). The same result holds
true for the general Q;;(X, P). So the two timelike dimen-
sions is an output of the Sp(2, R) gauge symmetry; it is not
an arbitrary input.

Examining further the possible gauge choices, one finds
that the highly symmetric motions that satisfy Q;;(X, P) =
0in d + 2 dimensions are effectively motions in one fewer
time as well as one fewer space dimensions, resulting in an
effective spacetime in (d — 1) + 1 dimensions with a
single timelike dimension. Hence the physical sector is in
agreement with the description of phenomena as formu-
lated in 1T physics. Furthermore, the theory is unitary and
satisfies causality.

The big payoff in 2T physics is the surprising fact that a
given set of Q;;(X, P), such as those in Eq. (A5), produce
many 1T-physics systems upon gauge fixing. An example
is provided by the particle systems listed in Table I which
emerge just from the special example with Q;;(X, P) =
(X2, P2, X - P). These systems are in different (d — 1) + 1
spacetimes with one time, with the same total dimension d.
They describe spinless particles with or without mass,
freely moving or subject to various forces, in curved or
flat spacetimes. The ““etc.” is included because there are a
few more known cases of gauge choices, and also because
the complete set of emergent systems has not yet been
classified. For some recent details on these solutions see
Tables 1,2,3 in [22].

TABLE 1. Particle systems that emerge in (d — 1) + 1 dimen-
sions from gauge fixing and solving two constraints X> = X -
P =0ind + 2 dimensions.

Massless relativistic particle in Minkowski spacetime
Massive relativistic particle in Minkowski spacetime
Massive particle in nonrelativistic spacetime
Nonrelativistic particle in the a/r potential
(H-atom, celestial mechanics)
Harmonic oscillator in d — 2 space dims, with
mass = another dimension
Particle in the AdS,_, X S" spacetimes, n =0, 1,---,(d — 2)
Particle in the R X S?~! spacetime
Particle in any maximally symmetric spacetime
Particle in the Robertson-Walker cosmological spacetimes
Particle in the cosmological constant spacetime
Particle in any conformally flat spacetime
Particle in a spacetime with a general function a(x),
including singularities etc.
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Such results in 2T physics describe relationships be-
tween these systems akin to dualities, with parameters
such as mass, coupling strength, curvature, etc. that emerge
as moduli in the embedding of phase space in (d — 1) + 1
dimensions into phase space in d + 2 dimensions.
Furthermore the formalism reveals a hidden symmetry
SO(d, 2) in all of these systems, which is just the global
symmetry SO(d, 2) of the flat background metric 7,,y.

Although the results above relate to a simple example of
Q;;(X, P), they are sufficient to make the point that 1T
physics is incomplete since it is not equipped to predict
such new phenomena that emerge as natural outcomes
from 2T physics. These predicted phenomena can be veri-
fied both by computation within 1T physics and by experi-
mentation, showing the predictive power of 2T physics and
its status as a unifying structure above 1T physics.

One way to promote the worldline theory to field theory
is to do covariant first quantization by imposing the con-
straints Q;;(X, P) on physical states

X2 @) =0, P?|®) = 0, X-P+P-X)|P)=0,

(A6)

and interpret the wave function in position space <i)(X) =
(X|®) as a field that satisfies the covariant quantization
conditions [11,13]. Since momentum is represented as a
derivative in position space (X|Py; = —idp{(X|, the free
field (before interactions) must satisfy the following equa-
tions:

X2d(x) =0, 9y Md(X) =0,

. . (A7)
XM3,BX) + 9, (XM X)) = 0.

One can also find a unique self-interaction consistent with
extending the Sp(2, R) gauge transformations in the pres-
ence of interactions. This was done most clearly by im-
plementing covariant quantization in the BRST formalism
in a way analogous to string field theory including inter-
actions [12], leading to the interacting action given below,
as described in detail in [12,13]. It turns out that the first
and last equations in (A7) are not modified, but the Klein-
Gordon type equation in the middle gets modified with a
source term on the right-hand side involving interactions
whose details are uniquely fixed by the BRST approach
[12] or by the 2T gauge symmetry [13] discussed below.

