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Introduction

The Standard Model is, so far, the most successful theory that describes elementary
particles and their interactions. It fits perfectly with the experimental data but
it leaves some problems unsolved as the hierarchy problem in the Higgs mass, the
gap between the running coupling constants in Grand Unification theories and the
presence of dark matter. Supersymmetry had a great impact when introduced
because it could give an answer to these problems. It provided a dark matter
candidate, the neutralino. It removed the gap in Grand Unifications theories,
the three running coupling constant of the standard model intersect perfectly at
101°GeV. Also, if supersymmetry were linearly realized at the T'eV scale then
it would solve also the Higgs hierarchy problem. Every boson s,interacting with
the Higgs field, would have a fermionic superpartner f, which also interacts with
the Higgs and at energies above the supersymmetry breaking scale the one loop
contributions from these interactions would cancel. The Higgs mass would then be
compatible with the standard model expectations for a supersymmetry breaking
scale around the T'eV. Supersymmetry can also be seen as a low energy theory of
the String Theory and so the enthusiasm about supersymmetry was well motivated
by phenomenological and theoretical reasons.

It is now clear that the supersymmetry breaking scale is not around the T'eV
scale but it is much higher. However, even if supersymmetry is broken at a very
high energy scale, it can still be used to constrain effective lagrangians, in fact,
when a symmetry is broken, we still have a non-linear realization of such symmetry
on the effective degrees of freedom [1]. A generic consequence of supersymmetry
breaking is a mass splittings in the spectrum, where the heavy states can be
close to or higher than the supersymmetry breaking scale and therefore might be

integrated out. The effective theory for the remaining states is then constrained



by a non-linearly realized supersymmetry.

If global non linear supersymmetry is exact then the fermionic goldstone modes
are massless. This is the most common scenario, but, starting from Volkok-Akulov
work [2], non-linear supersymmetry were also used to study light fermions as
pseudo-goldstone modes of an approximate supersymmetry. More recently in-
flationary theories in supergravity, [3-13|, and brane supersymmetry breaking sce-
narios, [14-17], were described using non-linearly realized supersymmetry.

Non linear realizations of supersymmetry were initially described using the
component fields formulation and then they were implemented in superspace. In
superspace methods various properties of supersymmetry are manifest even when
the spectrum is not supersymmetric anymore. Among these methods, an interest-
ing approach is to describe non-linear supersymmetry trough constrained super-
fields [18-21].

This thesis is a review about constrained superfields and eventually it focuses
on a open question about the unitarity bounds in inflationary models. In [13] the
authors stated that there is no problem with unitarity thanks to the effective cutoff
A = (V +3mj,,)"/* that they believed universal. The authors of [6] instead found
that the energy range of validity in inflationary models is constrained by unitarity.
In this work we will show that, for a simple model with constrained superfields
in supergravity, A is not the only relevant scale and so the absence of problems
linked to unitarity bound was a feature only of models analogous to those studied
in [13].

This work starts with a discussion about supersymmetry and its linear real-
izations. The superfields formalism is introduced and a general way to construct
invariant lagrangians under supersymmetry transformations is developed. Our
interest in effective lagrangians in which supersymmetry is spontaneously broken
leads us to the description of non-linear realizations and the constrained superfields
formalism allows us to obtain them in a efficient way. This formalism is extended
also to supergravity and this is useful in order to have a set-up compatible with
inflationary models. The breaking of local supersymmetry is well described by
the super-Higgs mechanism. This mechanism is analyzed first in linear supersym-
metry and then in a simple model with constrained superfields. Eventually the

interaction terms of this model are computed and it is shown that A is not the
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only relevant scale.






Chapter 1
Linear Supersymmetry Realizations

This chapter is a brief review about supersymmetry and its linear realizations
based on [22]. After a brief discussion on supermultiplets there is a focus on
superfields and on their properties. The aim of this chapter is to highlight how the
superfields formalism can simplify the construction of supersymmetric lagrangians

and to derive them for vector and chiral superfields.

1.1 Supermultiplets

Coleman and Mandula showed that the most general symmetry, compatible with
the Poincaré symmetry group, that can be realized in a local QFT is the direct
product of the Poincaré group and an an internal symmetry group [23]. It was then
natural to define particles as unitary irreducible representations of the Poincaré
algebra and to label them with the possible values of the two Poincaré Casimirs,
P? and W?2. The first one is the square-mass operator while W? is related to the
the spin (helicity) operator. Mass and spin (helicity) values describe completely a
particle and they are invariant under the action of both the Poincaré group and
the internal symmetry group. Coleman and Mandula considered only bosonic sym-
metries. Haag, L.opuszanski and Sohnius investigated also fermionic symmetries
and they found that most general symmetry compatible with the Poincaré group
is given by the product of the Super-Poincaré group, an extension of the Poincaré

group that contains the supersymmetry generators Q! and an internal symmetry
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

group [24]. The irreducible representations of the Super-Poincaré algebra can be
written as a collection of irreducible representations of the Poincaré algebra and
they are called supermultiplets.

Supermultiplets play in a supersymmetry-invariant theory the same role that
particles play in a Lorentz-invariant one. It is of great importance then to highlight

some fundamental properties:

e Particles in the same supermultiplet have the same mass but different spin.
W? can not be a Casimir of the Super-Poincaré algebra because particles
in the same supermultiplet are related by the action of the supersymmetry
generators that change the spin by half a unit. P? instead is still a Casimir

because P* commutes with the supersymmetry generators.

e In every supermultiplet the bosonic and fermionic d.o.f. are the same. The

operator (—1)%, where s is the spin, acts on bosonic and fermionic states as
(=1)*|B) =|B) ,(-1)*|F) = - |F) . (1.1)
This operator anti-commutes with @), and so

0 =Tr(—Qa(—=1)*B; + (-1)*Q;Qa)
=Tr((—1)*{Qa, Qs})= QUZBTr[(—n?S}ﬂ : (1.2)
Choosing P, # 0 it follows that Tr(—1)?* = 0, namely that ng = np.

e Every state has positive energy. From the positive metric assumption [24]

02D (91{Qu Qa}l6) = Tr(20") (9] Pil6) = 4 (6| o |6)

1.1.1 N=1 Supersymmetry Supermultiplets

In this work we are interested in N = 1, or minimal, supersymmetry. This means
that the supersymmetry generators are given by a complex Weyl fermion (),. As
seen before, in a supermultiplet there are particles related by the action of this

generator. Unitary irreducible representations od the Poincaré group were derived
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1.1. SUPERMULTIPLETS

acting on a Clifford vacuum with creation operators. A similar procedure can
be developed in order to create unitary irreducible representations of the super-

Poincaré group.

Massless Supermultiplets

The first step for building massless supermultiplets is finding creation and annihi-
lation operators. By evaluating {Q,Q} = o*P, in the rest frame, it follows that

only (), is non trivial. From this generator it is possible to define

a

1 1 -
— i
9 CI/ e — 3 1.3
VAE @ VAE @ (1:3)
such that they satisfy the anti-commutator relation for creation and annihilation

operators:

{a,a'} =1. (1.4)

When acting on some state, the operators a and a' respectively lower and rise the
helicity of %
The second step is to define a Clifford vacuum |E, A\g), where )¢ is the helicity,
such that
alE, ) =0. (1.5)

The full supermultiplet is obtained acting with af on |E, X\g) ~ |Ao):

' Ao = 1o+ 3) (1.6)

The last step is imposing CPT-invariance by doubling the supermultiplet, namely
by adding its CPT conjugate.

The useful massless supermultiplets for this work are:

e Matter or chiral multiplet

1 1
A = } - - - . 1-
0=0 (07 2) C@PT( 2’ 0) (1.7)

There are two bosonic degrees of freedom from a complex scalar and two

fermionic from a Weyl fermion. This multiplet is also known as Wess-Zumino

11



CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

multiplet.

e Gauge or vector multiplet

No— L +1+1 & N (1.8)
079 2’ cer\ ' 2)° '

There are two bosonic degrees of freedom from a massless vector and two

fermionic from a Weyl fermion.

e Graviton multiplet

3 3 3
Xo=2— (42,42 —2, 2. 1.
072 (J“2’Jr )o%( ’ 2) (1.9)

This multiplet contains a graviton and a gravitino.

Massive Supermultiplets

The procedure for constructing massive supermultiplets is similar to the previous
one. The main differences are that there are not vanishing generators and that now
the spin is taken in account rather than the helicity. The creation and annihilation
operators
1 ; 1
1»

= — , =—0Q;; , 1.10
12 m@m Al \/%QIQ ( )

respectively lower and raise the spin 7 by half unit. Starting from different Clifford

vacua |jo) it is possible to construct:

e Matter multiplet:

. 11

this multiplet is made of a massive complex scalar and a massive Majorana

fermion;

e Gauge or vector multiplet:

1 1
joz — (—172X —5,2XO,2X+§;1> ) (112)

N | —
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1.1. SUPERMULTIPLETS

the degrees of freedom are those of one massive vector, one massive Dirac

fermion and one massive real scalar.

1.1.2 Superfields as Supermultiplets

Until now the focus was on unitary irreducible representations. For the Poincaré
group there are also finite dimensional irreducible representations. They are la-
belled by a couple of numbers (m,n) and their dimension is d = (2m+1)(2n+1).
They are very useful because in a relativistic quantum field theory all the fields
belong to one of these representations. It is possible to develop a similar formalism
also in Super-Poincaré? The next section will provide a detailed answer but here a
useful first attempt in this direction is made using the procedure illustrated above.

For simplicity let’s start from a complex scalar field ¢(z) such that

Qs ¢(2)] = 0. (1.13)

Thanks to this constraint if the field were real it would be a constant. The action
of Q. on ¢ gives:
[Qa ¢(2)] = tha(z) . (1.14)

A new field v, is defined by the action of ), on ¢. In the same multiplet now

there are a complex scalar and a Weyl fermion. Acting again with the generators

on Yy:

{Qa ¥5(2)} = Fap(2) ; (1.15)
{Qa ¥s} = Xap(@) - (1.16)

After some calculations one gets:

Xap ~ 040 ; (1.17)
Fos(x) = €5 F () . (1.18)

F(z) is a new scalar field that must be added to the field multiplet. No new
fields are introduced with a further step and so all the fields that appear in the

13



CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

supermultiplet constructed starting from ¢ are

(9.0, F) . (1.19)

This object is called chiral or Wess-Zumino multiplet. This multiplet starts with
a complex scalar, whose associated state can be represented by |0). The action of
Q. gave a Weyl fermion, v,. This operations is analogous to the action of af on
|0) that creates |1/2). The first two fields correspond exactly to the particle states
of a chiral supermultiplet. A problem arises when a third field, F', is generated.
The degrees of freedom of the collection of fields generated with this procedure
are four bosonic, two from ¢, and two from F' and four fermonic from ,. The
equivalence of the degrees of freedom is still valid but they are not the ones of the
chiral supermultiplet. That multiplet was on-shell. The Weyl fermion looses two
d.o.f. thanks to the Dirac equation. Also the bosonic number is diminished of two
units, as will be shown later, because F' is an auxiliary field. The on-shell numbers
are then

np=ng=2. (1.20)

A collection of fields related by supersymmetry is called superfield. When on-shell
superfields are considered there is a perfect correspondence with the superparticle

states.

1.2 Superfields

Superfields are defined as functions of superspace coordinates (z*,6,,0s). The
Grassmann variables # and 6 have been introduced in order to transform the

graded supersymmetry algebra in a Lie algebra with generators:

Qo = 0Q, (1.21)
Qs — 00 . (1.22)

14



1.2. SUPERFIELDS

Since # and @ are Grassmann variables, the most general superfield Y (z, 6, ) has

the following expansion

Y (2,0,0) =f(z) + 0y(x) + 0x(x) + 00m(z) + 60n(x)
+ 00" 0v,, () + 000X(x) + 000p(x) + 0000d(x) . (1.23)

The Y superfield has this name because it is a collection of ordinary fields. A

supersymmetry transformation on Y with parameters (e,, €4) is defined as
Y (x4 62,0 4 60,0 + 60) = e DY (1,0, f)e 2D (1.24)

In this notation Q is the abstract operator. From the superfield variation is possible

to derive the explicit expression for the coordinate variations:

dat = ifo"e — ieatd ; (1.25)
00" =€ ; (1.26)
60% = &*. (1.27)

The supersymmetry variation of Y can be written as
SeecY = (ieQ +i€Q)Y (1.28)
with @ the differential supersymmetry operator:

Qo = —i0a — 0,070, (1.29)
Qs = +i0s + 0°0%,0,, . (1.30)
In (1.23) there is the general expression for a superfield. The supermultiplets
derived above had less component than Y. They can be obtained by imposing

some supersymmetric constraint. The most common superfields are the chiral and

the vector ones.
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

1.2.1 Chiral Superfields

In N=1 supersymmetry covariant derivatives D, and D, can be constructed in

order to anti-commute with @, and Qs defined above.

Dy = O + 0" 070, ; (1.31)
Dy = —04 —i0%%.0, . (1.32)
Since D and D anti-commute with @ and @ they also commute with the variation

56’5:
5. (DY) = Da(6.2Y) . (1.33)

This implies that if Y is a superfield, then also D,Y is a superfield. The constraints

, (1.34)

0
P =0, (1.35)

P

Dy ®
D,

are supersymmetric invariant. A field ® that satisfies the first constraint is called
chiral while a field ® that satisfies the second anti-chiral. Finding a general

expression for ® is quite simple with the following coordinates redefinition
y" =zt + 0ot . (1.36)

With this coordinates
Ddy,u == Ddg =0. (137)

The general expression for a chiral superfield is

® = A(y) + V200 (y) + 00F (y) . (1.38)

In the z* coordinates it becomes

® =A(z) + i00"00,A(z) + i@@ééDA(SL‘) + 00F (z)
1

+ V204 (x) — NG

000, ()" . (1.39)

16



1.2. SUPERFIELDS

Analogously for an anti-chiral superfield, defining g = x* — ifc*,
& =A*()) + V204 (y) + 00F* (1) (1.40)
A% (2) — o080, A" () + ieeéém*(x) +00F ()

+V200(z) + Eéé@a“@wﬁ(w) . (1.41)

This superfield is equivalent to the field multiplet in (1.19).

A chiral superfield, under supersymmetry transformations, transforms as:

5e®(y,0) = (ieQ + i€Q)®(y, 0) . (1.42)

Q and Q have to be expressed in term of the new coordinates:
Q = —i0a , (1.43)
Q = i0, + 29%@% : (1.44)

Plugging these definitions in (1.42) the transformation becomes
., 0 =, 0
b.c®(y,0) = V2ep+/20 +\/§eF+\/§zaﬂemA +66 zﬂea“mw . (1.45)
) Y

The supersymmetry transformations for each component of the chiral superfield

multiplet are:

0. A =2, (1.46)
) = iV201E0, A + V2eF (1.47)
0. F = in/2e5" 0,1 . (1.48)

The fermionic nature of supersymmetry is easily seen in these transformations.
The variations of the scalars A and F' are proportional to the spinor ¢ while the
variation of v is proportional to the scalars. From these transformation it is clear
why superfields are linear realizations of the supersymmetry. Every field variation

depends linearly on the other fields.

17



CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

1.2.2 Vector Superfields

Vector superfields are defined imposing the condition:
V=V. (1.49)
Their power series expansion in @ and 0 is:

V(z,0,0) =C(x) + ifx(x) — 0y + %QQ[M(ZL‘) +iN(z)]
_ %QQ[M(x) —iN(2)] — 00" Bu, () + 068 {A(m) + %a“@ux(x)}
— 00 | \(x) + %J“@ux(x)] +%9999 {D(x) + %DC(IL’)} : (1.50)

The fields C, D, M, N and v, are real. Under the following supersymmetric

generalization of a gauge transformation,
VoV4+d+&, (1.51)

where @ and ® are respectively a chiral and an anti-chiral superfield, the compo-

nent fields transform as

C—C+A+A", (1.52)
X = X — V20, (1.53)
M +iN — M +iN — 2iF | (1.54)
v, = v, — 10, (A — AY) (1.55)
A— A, (1.56)
D—D. (1.57)

(1.58)

It is possible to choose a gauge, often called the Wess-Zumino gauge, in which C,

X, M and N are all zero. Only a vector field, with a usual gauge transformation,

18



1.3. INVARIANT ACTIONS

a spinor and a scalar remain:
_ _ __ 1
V = —0c"0v,(x) 4+ i000\(x) — i000X(x) + 56999D(x) : (1.59)

The supersymmetry transformations for the component fields are:

St = —iAgte + ieat\ (1.60)
O = " e(0 v, — Oyv,) + ieD (1.61)
6D = —ea" I\ — ONoV'E . (1.62)

Also these transformations, as the chiral ones, are linear in the fields.

1.3 Invariant Actions

The real strength of the superfields formalism is linked to the possibility of building
supersymmetric actions in a simple way. If only a set of fields, transforming as
in (1.46)-(1.48), were taken in account, it would be problematic to construct an
invariant lagrangian. Every time a new term is added at least another one must be
taken in account in order to compensate its variation. With superfields it becomes

quite easy because if Y is a superfield, then
S = / d*xd*0d*0Y (z,0,0) (1.63)
is supersymmetric invariant:
0eeS = /d4xd20d2§66,gY
= / d'rd®0d*0[e*0,Y + €:0°Y + 0, [—i(ec”d — fo"e)Y]] =0.  (1.64)

The first equality holds because the integral in the Grassmann variables is trans-
lational invariant by construction while the last holds because the terms with 9,
and 0% don’t have enough s and 9,[...] is a total derivative. The integral in the
full superspace of a superfield always gives a supersymmetric action, if it is also

suitably defined then, by integrating it over the Grassmann coordinates, it is pos-
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

sible to get a Lagrangian density of dimension four, which is real and transforms

as a scalars.

S:/d4xd20d26_A(x,0,0_):/d‘lxﬁ(qﬁ(:c),w(:v),Au(:c),...). (1.65)

1.3.1 Matter actions

Starting from a set of chiral superfields ®°, the combination ®'®; has the right
dimension for giving a four-dimension lagrangian £. The only contribution comes

from the 6609-component of the integrated superfield.

- . 1 . 1 1 , . ;
B'P; = FUF 4+ JADA, + J0A7A; — SO,A"0" A, + %aml&wi -~ %zpiaﬁ@mi .

(1.66)
Up to total derivatives, L is

L =id oty + A0A; + FF; . (1.67)

This lagrangian contains the canonical kinetic term for a complex scalar and a
Weyl spinor. Another kind of contribution, when considering chiral superfields

may come from
/d4xd292(x,9,9‘) = /d4yd262(y,9). (1.68)

> is chiral and the equation holds because z# = y* up to total derivatives. These
contributions were not included in the integral in the full superspace because, even
if

/ d*zd*0d?0Y = / d*zd*0 D*Y | (1.69)

it is not true that all the integrals in d?6 can be written as integrals in d>6d>6.

Every holomorphic function P of a chiral superfield ®, namely a function that

. oP . .
satisfies 55 = 0, is chiral

_ OP _ oP — -
DsP(®) = 52Ds® + -=Da® = 0. (1.70)

20



1.3. INVARIANT ACTIONS

The contribution to the lagrangian is

, S or . 1 0*P ., .

o 4, 12 i 4, 52 AR it i 7
Lint /d xd 0P(tI>)+/d rd“0 P(®") +a<1>z‘F Qa@a@@bw + h.c..
(1.71)

The derivatives are evaluated at ®° = A’. The superpotential P has to satisfy

some simple properties. First, as said before it has to be holomorphic, then it can
not contain covariant derivatives since D,® is not chiral. Finally, P has to have
dimension three in order to have a lagrangian of dimension four. This means that,
for having renormalizable theories, P can be at most cubic in ®¢. The lagrangian

for matter fields is given by

L— / P20 20 B, + / rd20 (@) + / dh2d20 (&) (1.72)

oP ., 1 0P
9A" T 20AIDA

=i0, ) " + AMOA; + F¥F; + ( p + h.c.) . (1.73)
This lagrangian is invariant, up to total derivatives, under the transformations
(1.46)-(1.48). Furthermore there are not derivatives of the F' fields so they are
auxiliary fields and they can be integrated out:

opP : opP

The on-shell Lagrangian obtained thanks to the F* equations of motion is

P y 1 P, . .
L = i0,0'c"); + AYOA; — piapl 4+ he. | —V(AT, A . (1.75)

20AIQAI

The scalar potential V' (A", A*) is

2

oP

e (1.76)

o]

It is important to underline that the interactions that are present in the on-shell
lagrangian are due to the equation of motion for F'. With a vanishing F-term

there would be no interactions and masses but only the kinetic terms.
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

1.3.2 Vector Actions

The vector superfield V' can be seen as a generalization of the Yang-Mills potential.
The generalization of the field strength can be defined as:

1 - - 1
Wo=—7DDD.V,  Wi=—-DDD,V . (1.77)

These superfields are chiral and gauge invariant:

DyW, =0, D Wy = 0, (1.78)

1. _ _ o
Wa = = DDDo(V + & + &) =Wo — - D{D, Do} & = W, . (1.79)

1
4

In the Wess-Zumino gauge they have a simple expression:

. [ i .
Wo = =ida(y) + |6, D(y) — 5l0"a o (Ouvu(y) — f%vu(y))} 05 + 000, 0,7"(y) ;

(1.80)

T N (= — i TR Ny — — 0o np=mpa —
Wa = —ida() + |€agD () + 5ea3 (0”0 )" (Ouvn () — 8uvu(y))]95 — €45005"70, M (1) -

(1.81)

In the chiral superfields W, and W, there are only the gauge invariant fields, \,
and D, and the gauge invariant field strength v, = d,v, —0,v,. Since W, is chiral

an invariant action can be obtained from the integration in d?6 of WeW,:

1 _ .
S = /d%c :Z/d‘*x(/ dQQW“Wa+/d29WdW") ; (1.82)

1 1
:/d4x§D2 - Zv“ Uy — IATHOLN (1.83)

In this lagrangian there are the kinetic terms for a gauge vector, v,, and for a
spinor, A,. The lagrangian above can be written as an integral in d?0d?*@ thanks
to the definition and the chirality of W,:

_1 .
L= /dQQdQGZ(WaDaV + WD) . (1.84)
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1.3. INVARIANT ACTIONS

Mass term can be added but they aren’t gauge invariant and so they ca not be

expressed in the Wess-Zumino gauge.

L, = /d29d29V2. (1.85)

1.3.3 Vector-Matter Interactions

In the standard model, when the matter lagrangian is globally invariant under
some symmetry group, a set of vectors must be introduced in order to have local
symmetry and these vectors interacts with the matter fields. The procedure for
gauging chiral superfields is analogous. If a chiral lagrangian is invariant under the
global action of a group with generators {7} then introducing a vector superfields

V, this invariance can be preserved also locally. The gauge invariant lagrangian is:

1
£ ~ 16kg?