The field ®(X) that satisfies the equations in (A7) is a
general superposition of the physical states that are gauge
invariant under Sp(2, R) including interactions. The gen-
eral solution of the first equation is

d(X) = 5(X2)D(X),

where ®(X) (without the hat?) is any function of X™ which
is not singular at X> = 0. This delta function, coming from
one of the Sp(2, R) conditions, is the origin of the delta
function that appears in the action in Eq. (1.1). The remain-
ing equations become the following conditions on ®(X)

(A8)
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[rather than ®(X)]

5(x2)<x o+ %)cp o,

5(X2)<6M8M(I> + %ﬁ?) + 45'(X2)<x o+ %)cp —0,

(A9)

where the self-interaction is determined uniquely up to the
overall coupling constant A as mentioned above

d—2
@) = A S pd/d-2),
V(®) Y

(A10)
Equations of motion that are equivalent to these are
derived from the following action

S(@) = f dd”XcS(XZ)BCI)azCI) - V(cb)} (Al1)

After an integration by parts, this action may also be
written as

S(®) = / dd+2X{5(X2)[—%aM<I)aM<D - V(QJ)}

+ 5/(x2)q>2}. (A12)
As it turns out this action has local symmetries which are
evident already from the general solution ®(X) =
8(X?)®(X). Namely, physics should not change under
the transformation

D(X) = O(X) + X2A(X) (A13)
for arbitrary A(X), since the physical state ®(X) remains
unchanged due to the property of the delta function
X?8(X?) = 0. Indeed it is argued in [13] that this symmetry
is valid for the theory in Eq. (A11) and is the underlying
reason for the uniqueness of the interaction given in
Eq. (A10).

The action as well the gauge symmetry Eq. (A13) was
extended to all fields with spin 0, 1/2 and 1 in [13]. In the
case of spinning fields, in particular, for fermions, the
gauge transformations Eq. (A13) were generalized to in-
clude a kappa-type fermionic symmetry. Such generalized
symmetries were called the 2T-gauge symmetry in 2T-
physics field theory. This gauge symmetry can be used to
eliminate parts of all these fields proportional to X2, as well
as parts of the field components (e.g. fermions in higher
dimensions) as gauge degrees of freedom, such that the
remaining degrees of freedom are in agreement with phys-
ics in 3 + 1 dimensions.

It was shown in [13] that the standard model in 3 + 1
dimensions emerges from such a field theory in 4 + 2
dimensions after insuring that the SU(3) X SU(2) X U(1)
gauge bosons and quarks and lepton fields in 4 + 2 dimen-
sions have been made part of the 4 + 2 theory.
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The reduction from 4 + 2 dimensions to 3 + 1 dimen-
sions involves two steps. The first is the elimination of
gauge degrees of freedom in the parts proportional to X? by
using the 2T-gauge symmetries in field theory described in
Eq. (A13) and its generalization for every field. Generally
this step is SO(4,2) covariant. The second step is solving
two of the three equations in Egs. (A8) and (A9) leaving
behind degrees of freedom in 3 + 1 dimensions. The two
equations that are solved explicitly, namely X> = 0 and the
homogeneity condition (X + 9 + 452)® = 0 do not involve
interactions. We call these two equations the kinematic
equations, while the remaining one is called the dynamical
equation.

Solving the two kinematical equations can be done in a
way parallel to the gauge fixing and solving the X> = X -
P = 0 constraints for the particle on the worldline as
indicated in Table I. This is the step that produces the
surprising variety of the 3 + 1 systems as listed in
Table 1. These systems are therefore unified by dualities
which amount to Sp(2, R) gauge transformations. The
same dualities emerge in field theory including interactions
as discussed in detail in [22].

The standard model in 3 + 1 dimensions correspond to
the case of solving the kinematic equations along the lines
of the massless particle gauge, which is the first item in
Table I. The same 4 + 2 theory has also all the other dual
versions in 3 + 1 dimensions listed in Table I, leading to a
set of field theories that are dual to the standard model. The
methods for investigating these dualities has been initiated
in [22] and is expected to lead to some nonperturbative
insights in field theory.

Much of the discussion above is at the level of classical
field theory. After solving the kinematical equations at the
classical level, the theory can be quantized in the usual way
in 1T-physics field theory. This would yield a variety of
dual quantum field theories as in Table I, which may be
compared to one another under duality transformations of
the type described in [22]. This should be valid at least at
the level of tree diagrams and most likely also at higher
loops. However, there is some danger that the procedure of
first solving the kinematic equations at the classical level
may miss some subtleties. It is safer to first quantize the
field theory directly in d + 2 dimensions and then solve the
kinematic equations as Ward-type identities for the cova-
riantly quantized theory, thus arriving at the various dual
versions directly in the quantum theory. The quantization
of 2T-physics field theory directly in d + 2 dimensions is
still under development. This involves the path integral
approach, taking into account the 2T-physics gauge sym-
metries discussed above, and the corresponding Faddeev-
Popov ghosts. More on this effort will be reported in future
publications.