+§A/d29 d*ov4 +/d4xd29p(<1>i) +/d4:cd2915(<i>i). (1.86)

<Hab / d2ewawb+h.c.>+ / d*0d*0 ®eY ®

The contribution proportional to £, is the Fayet-Iliopulos term and it is present
only for the abelian factors, Hy, is a holomorphic function of ® and obviously P

has to be gauge invariant.The explicit off-shell lagrangian, with H,, = 04, is:

1 I T -
L=~ P —iXg" G\ + DDy — D ATDH A — ipc" Dy
+ FUF + iV2g(ATT YA — XT A + gD, A'T* A + g¢ 4 D*

2
(8PFi 1 2P

_ = iohJ
oy s Y -I—h.c.) . (1.87)

where

DA =0, A +igu, T A, ( )
QMD :8u¢ + igv,(f)T(a)w ) ( )
g\ :au)\(a) _ gtabcvl(lb))\(c) ’ (1.90)
(1.91)

F;SZ) =0,0' — d,vff) - gt“bcvib)v(c) .

v
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

The transformation laws for the components of the superfield multiplets are linear

and their expressions are:

0 A =V2et) (1.92)
0c) = iV20"ED, A+ V2€F | (1.93)
0. F = iv/2e5" D) + i2gT W AN | (1.94)
50l = —iA@gte + ieg A (1.95)
S AW = O'MVEUI(:ZV) +ieD@ | (1.96)
6.0\ = —ea" PN — PN Dgre. (1.97)
The equations of motion for the auxiliary fields are:
oP
F = - 1.
DA (1.98)
oP
Ff=_——" 1.
A (1.99)
D = —gAIT?A — g€ . (1.100)

The &, contribution to D, is present only for the Abelian factors. The on-shell

lagrangian is

L =— lFa Fanv _ i;\aa_ygu)\a _ QHAT@HA _ “Ea-:“‘@#w

4=
+iV2g(ATT PN — N T Agp) — 1_o°P Y7 +he. |-V (1.101)
g 2 0AIDAI ©)T '

where the scalar potential V is:

2 2
i +%]ATT“A+£“\2. (1.102)

V=13

The scalar potential is always positive in a supersymmetry invariant gauge theory.
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1.3. INVARIANT ACTIONS

1.3.4 Kahler Chiral Models

In the previous description only ®'®; appeared in the full superspace integral. This
can be generalized integrating an analytic functions of the superfields K (®°, Y ).
This function has to satisfy all the condition necessary to give a meaningful la-

grangian and it has an important property:
/d4xd29d20K(<I>",<iﬂ) = /d‘*xd?ed?e[f((qﬂ,«iﬂ) +A(®) +A(®)], (1.103)

where A is a chiral superfield that depends only on ®. This relation is true because
the 6262 term of the variation is a total derivative. This kind of transformation is
called Kéhler transformation and K (a*,a*) is called Kahler potential. It describes

a manifold with metric:
0K

95" = Baidar

Obviously the metric is hermitian, positive defined and invariant under the Kéhler

(1.104)

transformations:
K(a',a*) — K(a', k*) + F(a") + F(a*) . (1.105)

The only non vanishing Christoffel symbols in a Kéhler geometry are:

* a * * a
Tk = g 50t I, =g"* o - (1.106)

The covariant derivative on this manifold is defined as

ViV, =0,V; - TEVi . (1.107)
The curvature of a Kahler metric is defined as

Vi, V]V = R Vi (1.108)
The explicit expression for the curvature is

9
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

By using this formalism for integrating K (®°, ®7) in d?0d%0, the resulting la-

grangian is:

7 %] 1 i k=7l ] 1 * —j=k aP
L =gi ' FY 4 2 gigeas X XXX —FZ{§gim*F?3k*XJX YT

*

2 DA
1 ®P , ., 1 P
20404 XN T 29A% A

(1 A OP . A A ,
— F“{—gmi*F;'}CX]Xk — }—gij*ﬁuA’(‘?“A*] —igij+x’ 0" DX’

Xy . (1.110)
Here D, x' = 9,x" + I'.0,A7x". The equations of motion for F* are

orP*
0A*

1
0o P o Thcny + I8 . (1111

The on-shell lagrangian becomes

o o1 R
L =— g0, A'O"AY —igijx? "D, X" + ZRij*kl*X XK

1 | o
= 5 DiD;Px'Y’ = 5Dy Dy P'Y'Y = g7 DiPD; P (1.112)
where
pp—-2p (1.113)
T AT '
D;PD;P = a—2P _pe 9 p (1.114)
T QAIQA ToAkT '

Kahler isometries

Since we are dealing with a Ké&hler manifold there can be analytic isometries
that have to be gauged including vector fields. These isometries are generated by

holomorphic Killing vectors,

X® = X@'“’)(aﬂ')y , (1.115)
aZ

0

(CL >aa*z

(1.116)
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1.3. INVARIANT ACTIONS

Here (b) = 1,...,d, where d is the dimension of the isometry group. The Killing
equations, for a Kéhler manifold, imply the existence of d real scalar function
D@ (a, a*) such that

*7(a - a a
gije X4 :z%D( ) (1.117)
gy X' = —i—2_ple). (1.118)

oa*J

The killing potentials D®) are defined modulo a constant ¢(*. The Killing vectors

are a representation of the isometry group:

(X, X0 = fabex(© . (1.119)
[X*(@), x*0)] = — pabe x=(e) . (1.120)
[(X@ x*®] =0, (1.121)

Also D@ can be chosen to transform in the adjoint representation of the isometry
group and this fixes the ¢® for non-Abelian group. For abelian U(1) factors the
constants ¢(® are undetermined. These constants are related to the Fayet-Iliopulos

terms. The variations of the Kéahler potential and of the superpotential are:

OK =[e@X @ 1 (@) x*@) [, (1.122)
P =W Xx@p (1.123)

Since the action must be invariant the variation of P has to vanish. The function
F@ = X@WEK +iD@ gatisfy 9;- F@ =0 and so

SK = @ F@ 4 *(@) pra) _j(ele) _ (@) pla) (1.124)

is a Kihler transformation for real parameters €. There is no need to make
this term vanish because the action is invariant under Kéhler transformations. By
promoting the global symmetry to a local symmetry the parameters € become
chiral fields A(® that are complex. The K variation is not a Kahler transformation
anymore because of the term proportional to D® and so a new terms must be

added for canceling it. The counterterms involve a vector superfield V = V@71,
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CHAPTER 1. LINEAR SUPERSYMMETRY REALIZATIONS

where the T(® are the generators of the isometry group. The D® components of
the V(@ superfields are exactly the Killing potential defined above. After some

calculation the explicit expression for a Kéhler gauge invariant model is

. . _ 1 . .
L=—gij 2, A" A —iNVot P NI — —¢>D? —igiix' 0" DX

2
1 v(a 1 a)-jY(a *j(a). 1 ]
QF;)Fﬂ ) gV 205 [ XTGP 4 x#@yiN(g 0)] = 5DiD;Px'Y’
1
—§D D P* — g7 D;PD;« P* + ~ Rw XA (1.125)
where
2, A" =0, A" — gu{W X" | (1.126)
i i i j oX
D,X" =0,x +I‘j,€.@MA]Xk qgu fL) A —, (1.127)
PN =g\ — g fbep®A© (1.128)
0
0A! ( )
D;PD;P = o — P -Tk iP (1.130)
B OAIQAI oAk '
The transformation laws are:
§AT =@ xia) (1.131)
, o Xia)
i _ _(a) J
ox' =e o X (1.132)
M@ = fabee®) N (©) (1.133)
5U£a) =g 710, 4 fatee®y(o) (1.134)

1.4 Supersymmetry breaking

In order to be compatible with experimental data supersymmetry must be broken
at least at the TeV scale. Spontaneous symmetry breaking is a scenario in which
the theory is supersymmetric but the scalar potential admits a supersymmetry

breaking vacuum. On a vacuum, respecting Lorentz invariance, all the fields but
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the scalars have vanishing VEV and VEV’s derivatives and so the transformation

laws are

0"y =0,  &F)=0, 5)~e(F),
SFOV =0,  §(DY =0, 6\~ e(DY. (1.135)

nv

If the F' and D expectation values vanish, the vacuum is supersymmetric, otherwise

it breaks supersymmetry. Since the scalar potential is positive defined

V=FF+ %DQ . Fi= (?9_2’/‘ , D= —g(¢"(T");¢) +€%,  (1.136)

then supersymmetric vacua are global minima of the potential and V' vanishes on
them. In a supersymmetry breaking vacuum V' # 0 and the potential VEV is
related to the supersymmetry breaking scale. The contributions from the F' and

D terms to the masses of the particles of the theory are:

e vector mass matrix
[(M1)*)® = 2g°(ATT*T" A) = 2(D§")(D") , (1.137)

where D¢ = dD* /A’

e fermionic mass matrix
Fi; 2i( Db
M1/2 = ( < ]> \/_Z< Z>> , (1.138)

where Fj; = OF /0A'QA7;

e scalar mass matrix

(Mo)? = (58’4232‘”) <£‘X‘”>>> . (1.139)

: ) o?V
OA*I DAk OA*IOAl

These matrices satisfy the supertrace mass formula
STrM? = —2g(D*)TxT* . (1.140)
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Every time supersymmetry is broken the fermionic mass matrix has a zero eigen-

o EY Y _(EE oD 8 (1.141)
1/2 —L<Da> <D5><FJ> SWe . .

V2

value:

The goldstino ¥“ can be defined as the massless fermion:

(1{1) = ( F > PO 4ot (1.142)
A Vi

Its explicit form is ¢ ~ F + \%D“.

The Goldstone theorem implies the existence of a massless scalar in the spec-
trum every time a symmetry generator is broken. Since supersymmetry generators
are fermionic, the extension of the Goldstone theorem to supersymmetry breaking

implies the existence of a massless spinor, the goldstino.
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Chapter 2

Non-Linear SUSY and Constrained
Superfields

In this chapter we describe three different approaches to construct models at en-
ergies much below the supersymmetry breaking scale. Some properties of linearly
realized supersymmetry, such as the equivalence of the bosonic and fermionic num-
bers, the mass degeneracy for the fields in the same multiplet and the Kéhler geom-
etry of the scalar o-model, are lost in these models but the superfields formalism
is still present in two of them and it will be clear that constraining superfields is

the easiest way to obtain non-linear representations.

2.1 Why Non-Linear Realizations?

There is no experimental evidence of linearly realized supersymmetry and so the
main focus is on effective supersymmetric lagrangians. In order to have a better
comprehension of what happens with supersymmetry it is useful to discuss briefly
non linear realizations of a simple bosonic global symmetry. Let us consider a

model with four real scalars ¢* with SO(4) symmetry:

1 : 2\ .
L= —50,0:0"0" = i’ = S(6:6)7 (2.1)
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CHAPTER 2. NON-LINEAR SUSY AND CONSTRAINED SUPERFIELDS

If 12 < 0 the vacuum choice breaks the symmetry SO(4) — SO(3). The choice of

the vacuum is arbitrary and we consider the following vacuum:

(P123) =0, (¢a) =1/ —'u; =v. (2.2)

With the following parametrization

¢ =(v+p(x)), ILI =11, =4/1-112, (2.3)

with [ = 1,2,3. Under the initial SO(4) symmetry the scalar fields 1/ transform

as
I, = ATy + A7\ /1 — 113 . (2.4)

Their transformation laws are non-linear. The lagrangian, after the redefinitions,

becomes
L= —%[(v + )2 91,0, 0TI + 8,p0" p| — M?p* — Xvp® — 2/}4 : (2.5)
The expression for gy is
gry =015+ Fi%% : (2.6)

The only massive scalar is p, m, = v2v, and if v — oo, then p can be integrated
out. The equations of motion for p in the vacuum are satisfied for p = 0. After

the substitution II; — II; /v the effective lagrangian becomes

1 1 II,10
[(m__ oy

L=—= b B
2 2
2 Ul_l}}_g

]8MH18"H" : (2.7)
This lagrangian can be expanded in a series is 1/v? for v — oo . The first terms

are:

1

1 I
L= —§6uH18“H + 2_U2<

;0,117 + ... . (2.8)

This lagrangian can have infinite contributions from the expansion as a power series

of 1/v?. All the contributions are SO(3) invariant. The rescaled II; transform
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under the original SO(4) symmetry group as:

HQ
H}:A{HJJFUA}*\M—U—;(. (2.9)

After the symmetry breaking the action of SO(4) is not linear on the remaining
fields and this is a general feature when a symmetry is broken. The lagrangian
(2.7) is invariant under the non-linear SO(4) transformations in (2.9). The ap-
proach in this section starts from a symmetry that is broken in a vacuum and it
shows that integrating out a massive field gives an effective lagrangian with infi-
nite contributions from the massless fields. A different approach is to consider the
non-linear transformation laws and to build an invariant lagrangian starting from
them. In the model considered in this section the effective lagrangian has to be
invariant under linear SO(3) and non-linear SO(4). All the terms that satisfy this

constraints can be inserted in the effective lagrangian.

2.2 An Historical approach

The first attempt to write an effective lagrangian in which supersymmetry was
not-linearly realized was done following the general method illustrated by Callan,
Coleman, Wess and Zumino in [1]. This approach is different from the one in the
previous section because the effective lagrangian is built starting from non-linear
supersymmetry transformations. This procedure starts considering the supersym-

metry coordinates transformations:

7' =z +i(00€ — eof) (2.10)
0 =60+¢, (2.11)
=0 +e. (2.12)

Introducing an arbitrary spinor field A(x) analogous to 6 such as § = kA the

transformations above become:

N(z') = Mz) + —€, (2.13)
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N(2') = Mz) + %e. (2.14)
The variation of A at the same point is
O = N%(x) — X\*(z) = %eo‘ — ik(A"E — ea"N)D A" . (2.15)
Since
(070 — 0c0,)AY = —2i(no"'€ — ea”n) 0, \* (2.16)

then the transformation law above realizes non-linearly the supersymmetry alge-
bra. In (2.15) there are the non-linear transformation for A we were interested in.
Now we have to construct an effective lagrangian for A that is invariant under that
transformation. By using differential forms the coordinates transformations can

be written as:

dz'" = da" + idfo"e — iead ; (2.17)
do’ = dbo* ; (2.18)
dol, = dfy . (2.19)

The following combinations of differentials are invariant under the above transfor-

mations

et = dxt — idfo"0 + i0o*dh (2.20)
e = dh | (2.21)
eq = db,, . (2.22)

In terms of A, e* becomes

e — dat' [0 — ik*Ou A0 N + ik* Ao D, \] = dat AS, (2.23)
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By considering the expression for the invariant quantity e®, an invariant lagrangian

under the non-linear transformation for A may be:

1
= ———=detA . 2.24
< 2k2det (2.24)

This lagrangian, known as Volkov-Akulov lagrangian [2|, describes a massless

spinor:
1

ol
2k 2

The constant term is related to a non vanishing scalar potential in a linear re-

(A" D\ — 3, A" ) + [interactions] . (2.25)

alization of supersymmetry and so supersymmetry is spontaneously broken for

non-linear realization.

2.3 Low Energy Lagrangians

In this section the most common way for obtaining effective lagrangian for su-
persymmetric theories is described trough some simple examples. The procedure
is analogous to the one introduced for the SO(4) — SO(3) symmetry breaking
discussed above. Expanding around a non-supersymmetric vacua some fields ac-
quire mass and they can be integrated out leading to an effective lagrangian. The

remaining fields transform non-linearly under the original supersymmetry action.

2.3.1 One Chiral Field

The first model describes one chiral field X with the following Kéahler potential

and superpotential:

S 1
K:XX_F

(XX)?, W = fX. (2.26)

For simplicity A, f € R. A is a very high energy scale and f is related to the
supersymmetry breaking energy scale as will be shown later and so 1TeV< /f <
A. The metric and the Christoffel symbols at the first order in 1/A? are:

= ——uz. (2.27)

. = T — x
oz =1 — sz2, I, =—57, I3

A2
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The lagrangian of this model is
4 = T T 1 o< T 2 o T 2 -
L :<1 — Fxx)F F* — A2~ F (—FZL‘XX — f) —-F (—F[EXX — f)
1 4 5 d,To* | 1 4 Yoo b’(? Yot 2.28
= (1= 2% |0,20"s —i| 1 — 5T )NT"Iux + —z0,xX0"X. (2.28)

This lagrangian is invariant under the following supersymmetry transformations:

dex = V28X, (2.:29)
dex = iV20"ED,x + V2EF®, (2.30)
0e ' = iv/26510,, X (2.31)

Since F'* is an auxiliary field, it can be integrated out in order to give the on-shell

lagrangian
4 o , 4 N\ __, A4,
L=—|1- 2 0,x0"r —i( 1 — 20T |Xo oux + 1pxauxxa X
2f 2f 1
~ A2TXX T 25X~ 30X — V, (2.32)
where V' is the following scalar potential:
2 4 _
V=7r1+ ) (2.33)

The scalar potential never vanishes and it has a minimum for x = 0 in which
V = f2. Supersymmetry is spontaneously broken and the breaking scale is v/f.
As expected there is a massless fermion, y, namely the goldstino, while the scalar
acquires a mass, m, = 2f/A. If the energy scale given by m, is much higher than
the scale we are interested in, than = can be integrated out. Considering only

zero-momenta contributions, the equation of motion for x is

_ XX
2f

(2.34)
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Lagrangian (5.14), considering the substitution and taking the limit A — oo be-
comes: Sa0(00)
YY)
L= +4—f2 —ixo"dx — 2. (2.35)
This lagrangian is equivalent to (2.25), derived following the historical approach.
The supersymmetry transformation laws now are non-linear and equivalent to

(2.15). _
deX = —%ﬁa“fau(xx) —V2f¢. (2.36)

2.3.2 Two Chiral Superfields

The second model describes two chiral superfields, A and B, with the following
Kahler potential K and prepotential W

_ _ 1 - 1 -
K=XX+YY — F(XX)2 - XXYY, W = fX. (2.37)
The lagrangian is given by
L= /d29d2§K(X,X,Y,Y) + (/ d*OW (X,Y) +h.c.). (2.38)

This lagrangian is invariant under the usual linear supersymmetry transformations.

The metric g;; of the Kahler manifold is

Yoz Goy\ (1 — 322% — 33yY  —zly
_ o Y. (2.39)
9uz  Gyy —x2 Ty 1-— Az LT

The inverse metric gii is
gv gy _ 1+ %xi%yg —i—%l’?j (2 40>
The only non vanishing, at first order in 1/A?, Christoffel symbols are

4 1 1
ot D=l T =t (2.41)
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and their complex conjugates. The curvature R,z is

ijk
4 1
in}xi = _Fa in‘y@ = _F = Rz@ya’c- (242)
The scalar potential is:
0 4 1 _
V=FfF11+ 20T + A2Ys |- (2.43)

There aren’t supersymmetric vacua. There is a minimum for x = y = 0. The
masses of the the two scalars are m, = 2f/A and m, = f/A while the fermions
are massless. As seen before the scalars can be integrated out. The zero-momenta

solution of the equation of motion for x and y are.

XX

= — 2.44
2f ) ( )
XY
y=—"=. 2.45
7 (2.45)
The effective lagrangian, in the limit A — oo, is:
_ L XxExx | xvOy
L=+ 47 + 72
— ixo"9,x — a9 — f2. (2.46)
The transformation law for the spinors are non-linear:
— Be XX
sox = w3050, ( 2X) ~vare, (2.47)

et = —iv/201€0), (%) : (2.48)

Also this lagrangian has the form of lagrangian [2| and the spinors carry a non-

linear realization of supersymmetry. Both fields are massless but the goldstino is

X as can be seen by the f contribution to the y transformation laws.
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2.4 Constrained Superfields

The third method for obtaining effective lagrangians is constraining superfields. It
is better than the historical one because it uses the superfields formalism that is
the most efficient. It also is more convenient than the second because it eliminates
the unwanted fields in a easier way. As usual a first description in given trough

some simple examples.

2.4.1 One Chiral Constrained Superfield

The most simple model of supersymmetry with constrained superfield describes a
superfield X that satisfies the constraint X? = 0:

0= 22 4 2(6x)(0x) + 2V2x0x + 2200 F,
= 22 + 2v220x + 00(22F, — xX). (2.49)

The only non trivial solution is

XX
= ) 2.50
) (2.50)
The most simple Kéhler potential and superpotential that break supersymmetry
are

K = XX, W = fX. (2.51)

The lagrangian for X(x, x, F) is
L= F,F, —0,20"t —ix"0,x + fF, + fF,. (2.52)

This lagrangian is invariant under the following supersymmetry transformations:

dex = V2€x, (2.53)
dex = iV 201ED,x + V2£F,, (2.54)
e Fy = iV/266"0,,x. (2.55)
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By adding the constraint (2.50), lagrangian (2.52) becomes

_ 1 vy
£:E@+‘QEC?

iF >4Mw%x+f@+fﬂp (2.56)

The transformation laws now are not linear:

Sex = iv20"E0), ( QX; )+\/§§Fx, (2.57)

0eFy = iV/2£510, X (2.58)

The equation of motion for F is
LXX (XX
F,— —f4+ =220 2.59
r+750(% (2:59)

This equation can be solved iteratively. This is possible because only finite com-
bination of y, ¥ and their derivatives contributes to F,. The first step is F, = —f.

The second is

xxOxx
F,=—f— I (2.60)

The computation of F;' = A+ Byyx(xx) + C(...) is done imposing F,F, ! = 1:

ﬁ;hz—%+5¥¥§Q. (2.61)
The third step is
1__ /1 LI X 1 xx
A o I G A
The solution is
P;::_if__XX[KXX)*_3XXXX[KXX)D(XX). (2.63)

Af3 167

A fourth step is not necessary because the last contribution of (2.63) vanishes
when inserted in (2.59).
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With this expression for F, the lagrangian (5.18) becomes

> B0 xoaB0e)B0o)

= — — ivot
L fo+ 172 160 ixX0"0,X. (2.64)
This lagrangian is invariant under
o gmenis 2001 xxB0x)
deX +iV20 §(9ﬂl 5 ( f—i— e
o B0 | 3o ed)B(xx)
+ \/§§< f 4f3 16f7 . (2.65)

The two lagrangians (2.64) and (2.35) differ by a term with eight fermions. This
contribution is suppressed by a factor k*/f® where k is the momentum carried by
the fermions. For momenta well below the supersymmetry breaking scale the two

lagrangians coincide.

2.4.2 Two Chiral Constrained Superfields

The second model describes the two chiral fields introduced in the previous section

but constrained by:

X?=0, XY =0. (2.66)
The first constraint gives
T = ;;i (2.67)
The second is equivalent to
0= 2%%\/59(@0;% +xy)+92(Fy;é+ny—x¢) (2.68)
The #2-term vanishes for: o Foxx
= o 2ny2 . (2.69)

This makes the scalar term to vanish trivially while the 6 contribution becomes

va((en 52 + 0t (2.70)
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Since (0x)(x¥) = —(xx)(0v)/2 also this term vanish.
The two expressions (2.67) and (2.69) satisfy the constraints imposed and the

lagrangian without the scalar fields is.

L = —ixa"0,x — iha" 0, + XX D( XX )

2F, \2F,
XY XX - Xt Fyxxa
AT A2 g A —
* (Fz 2[72 y) (Fx 2[72
+ F,Fy + FyF, + fF, + [F,. (2.71)

This lagrangian is invariant under the following non linear supersymmetry trans-

formations
— Be, XX
Sox = 1VBr"60, (2 )4V 2.72)
Seib = iv/20"E0), (W 29?2 )+\/_§ (2.73)
0cF, = V26610, x (2.74)
F, = V266" 0,1). (2.75)

The equations of motion for the fields F, and F), are

_ XXA
B f+2F2 (2Fx)

XY XX XV Fyxax
AL A pof AD - 2.
+(F2 F3 ) (Fx 2F2 )’ (2.76)
X¢¥  Fyxx
F,= XX (xv . 2.77
+2F2 <Fm 2F3) (2.77)

These equations can be solved iteratively. The first step is trivial
F,=—f, F,=0. (2.78)
The second step gives

CoxxOxx x¢Oxy
453 f?
42
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xxOxy
The expression for F, after the third step is
wOxx  xwOxy
F . =— f— —
xooxxvOxy  xxooxxBxyOxx
4f7 217
+3XXXXDXXDXX XY xyUxypUxy
16f7 f?
xwiwDXXDXX_%3wawDXwaw
4f7 f7
_%X¢XXDXXDX¢_%X¢XXDXXDX¢
217 4f7
XXXXDX¢DX¢A%X¢X¢X¢EPX¢
2f7 f7
+ (' more than two 0J). (2.81)

We stress that if we switch off the superfield Y we recover (2.63) as we expect.