This 2T-physics field theory formalism is the starting
point of our paper, as in Eq. (1.1), for generalizations to the
supersymmetric version of field theory in 4 + 2
dimensions.
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APPENDIX B: GAMMA MATRICES FOR SO(d, 2)
AND SO(4,2) = SU(2,2)

We consider at first even dimensions d + 2 in general,
for a spacetime XM labeled by M, which forms the vector
basis of SO(d, 2). There are two Weyl spinors labeled by «,

a’

L R
a’ «’

(B1)

so there are two representations of gamma matrices (rm )E
and (T™)# in the left/right Weyl bases. The gamma matri-
ces must satisfy the anticommutation rules
TMEN o TNPM = ppMN, TMDN 4+ PNTM — oM,
(B2)
where nMV is the SO(d, 2) metric with signature n"VN =
diag(—, —, +, +, - - -, +). Then the correctly normalized
SO(d, 2) generator JUN = LMN 4 SMN g represented on

the two spinors by the spin S¥V = LTMN or LN where
I‘MN — %(FMFN _ FNFM), (B3)
FMN — %(FMFN _ FNFM).

Thus, when the M, N indices are different one gets re=
I''T?, etc. Similarly, antisymmetrized products of gamma
matrices applied on the two spinors are given by

[MNK — % (TMNTK 4 TKMEN 4 TNKEM) (B4)
[ MNK — %(f*MNI‘K + TKMTN 4 PNKTM) (BS)

FMNKL = %(FMNKFL - FNKLFM + l—‘KLMI—‘N
- FLMNFK)’ etC. (B6)

Thus, when the M, N, K indices are different one gets
123 = TIT218 and T2 = T'T200, etc.

An explicit form of SO(d,2) gamma matrices I'Y in
even dimensions, labeled by M = 0', 1/, w and u =0, i
is given by

FO/= _iTl Xl,
=1x1,

Fl/ =T X 1,
. ) B7
I''= 73 X}, (B7)

where ' are the SO(d — 1) gamma matrices. The T'™ are
the same as the ' for M = 0/, 1/, i, but for M =0 = u
we have

M=-1r"=-1x1. (B8)

It is useful to define a lightcone-type basis X* = % X

(XY = X") and the corresponding gamma matrices

! 1 / !
M~ =—T%«T" = —jV2r* X 1. B9
ﬁ( ) (B9)
In this basis the metric takes the form ds* =
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dXMdXNnyy = —2dX*dX™ + dX*dX"n,, where
7, is the Minkowski metric for SO(d, 1). Explicitly we
write

F+'=<8 _Zﬁ)’ r (s o)

~ (B10)
_(r 0
=0 [0 —iV2 = 0_ 0
: _<0 0 ) t _<—iﬁ 0)’
(B11)
_ _ »)/IJ' O
o = ( S )
where
'Y,u = (]: 71')) )_’,L = (_1’ Yi)’ or ’)’M = (_1’ yi)’
y* = (1,7, (B12)

paying attention to the lower or upper u indices since the
SO(d, 1) metric is Ny = diag(—1,1,1,---, 1). It should
be emphasized that the y#, ¥# in T'* are switched relative
to I'*. We can further write
,y2=0.2><1’ ,yr=0.3><pr’
(B13)

y' =0l X1,

where the p” are the gamma matrices for SO(d — 3). With
the explicit form of the gamma matrices above we have

— T
T+~ =< 01 ?) s = i\/§<8 A ) (B14)
by (70
o= (700

similarly

r~'r= iﬁ( 0 O),

y* 0
(B15)

_ wy _
FW=<7 2) r*ﬂ=iﬁ<0 0).
0 vy Y

B17)
Then X = XMFM, X = XMFM, %FMNJMN, %FMNJMN etc.

take explicit matrix forms, such as

XMLy = -Xx*"T~" =X T" + X*T,

_( X*y,.  iaxT (B18)
i2X7 —Xty,

and
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1 11 I 1 [
EI‘MNJMN: —F+ J+ +§JHVF’MV_F;J M

— I, te (B19)
3y I =2y 0
iy J*H Ly o e | (B20)
INeYu 2

If we specialize to SO(4,2) = SU(2,2) with d +2 = 6.
Then the p” are replaced just by the number 1 and then the
Yu» ¥y are given in terms of the 2 X 2 Pauli matrices
Vo= (=13), or yb=(-15)
yr = (1, 5). (B21)

Yu = (1,5),

1. Metric, Hermitian conjugation
To be specific we now specialize to SO(4, 2) = SU(2, 2)
with d + 2 = 6. The gamma matrices we have defined are

consistent with the metric n%# or 77“[” in spinor space
given as follows:

77‘5‘3 =—im X1= v = fo” 7]"3 =10 = fo”
(B22)
bE = Whan™® = (WfT"P, (B23)
L = Whan™® = (AT")P. (B24)
The metric 7 has the following properties:
n=I% np=-1, nl=-9
r i _ (B25)
n=n n=-m