With the third step Fj, becomes

Fw_u_XXDX¢_%XXX¢DXXDXX
L 213 8f7
L 3 X0EwWEy | xooBx o
27 4f7
Voo Oy D
XXXX&;(?X Y + ( more than two OJ). (2.82)

By substituting the expressions for F, and F,, the lagrangian (2.71) becomes
XXExox oo Exodxx

412 16 f6
.—_ XYOxy  xxyOxyOxy
— )"0,y + 2o 76
oo OxeOxy xxyOxgOxy

Af° fe
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XXy xoxyOxxOxx

A Afe
Y x xOxxO
_ XwXXZL;EX XX ( more than two 0J). (2.83)

Considering ¢ = 0, this lagrangian is identical to the lagrangian (2.64) found in
the case of a single chiral field. By taking the low energy limit , or in other words
by forgetting the two [J contribution, it is equivalent to the lagrangian (2.46)

computed from supersymmetry breaking.

Most General Model

The two constraints seen until now can be used for constructing the most general
non linear representation with two fermions. The constraints X? = 0 = XY imply
Y3 = 0:

Y3 = o + 3vV2y%0 + 6y (0y)* + 3y°F,0% . (2.84)

y3 and 29 vanish trivially. The non trivial part is the 6% coefficient

(xv)?
F?

XXV
Ve F,=0. (2.85)

yZFy —yp? = F, +
The most general Kahler potential with the constraints above is
K=XX+YY +a(XY?>+XY?) +0(YY?  +YY?) + (YY) (2.86)

All the terms f(X) or ¢g(Y) are swept away by a Kéhler transformation while
d(XY + YX) is absorbed using a linear combination of X and Y.

The most general superpotential is
W= fX+gY + hY> (2.87)

From the Kéhler potential the metric g;;, with i, j = {X, Y}, can be derived

1 2
g5 = W . (2.88)
2ay 1+ 2b(y+ ) + 4c(yy)
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The inverse is

- 1 1+2b y) + deyy —2
g = ] _ +20(y +y) +deyy —2ay) (2.80)
14 2b(y +9) + 4(c — a®)yy —2ay 1
The non vanishing Christoffel symbols are
2a(1 + 2by)
re, = , 2.90
W14+ 2b(y +§) + 4(c— a?)yy (2.90)
2 4(c — a®)y
v _ btdle—a)y (2.91)
W 1420y +y) +4(c — a?)yy
The lagrangian of this model is
L =F,F, +2ayF,F, + 2ayF,F, + (14 2b(y + 7)) F, F}
— X" O x — 1" O — (Fy(apy) — f)+
F, (b — g — 2hy) — hpp + h.c.) 4+ (> 4 fermions). (2.92)
The equations of motion for the auxiliary fields give
F, = —f+ F,|a+ (> 4 fermions) , 2.93)
F,=—g+ F,|o + (> 4 fermions) . (2.94)
where F}|, indicates the terms with two fermions.
In order to compute the masses of the fermions let’s calculate
Lo =f* = f(Fal2 + Ful2) + 2afg(y +7) + ¢*(1 + 2b(y + 7))
— g(Fyla + Fylo) + (fay — f2 + fFula + hc.)
(+bgvp — g° — 2hyg + gFy |2 + h.c.)
— hpp — hapyp — ixo" 0, x — et O, (2.95)

Eventually it becomes
o T 1
Llcg =— f2 — g* —ixo"d,x — ia 9, — 3 —2¢p(af +bg — h)
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+ 2%(2@“9 + 2bg® — 2hg) — 2

XX

Fg(afg +bg* — hg) + h.c} . (2.96)

The scalar potential is f2+¢? and so the supersymmetry breaking scale is v/ f2 + ¢2.

The mass matrix is

2% bg—h) 24 bg — h
2 2%(af +gb—h) —2(af +bg—h)
One of the eigenvalues vanishes while the other is
h—af—10 2+ g?
o= olh—af —bg)(f* +g7) (2.98)

f2
This eigenvalue can vanish if A —af — bg = 0. In the model seen before the two
fermions were both massless because h = g =a = b= 0.

The zero eigenvalue corresponds to the goldstino, given by the linear combina-
tion G = fx+gt. The massive fermion G, is given by G = gy — f1. In this simple
model both F, and F|, concurs to the symmetry breaking and so the goldstino can

not be only Yy.

2.5 Constrained Superfields Theory

The aim of this section is to generalize the constraining procedure used until now
following two recent articles, [25] and [26]. Every time supersymmetry is broken
there is a massless fermion, the goldstino field interactions can always be described
by means of a chiral superfield X satisfying X? = 0. The supersymmetry breaking

sector is described by the lagrangian
Lx = / 020X X + { f / d*0X + h.c.} . (2.99)
With this lagrangian F' # 0 and the explicit expression for X is
X = 22X 4 B0y + 0%F . (2.100)

T 2F
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When needed, the lowest component of a generic superfield (), where L is an index

labeling the Lorentz representation of the superfields, can be removed imposing:
XXQ=0. (2.101)

The term that originates the mass for the lowest component of (), can be written

as 9
_ mq,,

2f2

Taking the formal limit mq, — oo for decoupling the lowest component of ), the

{ / d*0d*0XXQLQ 1, + h.c.} . (2.102)

action diverges. The divergent part cancels if and only if
XXQ,=0. (2.103)

Let’s see this formalism applied to the model studied above with two chiral super-

fields. The constraint was
XY =0. (2.104)

This is equivalent to imposing
XXY =0. (2.105)

Ir is easily seen, remembering that D?X never vanishes, from
D*(XXY)=0 < XD*XY =0 < XY =0. (2.106)
The UV origin of this constraint comes from the mass term
m?2 _
—f—g/d29d29]X|2\Y|2 | (2.107)

This is the contribution considered also in (2.38). By taking the limit m, — oo
the scalar fields are removed from the spectrum but the contribution written above

diverges. It vanishes requiring (2.105).
The fermionic component of Y is removed imposing
XXD,Y =0, (2.108)
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while the auxiliary field can be eliminated with the constraint

XXD*Y =0. (2.109)
These constraints are equivalent to

D.(XY)=0, (2.110)

which removes both the fermion and the auxiliary fields.

Chiral Superfields Parametrization

Thanks to these constraints it’s possible to parametrize an unconstrained chiral
superfield ® with two constrained fields X and S. Consider a simple supersymme-
try breaking lagrangian with an additional term, suppressed by a scale A > /f,

for generating masses for the scalar component.
__ 1 __
L= /d29d29<1><19 + f{/d29<I> +h.c.}—F/d29d20<I>2¢>2 . (2.111)

For energies below m, ~ f/A the effective theory is described by the goldstino
alone. It is natural splitting the degrees of freedom of ® into two constrained

superfields X and S satisfying:
X?=0, D,XS)=0. (2.112)

The only surviving degrees of freedom are the goldstino and the auxiliary field

from X and the scalar field from S. It is possible to define
®=X+S. (2.113)

With this redefinition lagrangian (2.111) becomes

N _ 1 _ _
L= /d29d29{XX+SS - F(KIXXSS—I-SQSQ)}—I—f{/dQQ(X—FS) +h.c.} .
(2.114)
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2.5. CONSTRAINED SUPERFIELDS THEORY

The zero momentum component equations are minimized by configuration in which
the scalar component of S vanishes and this implies S = 0. In the low energy limit
the simple supersymmetry breaking model with a chiral constrained superfield is

recovered:

ﬁzz/lfaﬁmkx.rf{/}P&Xrho}. (2.115)

Analogously for a model with two unconstrained chiral superfield it is possible to

parametrize them with

®=X+S, (2.116)
S-Y+H. (2.117)

X and S satisfy the same constraints imposed above while
XY =0, D.(XH)=0. (2.118)

A simple supersymmetry breaking lagrangian is given by

_ ot B2
ﬁzi/dwfeo¢ﬁ+|zﬁ—‘ 2l ‘)+f(/f@@+h£). (2.119)

A? A2

As before this lagrangian can be expressed in term of the constrained fields and
the low energy limit gives S = H = 0 recovering the lagrangian studied in the

previous section for two constrained superfields.
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Chapter 3

Constrained Superfields in

Supergravity

In this chapter supergravity is introduced as local supersymmetry. The constrained
superfields formalism is then extended to supergravity and in the last section it is

applied also to the graviton multiplet.

3.1 Supergravity as Local Supersymmetry

This section will give an idea of how supergravity can be defined by imposing
supersymmetry to be local. For simplicity the lagrangian for a chiral free superfield

is considered:
L = —ixe"9,x — 0,270 z . (3.1)

This lagrangian is on shell and it is invariant under the following supersymmetry

transformations:

e = \2ex (3.2)
dox = iV20"€0, . (3.3)

If we promote supersymmetry to be local € — ¢(z) the lagrangian variation is

0.L = 0,E(V 25" x0,x) + (V20,2 x0"5")0,.¢ . (3.4)
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Since the lagrangian variation does not vanish some new terms have to be intro-
duced to restore invariance. This procedure is somehow similar to the gauging in
ordinary symmetry. Once a global symmetry is extended to a local one some new
fields are required. Here the new field ¢ must have a vectorial and a spinorial
index ¢ and it sits in the (1; %) Lorentz representation. It has the right quantum

numbers to be the gravitino. If its variations is:
Oy, = 206", (3.5)
then the non-vanishing contribution of the previous lagrangian is deleted by:

L= = (60" X0) — = (0,20 ) (3.6)

V2 V2

Obviously the variation of the lagrangian above gives new terms that do not vanish:

1 - 1
6L = ——=1,0.(6" 0" 0, x) — —=06.(0,x' x0T . 3.7
ﬁwa)ﬂ(xm (3.7)
In order to delete them a similar path to the one illustrated above can be followed
and it leads to the introduction of the vielbeins e}, which have two vectorial
indexes, they sit in (1;1) Lorentz representation and they describe the graviton.
By starting from the assumption of local supersymmetry both the gravitino and

the graviton are recovered and they belong to the graviton multiplet.

A more formal discussion about supergravity can be found in [22]. Here some
results are listed and briefly commented. The lagrangian for a chiral field in
supergravity is

2

! d%%{%(@@—SR)exp{—%K@@)}Jrk?P(cb)]+h.c.. (3.8)

L=z

In this lagrangian ®° = {A 4% F'} are i off-shell chiral multiplet. R instead is
the off-shell chiral graviton multiplet R = {M,b*, Z (5, e)}. The quantity ¢ is
defined as:

26 = e{l + 0"y, — OO[M* + 1, 5" 1,]} . (3.9)

It is analogous to the determinant of the metric in ordinary manifolds. In power
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expansion of 1/k? the lagrangian becomes:

6

Ez_ﬁ

1 _ _
d*O¢R — 5 /d2@2§(@@ —8R)(K(®®) + P(®))+... . (3.10)
The first term gives the kinetic and interaction terms for the gravitino and the
goldstino. The second is the chiral lagrangian extended for local supersymmetry.

It is written as an integral only in d?6 with the following substitution:

0 —0; (3.11)
d*0 — d*O¢ ; (3.12)
29 — (29 — 8R) . (3.13)

The on-shell lagrangian is obtained by integrating out the auxiliary fields M, b*
and F.

One of the main differences between chiral fields in supersymmetry and in
supergravity is the scalar potential. In supersymmetry it is always greater than
zero and supersymmetric vacua satisfy V' = 0. In supergravity instead it is defined

as:

V = eX[g7*(D;P)(D;P)* — 3P*P] . (3.14)

Inside the square brackets there are two terms. The first one is exactly the one that
appears in supersymmetry while the second is something new. First it depends by
P and not only by its derivatives as all the P contribution in supersymmetry. This
means that also the constant term in the P expression is meaningful. Second the
scalar potential has a negative contribution and so it can be negative. Since the
scalar potential can be related to the cosmological constant A, different space-times

can be described:

V >0— A>0— De Sitter ;
V =0— A =0 — Minkowski ; (3.15)
V <0— A <0 — Anti-De Sitter .