We then note that

[MEo — o’ V 0 i
X1, X1 —1X1 73X0o!
= (IM)t, (B26)
From this we obtain the following properties:
Yy~ = - and 9Ty~ = -1,
(B27)
V()™ = ="Mt and DMVt = — (MM,
(B28)
T]FMNFK’r]_l - (f*Kl"MN)’r and
KTMN o —1 MNTK\t (B29)
It g™t = (TYATH)T,
o’ &
M —
cr <—1 Xio, T3 Xioy,
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nIMNK =1 — (I_‘MNK)T and nfMNKn—l — (TMNK)t,
(B30)

The second line is derived from the first line:
p(ITMTN)y~! = (M)HITN)t = (PVTM)P which leads to
(nI’MTN) = —(»I'’TM)t. Similarly the third line is de-
rived from the first and second lines nI'MNI'Ky~! =
[— (MM —(TK)t] = (TXKTMN)t etc., while the fourth
line follows from the third. Note that the patterns of I', r
on the left or right are not the same in each line. From these
we obtain the following properties of the matrices 7, nI'™,
nIMN | nI'MNK etc. under Hermitian conjugation

n=-nt, M= ("),
171'*MNK — _(nf‘MNK)T

MY = (g1,
(B31)

and similarly for nI™™, pI"™MN, pI"MNK etc.
Using these properties of the metric we obtain the fol-
lowing Hermiticity properties for pairs of fermions:

(’»ZILIJ’ZL)T = _'Z’le//IL’
(¢1LFM¢2R)T = ‘zzRFMiﬁlL:
(‘/_/1LFMFN‘lsz)1L = _'Z’erNfM'JflL,
(lZ’ILFMN‘//ZL)T = =i "Ny,
(lplLFMNFK%R)Jr = ‘ZZRFKFMN‘plLr
(l/_/lLFA/HVKl//M)1L = _'/_szFMNKl//lL-

(B32)

These are used to verify the Hermiticity of the action,
transformation properties, and consistency of SU(2,2|1)
group theoretical structures that appear in the text.

2. Charge conjugation, transposition, Majorana spinors

Next we define the charge conjugation matrix C for
SU(2, 2) by

where C = CI'Y = —1 X io,.
(B33)

C=71X02=—€n,

It has the following properties:

C=1 X0y, c? =1, cl=cC

(B34)
T = -, ct=cC

Then we see explicitly that

0 i
T X 0y, —Ty Xioyo')
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which shows that CTM are all antisymmetric matrices.
Similarly, CI'™ are also antisymmetric. Therefore we de-
rive the following properties:

CI“Mc—l — (I“M)T’ CI_‘Mc—l — (l:‘M)T,
CTMNC—1 = —(FMN)T CTMNC—1 = —(TMN)T

CTMNK =1 — (TMNKT CTMNK =1 = (PMNK)T,
(B35)
The second and third lines are derived from the first line:
crMr¥yc—t = @M1 = (C"T™)T which leads to
(CTMTN) = —(CTNTM)T, etc. Note that the patterns of
I', T' on the left or right of each equation are not the

same in each line. From these we obtain the following
properties of CI'M, CT'MN | CT'MNK etc. under transposition:

(CTM)T = —(CT™),  (CTM¥)T — (CT™Y)
(B36)
(CTMNK)T — (CTMNK)
and similarly for CTM, CTMN, CTMNK,
The charge conjugate spinor of a left-handed spinor

(1), [a 4 of SU(2,2)] is a right-handed spinor which we
denote as (%), [a 4 of SU(2,2)] and define it by

Wa)a = (CP1)a = Cap(])P = (CTO)47),
~ W) (B37)

with €= —1 X io,. From this we extract (o) =
(C*;) = (Cip;) which gives the following form after
multiplying both sides with C:

Y= —Cpp)" = —CT) (Yp)" = —C(@R)". (B3Y)

|

for Majorana fermions only
i T dor = o T i,
lZmFMFN‘ﬁzL = _&2RFNFM¢1R’
I TN g = =iy KTV iy,
P TN = = TMVE i,

Note that for the gamma matrices I', T'MNK the inter-
change 1 « 2 is symmetric or antisymmetric, but for the
gamma matrices 1, '™V the interchange 1 < 2 is neither
symmetric nor antisymmetric since left-handed fermions
are replaced by right-handed ones, and vice versa. These
properties are used to manipulate various terms in proving
the SUSY properties of the action and to check the con-
sistency of SU(2,2[1) group theoretical structures that
appear in the text. In particular, from the third line above
we deduce the following properties of the fermion kinetic
term
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So, for consistency with these equations, the charge con-
jugate spinors need to be defined with the following pat-
terns of chiralities and signs:

(f5) = —(Cyk), = CW)T. (B40)

We now define a Majorana fermion for SO(4,2) as one
that satisfies the following condition:

. Majorana
bir = Ve (B41)
Then from the above definition of #{  we derive consis-
tently that a Majorana fermion has the following proper-
ties:

Majorana

Y = Cyp. ()

Majorana

Cyh, (B42)

Majorana Majorana

yr = W)'C g = —(p)'C.  (B43)

Using this and Eq. (B36) we now see the following per-
mutation properties of Majorana spinors when ¢, i, are
interchanged (treated as anticommuting Grassmann num-
bers). Thus we find ¢, IT™r and g™y, are sym-
metric under the interchange of 1 < 2

1 T g Melogne — ()T CTM i (B44)
= ~(o)TCTM Y1 = o, TM . (B45)

With similar manipulations we establish the following
properties under the interchange of 1 < 2 for Majorana
spinors. These follow from Eqgs. (B35) and (B36)

‘plLlpZL = _lzzR%R
%me‘Ml/’zL = %ZZRFM'MD

lZmFMN%L = lZZRl:‘MN‘le (B46)
lZlRf‘MNFKﬁsz = _‘/_IZRFKFMN‘//ID
lZmFMNK%L = _‘Z2RFMNK¢1L-
[ —
i XDy, + l/_/LBXl//L)Majgana —i(YrXDig + YrDX o).
(B47)

This agrees with the correct overall signs of the kinetic
terms for fermions of left/right chiralities.

3. 8-component SO(4,2) Majorana spinor
Although we prefer to use the 4-component left or right
SU(2, 2) = SO(4, 2) spinor notation in this paper, for com-
pleteness and for future reference we also discuss the 8-
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component spinor in this appendix. The left or right
SU(2,2) = SO(4,2) spinor can be rewritten as the 8-
component Majorana spinor of SO(4,2). To see this we
now introduce an 8-dimensional Majorana spinor ¢ and its
conjugate ¢ through the following definitions in which
Y, p are related to each other as shown in Egs. (B42)

and (B43)
=) y) = i)
(B48)

o=@ NG () oo

Note that ¢ satisfies the Majorana condition ¢ = . We
can also write [see Eq. (B43)]

= whob(§

J=yTc, with c= —(g _OC>, I =c.
(B50)
Then i, Y1 "Mnys, take the form

iy = (I, ¢1R)(FM (B51)

0 )5
1y = (1L, JHR)( FA(;N 1=-191N )( z;z ) (B52)

etc. For 8-component Majorana spinors we obtain the
following permutation properties when i, ¢, are inter-
changed

s = oL + Pirior
Majorana -
DS g — Yot = — ot (BS3)
b1y, = G T og + gl g,
Majorana - - = _
S — o T + g T = oy,
(B54)
g1y = @ TV g + g DMV g
Majoran, -
, Mol — gDV + o TMN Y
= Jy"Ny,, (B55)
P yMVE Yy = g DMNE Yo+ G g T NE Yy
Majorana - =
L= _%LFMNK%R ¢2RFMNK¢1L
= —ihyyMNEy. (B56)

In summary, ; yM1 " Muys ; have the following symmetry or
antisymmetry properties under the interchange of i, j
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Mg, (YN )i,
antisymmetric: (1), i, (y"VK) ;.

We can also introduce an additional 8 X 8§ gamma ma-

trix
1 0
T —

which anticommutes with the other six gamma matrices
{v7, Yu} = 0, and construct y’yM, ¥’ yMN and y’ as the
additional traceless 8 X 8 gamma matr1ces that complete
the set of all 8 X 8 matrices. For these we have the follow-
ing permutation properties

‘ﬁl)’ b = ¢1L¢2L ‘lelpZR

Majorana -
: —Uorthip T Yopthy =

symmetric : i;(y (B57)

Yoy, (B58)

lplLF '702R

M
‘//IRF '7Z’2L
. Ma_]orana -

= _‘ﬁzLF Uig — %ZszfMlﬁlL
=¢27’7‘}’M¢1,

1y M, =

(B59)

P TNy, —

QZ’IRFMN'vaR
Majoran. - = -
, Mol _‘lfzkrMN’ﬁlR - ‘J/ZLFMNI/ML
=~y YNy,

In summary, ;7" y*1""Mry; have the following symmetry
or antisymmetry properties under the interchange of ¢;, i;

symmetric : ¢, (y") i, §:(y"yM)ip;,
antisymmetric: ¢;(y”y"V)i;.