A positive potential, and so an expanding universe, can be achieved only if super-

symmetry is broken and if the supersymmetry breaking term ¢”*D;PD,;P* is the
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dominant one.
In this section only chiral fields have been taken in account for simplicity, if
also gauge invariant actions, and so vector fields, are introduced, then the previous

comments for the scalar potential are still valid.
g 1
V = X[¢"*(D;P)(D,;P)* — 3P*P] + §g20<a>2 : (3.16)

Supersymmetry has to be broken in the F' or D term, or both, in order to have an
expanding universe. The D term contribution is exactly the same for global and

local supersymmetry.

3.2 Constrained Matter

As seen in the previous chapter, the constrained fields formalism is a useful tool
to build effective lagrangians in which supersymmetry is non-linearly realized. In
this section there is a review about different constraints in supergravity following
the article [27].

3.2.1 Scalar-less models

A chiral superfield in supergravity satisfies Dy X = 0. Its expansion in the super-

gravity © variables is:
X =z + 20y + ©*F°". (3.17)

When supersymmetry is broken, x plays the role of the goldstino, x of its super-
partner, the sgoldstino, while F'* is proportional to the supersymmetry breaking
scale. Effective theories without the sgoldstino can be described starting from the

constraint:

X2=0. (3.18)

This constraint is trivially solved but it is useful for the next examples to introduce
a general method for solving these constraints. The first step is to hit the constraint

whit the highest possible number of covariant derivatives and then the © = © = 0
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projection has to be extracted:

X? =0 = (D*X?)|oeg_g = 2[XD*X+D*XD,X]|.. = —8xF*+4xx = 0. (3.19)

If supersymmetry is broken, and so F* # 0, then the constraint is solved by
x = xx/2F®. The other constraints, X?|

conditions. The solution for X? = 0 is identical in form for global and local

=0 = (D*X)|... are simply consistency

supersymmetry:
2
X = 2% + 20y + O2F . (3.20)

The lagrangian describing one chiral superfield in supergravity is
3 _
L= /d2@2§ {E(D2 —8R)e X+ P |+he.. (3.21)

with
K =XX, P=PF+ fX. (3.22)

Thanks to the constraint X2 = 0 there can not be other contributions to the Kéhler
potential and to the superpotential. Since the goldstino is a pure gauge degree of
freedom of the supersymmetry, §y = v/2¢f, then it can be removed from the final
action fixing a gauge such that y = 0. In this gauge the component lagrangian is

much simpler:

1 _
e L =— 5%’ + M) D

- P0¢a0—abwb - pO’QEa6ab"Eb - f2 + 3P[)2 . (323)

In this lagrangian there are not explicit contributions from the fields in the chiral
multiplet but they influence the gravitino mass ms/,, = 4 and the cosmological
constant V = f% — 3PZ.

When a second chiral superfield Y is introduced, the constraint XY = 0 elim-
inates the scalar component of Y from the lagrangian. The solution for this con-

straint, as in the previous case, is the same for global and local supersymmetry:

_x¢ X

= ettt V20y + ©°FY . (3.24)
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The most general Kahler potential and superpotential are:

K=XX+YY +a(XY*+Y*X)+bYY?+Y?Y) +cY?Y?; (3.25)
P=Py+ fX+gY+hY?. (3.26)

In this model the goldstino is the linear combination fx + gy and so the more
physical gauge choice would be fx+ g1 = 0. In the last chapter this model will be
deeply described and it will be clear that imposing y = 0 as gauge fixing simplifies

the computation of the interaction terms.

The next model we introduce has a single U(1) vector and the interest is always
in an effective theory without scalars. The field strength for the real superfield V'
is given by:

1 _
W, = _Z(D2 —8R)D,V . (3.27)

The standard kinetic term for a vector superfield is:
c— 2 [ 2o +h.c (3.28)
1 .C. . )

When supersymmetry is broken the gaugino acquires mass and it can be removed
imposing

XW, =0. (3.29)

By acting with the highest number of covariant derivatives and by taking the

© = © = 0 projection the following expression is obtained:

R I A
Ao = — §><2 {%BDCM = 5 (el + bgAB)}
+ %)’ZB {—%UZMEWDbUa -+ EaﬁD:| . (330)

All the conventions can be read in [27|. Here only two features are highlighted.
The first is that gaugini appear on both sides and so this equation has to be solved
iteratively. The solution has not a simple expression as in the previous cases and
it can be found in [27]. The second is the presence of the auxiliary fields M and

b, of R in the expression for A, and so the expressions for a vector superfields in
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local or global supersymmetry are deeply different. Also in this model, the gauge

choice y = 0 simplifies the effective lagrangian:

1 - 1
efl‘c — _% + lemnwka_lewn o _anan
2 442
- PO,@Z}aﬁabi]b - Po@/JaUab@/Jb - f2 + 3VV()z ) (331)

where F,,,, = O,,Uy, — OpUn,-

3.2.2 Models Constraining Fermions

These models in which the scalars are not completely removed are useful to describe

inflationary scenarios in cosmology and the Higgs field in the standard model.

The first model contains the goldstino multiplet X and another chiral superfield
H=h+V200" 4 02F1 (3.32)

By imposing
D4(XH) =0, (3.33)

both ¥ and F¥ are removed as in global supersymmetry. In supergravity fields
of the graviton supermultiplet are present in the expression for ¥ and F¥, as in
the real vector model. The Kahler potential and the superpotential for a model

with these two constrained superfields are:

K =|X?+XPH,H) +XPH,H) + Z(H,H) (3.34)
W =¢g(H)+Xf(H). (3.35)

In the x = 0 gauge the constrained superfields become
X = 0*F" H=h. (3.36)
The lagrangian in component is
e L=~ %52’ + 5 Dot — Zy 0" hOmh — €% (g™ Py + G1acy)
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1 _ 1 o
+ Zeklmnzhwlamwnakh + Zeklmnzﬁwlamqpnakh -V, (3.37)

where

V=e(|f +gPI” = 3lgl*) . (3.38)

A more interesting model is the one in which only the real component of the
scalar field survives and it can be identified with the inflaton in cosmological

models. By starting with a chiral superfield
A =a+iX 4+ V200" + O2F4 (3.39)

the constraint

XA —-XA=0 (3.40)

removes 1, F4 and ¥. The most general coupling of A with the nilpotent field X

in supergravity is described by the following Kéhler potential and superpotential:

K =X+ Z(A,A) (3.41)
W =g(A)+Xf(A). (3.42)

In the y = 0 gauge the lagrangian in component becomes:

1 _ _ _
6_1£ = _'@ + Eklmn,‘vbka-lewn - Zaaamaama - 6Z/2 (gwaa-abq/}b + §¢aaab¢b)

+ ="M (Zy — Z) i omtnOka — V (3.43)

N )

where

vV =e?(IfI* - 3lgl*) . (3.44)
By choosing Z = —1(A — A), f(z) = f(z) and g(z) = g(Z) the model is described
by the following lagrangian:

1 _
e IL=— 59? + M) 5 Dynthn,

- %amaama = (@) BBy + Go™y) — V(a), (345
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where

V = f(a)® — 3g(a)* . (3.46)

This model describes a scenario in which the cosmological constant can vary and

it is parametrized by two function of a scalar field.

3.3 Constrained Supergravity

While the previous section was about constrained superfields in supergravity, in
this section the aim is to constrain the supergravity multiplet R itself [28]. In a
supersymmetry breaking scenario there is a goldstino that can be described by
the usual chiral superfield X, constrained by X? = 0. The aim of constraining
supergravity is to remove the auxiliary fields M and b*. Since M is the lowest

component of R, which is a chiral superfield, it is removed by:
XR=0. (3.47)

The real superfield B, is introduced in order to remove b%. It is related to R
trough
DB,y = Dy R (3.48)

and it has b* as its lowest components. The vector b* can be removed imposing
XXBas =0. (3.49)

The constraint XR = 0 does not gives the usual form for the scalar potential, it

is better to study the more general constraint

X(R+ g>: 0. (3.50)

Also this constraint removes the M auxiliary field. The most general Kéhler

potential and superpotential that can describe this model are
K =XX, P=mgp+ fX. (3.51)
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The generic lagrangian for a chiral superfield in supergravity is:

1

L=

d*e2¢ E(@@ — 8R)exp{—%2K(¢<i>)}+k2P(fI>)] +he..  (3.52)
With X2 = 0, XR and k = 1 it reduces to:

L= —6/d2@§R+ /d2®§X {—i(zﬂ — 8R)}X + /d2@2§P +he . (3.53)
The component lagrangian in the y = 0 gauge is

1 . 1
e L =— 5% + Mmne.5, Dty + gbaba

— (myjothaG™ Py + My 210a0y) — A (3.54)

where

1
A= §|C|2 + [ f? + M3l + mapc = Ag — 3|msyal” . (3.55)

Ag is the effective supersymmetry breaking scale:
2 1 2

There are three independent parameter: A, Ag and ms/. The lagrangian that
describes this model depends only on two of them but in a more general scenario all
of them will contribute. The cosmological constant depends on three parameters,
f, mzjs and ¢. When ¢ = 0, then A = |f|* and so pure de Sitter supergravity is
obtained. If ¢ = —3myo, then Ag = | f|?, so the effective supersymmetry breaking
scale has the standard expression and also A = |f|* — 3|mg/2|* the expression that
would be expected in linearly realized supersymmetry.

In this construction the vector b, is still present. It can be removed imposing
XX B, = 0. After this operation the lagrangian in the unitary gauge is (3.54)
without the b0, contribution. The consideration about the scalar potential are

still true.
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Chapter 4
The Super-Higgs Mechanism

For ordinary global symmetries, the Goldstone Theorem states that for every bro-
ken generator there is a massless scalar particle in the spectrum. The Higgs mech-
anism describes what happens when a global symmetry is gauged. The massless
particles are "eaten" by gauge bosons which acquire a spin 0 polarization and
become massive. In supersymmetry only one fermionic generator can be broken.
In non-supersymmetric vacua a massless fermion appear, namely the goldstino.
When local supersymmetry is considered the gravitino plays the role of the gauge
vectors. It is the gravitino that "eats" the goldstino, it acquires a new spin 1/2
polarization and it becomes massive. This mechanism is called Super-Higgs mech-
anism. This chapter first describes what happens in a Minkowski vacuum when
both F' and D terms are present, then a cosmological constant is introduced and

pure F' term breaking is considered.

4.1 Super-Higgs in Minkowski

The Kihler invariant function ¢ = K + log |P|? is useful in order to describe the

Super-Higgs Mechanism. From ¢ the following quantities can be derived:

D;P
= 0,9 = 4.1
$=09=—F", (4.1)
D.P
Digjzai%j—rg%:% 949 (4.2)
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The scalar potential, written in term of ¢, becomes:

3 _ 1
vV =¢K {g”*(DiP)(Dj*P) - 3|P|2] +5Da D" (4.3)
- 1
= {g”*%gj* — 3} +5DaD". (4.4)

The derivative of the potential is:
o,V =¢ [g“*sz% - 3]%

- [@jgij*%* + 97095 + g”*%aj%*} i

1 a
L(D,0), (45)
Since 9;%;. = gjj« and 0,¢"* = —Fékgkj*, the scalar potential becomes:
P ; - 1
0;V =e? [E%gl% —29; + Gl.@j%] +§(DaDa)j . (4.6)

In a Minkowski vacuum both the potential and its derivative have to vanish. By

setting (4.4) to zero the following condition is found:
1 e ? "
1= g%% + TDQD . (4.7)

By multiplying —2%,, in (4.6) by the expression in (4.7), the derivative of the

potential becomes:
4 1 i 7 1 a 1 a
8jV =€ g%g gj + 9 .@]% +§(DaD )j — gg]DaD . (48)

The mass term for the gravitino is given by [22]:

?

6_1£ _ 6K/2{P*¢mamn¢n . \/§

Di*P*zpmom;zi}—gDawmamX“ +he . (4.9)
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This can be written as:
-1 K/2 px mn 2 -
e L =—etP Y0 Uy, + gang +h.c. . (4.10)

where _ K2
F_ ! i ge
C = _%*X Y *
V2 2 P

If a new gravitino is defined as

\D, . (4.11)

IZ)m = ¢n + %Unf_, (412)

then the previous lagrangian becomes:
-1 K/2p*) 7 _mn,J 2:>
e L=—e" P S0, + 5({ +h.c. . (4.13)

With this redefinition the gravitino mass is decoupled from the spinor masses. The
spinor mass contribution, written as a function of y* and \¢, is
2 —K/2 /2
g-e g
<7

2
—Zef2pee — + eKi2pl ggjx Y- = D, D\’ —

DA |
3 6 X

(4.14)

The mass terms that are present in the lagrangian describing a gauge invariant

model in supergravity can be written as

_ ‘ Mii My,
e 1L =— (v )\ K ’ + h.c.. 4.15
(x )(//, %)( ) )

Considering also the contributions that come from the redefinition of the gravitino

the mass matrix elements are:

K/2P 1
My =+ = (ngj + g%gj> , (4.16)
7 7
My =+ ——=%,D Dy, + ——=gha: D, 4.17
b= 3\/— b — \/59 b, 4\/59 b, ( )
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o—K/2

3 4
b= 2D,Dy — =G hy ) . 4.1
M ap 6P (9 b 26 9 b, ( 8)

The spinor ¢ is a combination of x* and \%:

(=- (75% %#DQ (;() . (4.19)

The spinors vector can be written as the sum of a part proportional to ¢ and a

X'L’ - CLi CiJ_
Do)

_ (Tig %e—;_j/z Da> (Z) _ (4.21)

(t) :< IR a) . (4.22)
b — g

The spinor ( is the one "eaten" by the gravitino. If the Super-Higgs mechanism

part orthogonal to it:

The condition

is solved by

works as the standard Higgs one, then ( has to be the massless goldstino:

. i J
Mg M) (@) (4.23)
%a f%ab bb

After some calculations

! 3\/_2P ( ) ( )
'%jaaj + %bb 3(Da — giDavi) =0. (425)

The ¢ spinor is the massless goldstino that appears in supersymmetry breaking.
The next step would be to verify that the goldstino also disappear in the kinetic
part of the lagrangian. This can be done but it requires also a redefinition of the
vielbeins. It is not done here where also vector superfields are involved but it is

verified in the next section for chiral superfields in a non-Minkowski vacuum.
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4.2. SUPER-HIGGS WITH A COSMOLOGICAL CONSTANT

4.2 Super-Higgs with a Cosmological Constant

In this section the super-Higgs mechanism is described without the constraint of
a Minkowski vacuum. De Sitter and anti-De Sitter configurations are taken in
account in a model with chiral superfields. While in the previous section also
vector superfields were considered, in this one they are not present. The approach

followed in this section is the one of [29]. The lagrangian we start with is:
1 , . . : .
671£ = — 5% — gij*(?mAZé?mA*J — Z‘gij*)zjﬁm.@mxl + Eklmnwkﬁl.@mwn
) . 1 o
- eK/Q{P*wagabwb + %Di*P*y&“wa + SAD;PYY + h.c.}
—e®[¢"" (D;P)(D;P)* — 3PP"]. (4.26)

Some useful redefinition are:

(=L ppyi= P*g (4.27)
= ’L* - z*X ) .
V2 \f
Imgpn|? = e P*P =¢” | (4.28)
[P
Mije = 529D, P = &7/? 5: D%+ 99;) (4.29)
V = efg"*(D;P)(D;P)* — 3PP*] = ?[9'Y, — 3] . (4.30)

The derivative of the potential, that gives the only condition that can be imposed

at the vacuum, can be written as:
0.V =D&Y%Y + (979, —2)%] = 0. (4.31)
With these redefinitions the lagrangian above is:
e L=~ %9? — Gijr O A" AT —igi X7 5" D X' + )y 51 Do

— 1 o
- {m§/2¢a0ab¢b +i00 e + 5 XX + h.c.}—V : (4.32)
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In order to remove the mixing term contribution these substitutions are done:

5Cwm - a-@mc + %Oém?;/QO_mE ) (433)

dces, = 50" + (0 ) (4.34)
The gravitino kinetic term becomes:

_ - - 1 1 -
Eklmnd)k&l@mwn :eklmn(¢k + @-@kC - éamgﬂgak)al@m(@bn + a@ng + §am3/20-n<,)
:Eklmnd_}ka-l@m¢n + aeklmn(d_}kal@m@nc + hC)
+ 2a[m§/2wmam”9n(' +h.c]+ 2 51 Dy Dy D€

3 B
+ §a2i|m3/2|2§6m@m{’ - 2042(m§/2§’0m"@m.@n§ +h.c.).

(4.35)

The gravitino mass term is:

* a * a 3 - ~—=a
—m’é/waa“bwb =- m3/2¢a0 bwb - 2m3/204¢a0 b%p( - Ela\m3/z|2<0 Ya

* a 3 T Yt
+ a®m3 500" Du D — §a2m3/2\m3/2!2CC - 5!7713/2\2042@(0 2.C -

(4.36)
The mixing mass term gives
—i(0 ), = — 1T, — 1a(T" Do — 2am32(C . (4.37)
From the variation of e, these terms arise:
1 1 i - .
—56% —eV =— 56% —eV —eV ka(gamwm + Camwm)]
+ek (%g” — %%ey) [%a((a“wm + co“wm)} . (4.38)

By imposing that the mixing terms have to vanish, this value of « is found:

2

_ 1 3
—i(d%Y, 1+ =aV + = 2al=0ba=—————
1o ( + 2a + 2|m3/2| a) o V—|—3|m3/2|2

(4.39)
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4.2. SUPER-HIGGS WITH A COSMOLOGICAL CONSTANT

By using
' 1
5 D D = %k(%f&“ - 5925’“)4 : (4.40)

the ae®™ .5, 9,, Z,( term in the gravitino kinetic term is deleted by the last row

in (4.38). By introducing a new vielbeins redefinition:
a 2 1 s -—a 1 a *
this additional terms have to be taken in account
1 1 R 1, .,
—56% —eV =— 5&% —eV —eVa §(ZCUa9aC> + §(m3/QCC +h.c.)

1 1 - 1
+ 6]{3052 |:§ (%;n - 5%6?) (i(&a mC) - g%(mS/QCC + hC):|
(4.42)
and the last row cancels the o®[e*"" (5,2, D, D, — (mg/QCam".@m.@nC—kh.c.)] con-

tribution from the gravitino kinetic and mass terms. After all these substitutions

the surviving terms are:

° Eklmnzzkalgmwn ’

o (3a%mypl* — 3a2|mgp|? — 2a — LV a?)i(6™ Dy = —ialo™ Dn( |

b _m§/2¢a0ab¢ba

® —m3/2 (%@2‘m3/2’2 + 2 + %042‘/)55 = —Oém3/2<t<t .
The lagrangian introduced at the beginning of this section, after these redefinitions,
is:

1 ) . ) ) _ ~ _

6_1£ - 5% - gij*amAZamA*J - igij*)zja-m‘@mxl + Eklmnwka-l-@m'lvbn - iag‘(rm mC

1 .
- {m§/2¢a0ab¢b + oM X+ amg (¢ + h-C-}—V : (4.43)

The spinors kinetic term can be written as:

—igin X" 0" DX —iala™ mC:—(gij*— JX )zxﬂa—m_@xl, (4.44)
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where X = 9*%,. The spinors mass term as:

I 1[ [P X -2 L
—Emij*xzxj —amg (¢ = —5 [ ﬁegﬂ (%% + T%%)] X'x? . (4.45)

If ¢ is the goldstino it has to be a zero mode of both the kinetic and mass terms.

The spinors x* can be decomposed as:

X =ad'(+ . (4.46)
a’ is found imposing
92 [p 2 [pr
L\ =Y =1—>ad=—"—""]—9". 4.47
“ B\ P Ve (4.47)
With this expression for a’, the ¢ kinetic term is proportional to

While the mass contribution to ( is

X
The super-Higgs mechanisms with a cosmological constant works as the standard

Higgs mechanism. The massless goldstino is "eaten" by the gravitino and it dis-

appears from the lagrangian.
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Chapter 5

Super-Higgs with Non-Linear

Supersymmetry

The main aim of this work of thesis is to extend the Super-Higgs mechanism to
non-linear realizations of supersymmetry. Constrained superfields will be used
to achieve this goal. If only one chiral superfield X were considered, with the
constraint X2 = 0, then the fermion y, in the X supermultiplet, would be the
goldstino and it would be "eaten" by the gravitino. This mechanism would lead
to an effective lagrangian in which the only surviving fields would be a massive
gravitino and the vielbeins. Considering two chiral superfields instead gives a
more interesting scenario because also a massive fermion appears in the effective

lagrangian and this is the model discussed here.

5.1 Constrained Superfields in a Non-Minkowski

Vacuum

The © expansion of the two chiral superfields considered in this chapter is:

X =z 4+ V20 + O%F" (5.1)
Y =y +V20¢ + O%FY. (5.2)
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CHAPTER 5. SUPER-HIGGS WITH NON-LINEAR SUPERSYMMETRY

The constraints that have to be imposed in order to remove the scalar degrees of

freedom are:
X=0

(5.3)
XY =0
with solution:
XX £X XX
— _SX FY . 5.4
TSR VT e T (R (54)

The most general Kéhler potential and superpotential for a model with these

cosntraints are

K= |XP+ Y4+ aXY?*+XY?) +b(YY2 +YY?) +c|Y|*; (5.5)
P=Py+ fX+gY +hY?% (5.6)

The effective lagrangian can be computed starting from the off-shell lagrangian:
3 _
L= / d*02¢ [§<D2 —8R)e K3 4 P | +he., (5.7)
and substituting the scalar fields with their expression as function of F*, x and &:

z,y = (X, & FO),y(x. & F*) . (5.8)

With the y = 0 gauge choice this operation would be trivial because all the scalar
fields would vanish. This consideration will be useful in the next section. The
on-shell lagrangian is obtained by solving the equations of motion for | it can be
very hard but a full expression for F* is not necessary. The equations of motion

can be written as:

FI:_f—{_Fx(maanaS?Fy)v (59)
FY = —g+ F¥(z,y,x,§ FY) . (5.10)

The only constant terms are f and ¢ while F? has to be scalar and so it has to be

at least a fermion bilinear. Since x and y are F* dependent these equations should
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5.1. CONSTRAINED SUPERFIELDS IN A NON-MINKOWSKI VACUUM

be solved iteratively. The first step is to consider F* = —f and FY = —g. The

second gives more interesting contributions:

F* = — [+ F*(x,y, X, & F¥) | (ree—py (5.11)
Fy:_g+Fy(x7y7X7€7Fx)|{Fy:—g} : (512>

With these two steps all the two fermion contribution to F* are found. From the
third step only four ore more than four fermions terms are affected. The equa-
tions of motion for F* are formally the same in the constrained and unconstrained
case. The two fermions constrained lagrangian can be found starting from the

unconstrained one and imposing:

AX =X xx (5.13)

Top YT T Tapd

xr =
The unconstrained lagrangian is [22];

6_1$ = — 5% — gij*amAlamA*J — igij*)?&m.@mxz

_ ~ 1 .
+ Eklmnwkél@mwn - _gij*anA*jXZO-ma-nqu)m

V2
1 t=j=m __mn,7 1 i k—j=l
- Egij*anA X oo "y, — g[gij*gkl* — 2R+ X' XXX

1 - _kimn s n,ml. i =J

+ Zgij*[%kl Vro1Wm + Vo " P X 0 X
1

V2
7 ‘ 1 A | o

V2
— g7 (D;P)(D;P)* — 3PP*], (5.14)

- eK/Q{Pwaaabwb PG+ — DiPy o

where A® and '’ are the scalar and fermionic fields of i chiral superfields, Z is
the curvature given by the vielbeins e, 1, is the gravitino field, K is the Kéhler

potential and P is the superpotential. The covariant derivatives are defined as
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follows:
DX’ = O X' + X'wy + T 0m ATNF — 7 (B0 A = Ky On A)X"
. 1 . .
Dnthn = Oty + Ypwm + Z(KjamAJ — K= 00 A ), |

P:D;P = Py + Ki;P + K;D;P + K;D;P — K;K;P —T};D;P . (5.15)

For simplicity .@m@Dn = YD, because the only difference is a term proportional
to 0,,A7. With the constraints imposed above this is the derivative of a fermion
bilinear. It leads to interaction terms that contain derivatives of fermions and we

are not interested in them in this chapter.