'Z’l?’ VMN%

(B60)

(B61)

The symmetry or antisymmetry properties given above
can be related to the properties of SO(5,2) gamma matrices
given by y" = (yM, y7). Specifically we note the 8 X 8
SO(5,2) gamma matrices ¢ and ¢y”"* are symmetric while
cy™, cy™ are antisymmetric, where ¢ is given in
Eq. (B44). This is easily understood by simple counting
of dimensions in spinor and vector spaces of SO(5,2). That
is, the symmetric products in spinor space gives (8 X 8), =
82 = 36, while for gamma matrices ¢ ® cy™"* we count
the same dimension, namely, 1 + 753 = 36. Similarly for
the antisymmetric product in spinor space we have (8 X
8), = 8 7 = 28, while for cy” ® cy™" we count the same
dlmenswn namely, 7 + 7 6 = 28. From this we immedi-
ately conclude that the SO(5,2) gamma matrices have
definite symmetry properties, namely, ¢ ® cy™"* are sym-
metric and cy” & c¢y™" are antisymmetric. Taking into
account that ¢y = "¢ [see Eq. (B44)], and an extra minus
sign due to the interchange of Grassmann numbers, we
obtain the permutation properties of fermion bilinears
g (y™ M) = ¢l (cy™ ™ )i; under the interchange
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of ¢;, ; as follows:

symmetric : ;(y"™ )i, (Y™ ),
antisymmetric: ()i, (™).

These SO(5, 2) properties reduce to the SO(4,2) properties
for Majorana fermions as given in Egs. (B57) and (B61) by
specializing the indices m = (M, 7).

The charge conjugation or Majorana properties de-
scribed in this appendix are used to verify the SU(2, 2|1)
group theoretical consistency of the fermion bilinears that
appear in the transformation laws and other structures
given in the text.

(B62)

APPENDIX C: FIERZ IDENTITIES

In this appendix we prove the two Fierz identities

2 P>w 7% = v _
8(X*) (PriXihri)(EgXipy;) = 0 (ChH
dp;0p ;0@
and
(X fape(BL[Tar, XIAE)(AZ[TM, X]AS) = 0. (C2)

We start with the gamma matrix identity of Eq. (3.31),
which allows us to write

[(riX)*8,° (1) 5 [(ErX)7 6P (W14) ]
= — WX ) (ErXihr)) + §(riXTyntre)
X (8gXTMN gy, ;).

This equation is rearranged by moving the first term on the
right side to the left side. After multiplying both sides with
the totally symmetric and summing over i, j, k we

(C3)

dp; 64,0 Q.
derive

5 W
4 900,00,
1 ¥w
80000004

(‘ZRinﬁLk)(éRXlﬂLj)

(riXTyn ) (EgXTMN s ;). (C4)
We focus on the term ¢z XI"y,y/, ;. on the right-hand side
which can be rewritten by using gamma matrix identities as
PriXUyntik = X Pri(Coun + mpuly = npnla) ik
The T'pyy term can be rewritten as X* ()" (CFPMN)ka
by using the charge conjugation property ¢g; = (4,;)7C
We argue that the I'py,n term can be dropped due to the

symmetric property of 8¢-Z;W8¢k under the interchange of i
i 7

and k, the symmetric property of (CT pyy)*? under the
interchange of o and B, and the antisymmetry under the
interchange of two fermions. The remaining terms on the

right-hand side take the form g W (¢R1X[MFN] i) X

(2xXMTMy, ). We drop the term proportional to X since
there is an overall 6(X?). Then we obtain the relation
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3w - - _
> 5(X2) 6?976 (YriXthr)(ERX ;)
=3 ( 2)m(¢R1X¢Lk)(8RX¢LJ) (C5)

Pulling all terms to the same side of the equation and
rearranging, we obtain the desired Fierz identity of
Eq. (C1).

Next we prove the Fierz identity of Eq. (C2) where
[T, X]is defined as

We start again with the gamma matrix identity of Eq. (3.31)
to write
= fabc[%()_‘bL[FM! X]FRQ/\QL)(EL[FM’ X]FRQ/\CL)

— 1AL [T, XTI )(EL[Tas XTA )] (C7)

The last term on the right side has the same form as the left
side, so the equation is rearranged as

%fabcéL[FMr X]/\ZX?[FM, X]/\i

= fape(Apr [TM, XTTREA ) (8L [Tar, X ro A r)-
(C8)

By using gamma matrix identities (4.14), and setting X?
terms to zero since there is an overall §(X?), the right-hand
side can be rewritten as

%fabc(XbL FMNRQ )‘aL)(éL FMPRQ/\CL )XNXP

+ %fabC(XbL[er X]/\aL)(éL[FM’ X])\CL) (C9)

The last term in Eq. (C9) is similar to the left side of
Eq. (C7), so they combine, and we are left with

28X fapc8r[Tar, XINEAZ[TM, XS
= 28(X2) fle Xy XP (A, TMNRON ) (&L T yproAct)-
(C10)

Next we use the fact that TMiMMsMy —

1 M, MyMsM,MsM
5 & RILIMSM Ty, and we perform the sum

31

1\2 . M M.
<§> XNXPSMNRQMsMGSMPRQN5N6 = ZSE\;(SN; BN;‘]XNXP

(C11)

Here we drop the terms proportional to X? since there is an
overall delta function 8(X?). Inserting this in Eq. (C10), we
find the right-hand side of (C10) looks the same as the left
side of (C10), but with the numerical coefficient —3/4 on
the right versus 1/4 on the left. Pulling all terms to the
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same side of Eq. (C10) we obtain the desired Fierz identity
of Eq. (C2).

APPENDIX D: OFF SHELL CLOSURE FOR
CHIRAL SUPERMULTIPLET

We now consider the closure of the SUSY transforma-
tions (8,,6,, — 8,,0,,) applied on each field in the chiral
multiplet (¢, 5, F);, in the absence of interactions with
the vector multiplet (i.e. g = 0), with each §, given in
Egs. (3.11)—(3.13).

1. Closure for scalars

6[8[ 882]¢ = éR[ZX(aal]l//L) - %Xz(éR[Zé(aal]l//L)

+ 82Ut (8., 8)) (D1)

= {iéR[2fMN8R1]XMaN¢ + iggper[X - 0@ — 1X%0%¢]
- iéR[zXSLl]F + %le.éR[zf‘MSLl]aMF
- %le.éRDSR]]UTFT + %le.éR[zf‘MSLl]UT 8M(p}
(D2)

= {_%éR[ZFMNSRl]LMN¢ — IERERNP
+iggper(X - 0+ 1)@ — 1X%iggpeg; (0% + UTFH,
(D3)

where we have used

Erpl™Me =0 (D4)
from the second line to the third line.

From Appendix B, one can conclude that &gz, I"™Nep
and i&gpr &g ] are imaginary numbers. These effective pa-
rameters in the first line of (D3) are interpreted as the
closure to the global bosonic subgroup SU(2, 2) X U(1) C
SU(2, 2|1), where the U(1) is the so-called R-symmetry.
The second line of (D3) is proportional to the 2T-gauge
symmetry generators connected to the phase space con-
straints X - P and X?. So these terms in the closure are 2T-
gauge transformations of the scalar field [13]. If the field is
|

éR[IFM¢LFM8R2] = _%5R[18R2]¢’L + %ER[IFMNSMJFMN%”L,
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partially on shell by setting X> = O and (X - 9 + 1) = 0,
to satisfy these constraints [derived as equations of motion
in Eq. (5.37)], then the closure for such fields is purely into
the bosonic subgroup of SU(2, 2[1).

This makes it clear that for fields that satisfy the Sp(2, R)
gauge invariance conditions (i.e. partially on shell),
the closure is into SU(2,2) X U(1) C SU(2, 2|1). How-
ever, for general off shell fields the closure of two SUSY
transformations is into the global SU(2,2) X U(1) C
SU(2,2|1), plus 2T-gauge transformations connected to
the underlying Sp(2, R) [13]. The same pattern is observed
for the other components of the chiral multiplet as follows.

2. Closure for auxiliary fields

The closure of the auxiliary field F works as usual,

1
O1e,0F = a2 5y TV + 2B (D)

1_ .
= {2 8R[2FMN8L1]LMNF + 218R[28L1]F

. = 1_
— 2iggp™egdne — ESR[erNpaLl]LMNalzGD

1. -
- 28R[2F[M8R1]77N]PLMN3,;¢} (D6)
1 =un -
= — ESR[QF 8R1]LMNF + 2l8R[28R1]F, (D7)
where we have used (see Appendix B)
€ R2ER1] = ERP2ELI} (D8)
éR[ZfMNgRl] = —&ppl™Vep . (D9)

The closure on F consists again of the global bosonic
subgroup SU(2, 2) X U(1) C SU(2, 2|1).

3. Closure for spinors

To calculate the closure on the spinor, we use the follow-
ing Fierz identities which will be derived later in this
subsection:

(D10)

5R[1FM(XM3N¢’L)FN8R2] = [_%ER[II:‘MNSRZ]XMGN'I’L — 1ERnERyX - Oy + %éRUf‘PRMNng]FPRXMaN‘/fL
+ iéRUFMReRz]FRXMa'ﬁL - iéR[lfMNeRz]XMaN o+ %ER[lfPNst]XFP Nty

— B T e g Xy dn iy, + 38 p MY o Uy X - 04y, + 38 g0 €xny Xy, — SERpER)X - 991 ]

En¥rern = —1eruer¥L

(D11)

- %FPR‘//LER[IFPRSRz]: (D12)
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and

PHYSICAL REVIEW D 76, 105028 (2007)

TN (Xp 0N )ern) = {}IéR[IFMNSRZ](XMaN‘//L) + %5R[1fMNPRst]FPR(XMaNkbL) - %éR[IFMR8R2]FPRXMaP¢L

+ %ER[lf‘MRSRz]FPRXPaMl//L — 1Erer TN Xy Oyt ).

Then we compute

6[81682]!/)1 = ia(6[8|¢)8R2] - iB[SIFSLZ]

= {iggp o[ Xyp — 31Xy + UTg)legyy — i8n TN Xyydy — )b o))

This becomes

(D13)

(D14)

(D15)

= {[iéR[ler//LFMSRZ]] + [iéR[lfM(XMaNl//L)FNSRZ]] + [—ig MMV Xy Oy epoy] + [2i8 YL eRay] + (X + XP0))

(D16)

Here we note that everything of the form X + X2 in the transformation of ¢, is a 2T-gauge transformation of the spinor

[13].
This can further be put into the form

1 1 i
Ole,0e, V1 = {_ESR[ZFMN&‘RI](LMN + 2—1.FMN>¢//L + ESR[ZSRI]‘//L}

i = 3.
+ {_géR[ZFMNSRI]FMN(X' d+ 2 + leR[QSRl](X C0+ 2y + (X + XZQ)}

In this form, we see that the first bracket represents the
closure into the bosonic subgroup SU(2,2) X U(1) C
SU(2, 2|1), with the correct SU(2,2) generator (L +
%FMN) for the spin 1/2 fermion. The second bracket is
again a 2T-gauge transformation since (X - 9 + 2)¢; is the
action of the Sp(2, R) generator X - P on the fermion [13].
For a partially on shell homogeneous field (X -9 +
2)i; = 0 that is Sp(2, R) gauge invariant [which is an
equation of motion at g = 0 as in Eq. (5.38)], the second
bracket drops out. Hence for Sp(2, R) gauge invariant fields
the closure is purely into the bosonic subgroup of
SU(2, 2|1).

If we gauge fix the 2T gauge symmetry as in footnote 8,
the transformations become the familiar hidden supercon-
formal symmetry of N = 1 chiral multiplet.
|

(D17)

(D18)

[
4. Proof of the identities (D10)-(D13)

The first two identities are proved as follows. Using the
Fierz identity in Eq. (3.31), we can write

5R[1FM¢LFN8R2] = _ﬁéR[lfMFNSRz]lﬁL
+ & TV TPRTN &gy T prify-
(D19)
Using the commutation relation [I'Y, I'PR] = 29pMPTR —

2nMRT* we change the order of I'™ and I'P® for the second
term on the right-hand side. After that, use My =
MN — pMN and (4.14), to get

& p Ty TN epyy = {—38ru TN e, — 8rneray ™V ir, + 58 TR &g Cprty, — %éR[lfP{Mst]FPN}kﬂL

+ %UMNéR[lf‘PRSRz]FPRAbL + 18rn era TN L ).

Then we can use (D20) to derive the first two identities

(D20)

5R[1FM¢LFM8R2] = —3&pnerr + iéR[lfMNSRz]FMNlﬂLy

and

Exn T (Xppon )TN egy) = [_iéR[lfMNSRz]XMaNlﬁL — 18RnEry Xt Oy, + %E‘RUFPRMNSRz]FPRXMaNlﬁL

- léR[IFPMsRZ]FPNXManL + %5R[1FPN8R2]FMPXM3N¢//L + %ER[IFMN‘SRZ]FMNX R4

4

+ 18rn era TN X oL ]

(D21)
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zl;ék[lfMNSRz]XMaN’ﬁL — 1ErpERX - Oy, + %5R[1FPRMN8R2]FPRXM<9N1//L + iéR[lfMRSRz]rRXMal//L

— 3Ern TN e g Xyt + 58 p TN e g XU ponthy, — 18rn TN epoXpdn iy, + 38xu DY e lyn X - 94

+ 18R ER X Oy, — TER1ERX I ] (D22)
On the other hand, using the Fierz identities (D8) and (D9) we can easily derive
Enrern = —s8nerr + sl prir e IR ey (D23)
= _};éR[lst]klfL - %FPRQ&LéR[IfPRsRﬂ' (D24)
Now let us tackle the last identity. First, we use the Fierz identity,
g ™MV (Xydnipr)era) (D25)
= =8IV e (X onr) + 38, TN PR e o T pr(XyrOnihy)- (D26)

Then we use (4.14) to get

e TN (X dnt)era) = GErp TN epy) (X dnthr) + §8 10 TVPR e U pr(Xag i) + 38,0 TR e g 1P 1 Xy 0 pify

— TR e g I Xpaythy, — 188U N Xy oty ).

(D27)

Finally, we use (D8) and (D9) to change left-handed spinors to the charge-conjugated right-handed spinors, and similarly

éL[IFMNPRSLz] = _iEMNPRQSéL[IFQ38L2] (D28)
= ifMNPRQséR[IFstRz] (D29)
= g TMVPRg s (D30)

to obtain the last identity.
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