For the model considered in this chapter the metric and the Christoffel symbols

are:

1 2ay 1 —2ay
9ijr = ;g7 = ; (5.16)
2ay 1+ 2b(y +7) —2ay 1—2b(y+ 7))

re =2a; TIY =2b. (5.17)

Only the contributions useful to the two-fermions lagrangian are considered. The

kinetic and mass terms can be written as:

=— 1@Jr-iﬁ(x,é,%)Jr.i”z(xx,xé) -V, (5.18)

¢ 2

2f,2g

where

L = —iXT" DX — 1" D + ™15 Dot

- {P0¢a0ab¢b + Potha&™ty + %(fX + gf)Ua@a

b U+ g%+ (1= af +D)E6 + 55)} S (Ga9)
L =—[2afgy+y")+2hg(y +y")

—2bg*(y +y*) — 2f (x + 2") Py — 29(y + y") Po] | (5.20)
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V =f>+g¢*-3P;. (5.21)

In these lagrangians the scalar fields = and y are meant as the function of x and
¢ in (5.13). The starting point of the Super-Higgs mechanism is to try to cancel
the mass mixing term between the gravitino and the fermions. For this purpose

the spinors can be redefined in this way

¢= % , (5.22)

where ¢ will be the goldstino. With these transformations the kinetic terms for

the fermions are still canonical:
—iXT" DX — 16T " D& — —iXT " DX — 1CT" D . (5.24)

Following the steps of the previous chapter a supersymmetry transformation is

performed for the gravitino and its superpartner:
Octhm = aPDp( + %apoamf , (5.25)
O¢ey, = %Q(CO“% + (T Pm) - (5.26)
The gravitino variation gives:

Eklmnlﬁkal@m@Dn :Eklmn@zkal@mqﬁn + aeklmn(zﬁkél@m@nc + hC)
+ 2P [ty 0™ D¢ + h.c] + &P 5, Dy D D€

+ ga2inC_0m mC — 202 Py(Co™ D D¢ +hoc),  (5.27)

— Py)o0™iy, = — Pyi)ao™iy, — 2Pyanh,0® Dy — giapgg‘&wa

3 = 3 -
+ Q* R0 DTG — SaPPICC — SPRMiE A, (5.28)
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f2+g

2
oo = — iy T o, % 5D
—aPO\/ P r . (5.20)

The variation of e, leads to:
1 1 i —
—56% —eV =— Ee% —eV —eV [Ea(famzbm + C0m¢m)]
1 ' - -
+ ek (@;ﬂ - 5,@63) Ba(gawm + gawm)} . (5.30)

In order to cancel the new mixing terms from (5.28), (5.29) and (5.30) this con-

straint has to be imposed:

P? -
- <gaP02 + \/% + %a)z{&mwm =0. (5.31)

where f? + g?> =V + 3P? has been used. It is solved by:

Vv 3P2 Vet f2 + ¢ (532)

The relation (4.40) makes the second line of (5.30) to cancel with ae*™™ .5, 2,, D,,¢
in (5.27) and its hermitian conjugate. The relation (4.40) can be used also to make
Q[ G1, Dy Dy D — Po(Co™ Dy D, +h.c.)] vanish (from (5.27) and (5.28)) by

introducing a new transformation for e as seen in the previous chapter:
del = l (iz" m§)+ —e PO(CC+h.C.):| : (5.33)
This variation gives:
1 1 ol 1, =, 1
—56% —eV =— 5&%" —eV —eVa 5(1(’0 mC) + §P0(CC +h.c.)
2 1 m 1 m c—a 1
+ eka 5 ‘@a — éﬁea (’ZCO' m() — —%P()(CC + hC) .

8
(5.34)
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The second row cancels the o kinetic terms written above.

In (5.27) only (5°Z,( is still present in addition to the gravitino kinetic term.
By summing the various contribution to it from (5.27), (5.28), (5.29) and (5.34)

the result is:
3 VL) .
i(+§a2P02—3P02042—0m/2(f2+92)—EQQ)CUQ (= iC6"TuC . (5.35)

This term cancel the one in (5.24) and so ¢ disappear from the kinetic lagrangian.

The (¢ term in (5.28) has contributions from (5.28), (5.29) and (5.34):

{—gaQPg’ — aPy\/2(f2 + ¢%) — %oﬂpo} (¢ = Py(C. (5.36)

After all these calculation the following lagrangian is obtained:

1 1 R _
5+ L == SR =X DX + P Dt
— Py(¢mo™hy, + hic.) + Po(CC + h.c.)

~(h—af + bg) (€€ + hoe) — V = —%%+.,2%. (5.37)

In this lagrangian there is the canonical curvature term and the canonical kinetic
terms for x and 1,. There is not a kinetic term for ¢ but it is still present in a
mass term. From now on 4 = mg/, because it is the mass of the gravitino. Now
the mass term for the spinors are taken in account with the hope that x and ¢
diagonalize the mass matrix and that ¢ is massless. The mass contributions for

the spinors are:

2
v%"‘m?,/z((_(h—af+bg)§§:_%{Q(h_af_bg_ 97713/2)5f

f?+g?
2
g g -msg/2
— 47 (h—af — bg —
f< af ~ b f2+92>X§
2 2
g g-msj2
+ 22 h — —bg — ——= . (5.38
GRS = RN
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The eigenvalues and corresponding eigenvectors of the fermionic mass matrix are:

X+ 9§

A== XTI 5.39

(- D (539
2 2 h — — bag) — 2 _

A= ol aj; 9) = 9" zml/z—mz:—fim f;. (5.40)

¢ and x diagonalize the mass matrix and ( is the massless goldstino. The mass
value for x is the same found in [27] with a Minkowski background. The main dif-
ference is that here f, g and ms/, are all independent parameters. The diagonalized

two fermions lagrangian is:

1 R _
'L == R —iXG" DX + €161 Dot
2f,2g9
1 o
- m3/2(¢a0ab¢b + h-C-) - Eml/Q(XX + h-C-) -V. (5-41)

It is possible to see that ( completely disappeared from the lagrangian and
became massive. The Super-Higgs mechanism has the same effect in linear and
non-linear supersymmetry: a massless fermion, the goldstino, is "eaten" by the

gravitino and it is removed from the lagrangian.

5.2 Four Fermion Interaction

The mass and kinetic terms of the model we are considering are well described in
the previous section. Now the focus is on interactions. We are interested in low
energy effective lagrangians and so we will not consider interactions that contain
derivatives. Thanks to the Super-Higgs mechanism one spinor is removed and so
the model we are describing contains only one spinor. The only meaningful non
derivative interaction is therefore the four fermion interaction for the surviving
spinor. Without considering a particular gauge it is very hard to compute interac-
tions. A physical gauge is to choose ( = 0. The goldstino is automatically deleted
from the lagrangian and the only fermion is y. In this gauge the equations of
motion for F* are not trivial and so it is still difficult to compute the interaction

terms. The best gauge choice is to set x = 0 because it makes the contributions
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5.2. FOUR FERMION INTERACTION

from the scalars to vanish. F* can be integrated out with the same equation of
motion used in linear supersymmetry and so lagrangian (5.14) can be used also
for computing interactions. Since the only surviving spinor is x all the fermions

are proportional to it:

—Vfo*gQX , (5.42)
% (5.43)

¢ =
(=

|

Lagrangian (5.14) becomes:
. 1
e L= —5% + A4+ 7, (5.44)

where %] is the same defined in (5.19), £%o =2z =y =x =0, { ~ Y and

L= %[z‘e’“mwm@m + Ym0 P |EonE — %[1 —8(c—a® —b*)]eeeE.  (5.45)

With the variations introduced in the previous section with the aim of diagonalizing

the two fermions lagrangian, the contributions to the Yy interaction come from:

Se., , —iea"ESw,, | eeklm"51/_1k5l(6¢n5wn) , (5.46)
e(Z+462), —%€5¢% : (5.47)

In —%eéw%, the notation d,, means that the considered contribution are from the
variation of ¢ in % while, in all this work, the variation of # was always with
respect to de.

The first contribution taken in account is the one that comes from the interac-
tion terms in (5.45):

2 2\2
g i -8 - a? - )48

e (a2

n igozmg/ga A _’ig&m3/2 o om (f2+ 4% oo i

e(L+0%) — —
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g2m§/2

f4

B B €' S Y S T

Civy . (5.48
S XXX - (5.48)

A more difficult contribution to compute is the one that arise frome*"™"§4),, &7 (59, 0w, ):

5k (SthnOeom) = + =M e (§04)51 (00 X

2
9 ca
za2m3/2f26576 XX ow, §

1
__<U 6/6 Beaueﬁd) . (549)

2 OéOL/.L

Since (5wm§ ~ SWpmin (™) 65 that is traceless, the previous expression becomes:

eklm”&/_)kﬁl(&bnéwm) = — ia2m3/2 eﬂwe‘s“x Xdéwmgémwea“ew

2 f2
50" Pes, 0w, T (5.50)

The sum of the two contributions, €¥™"§v6;(51),0w,,) and — el +g X" X 0wy,

gives:
24 g2 2 2 2
zef f+ XX 0wy €™M 5471 (00 0wy,) = ze(%—l—ang/QQg—f,Q) X" Xow,, .
(5.51)
With the notations in [22],
N ~ 3 a 1 ~B ml\a
Xown, = X 0w, 5" = —5X OWnmi (™) - (5.52)
The expression for w,,,; is:
1 - i - _
Wpml = __(wmalwn wnalwm) - é(wnaml/}l - wlam¢n)
i _ _
+ §<¢lan¢m — Qﬁmanwl) + ... } . (553)
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Its contraction with o™ gives:

(Uml)ﬁwnml - —%(Uml)§(¢m01¢n + ¢n0m&l + QﬂmUnTZz) . (5.54)

The useful contributions to the four fermions interaction come from 1)oé1), be-

cause every 01 gives a x and two of them already multiply dw:

—iexo" Xow, = — ieﬁdﬁndaeaﬁxvéwmﬂ
€ 92 9 g2ﬁmlA77 = 22 ml P ~ _ml oS
= 3@ m3/2F[XU XXOmoX + (XX) (X0 ™ 0md1X) — X0 OmXXOIX]
(5.55)
The first term vanishes because yo™ol) = ola™y and 0™ = —g'™, so xo™y =

YoMy = —xo™yx = 0. The second gives —6 X and the third +3yxxx. Even-

tually:
_ f2 2
XM )1, 51 (51 O, ) — e 7 X" xow, —
3e 7442 P\
+ —a2m§/2 Iz ( IE +a m3/2 272 XXXX - (5.56)

Now the contribution from —%e5¢,@ is taken in account. The curvature is:

R =" R, L=t ™ — w, " " (5.57)

mna m nl

The first term can be written as:

W™ [<¢mwm)<wn¢") (W™ (™)) - (5.58)
Its variation gives:

1a4m§/2 g*
4 16 f*

3m§ /2 4

" 9
4(f2 4 g%)% f*

mln) —

{l@mx)* (@™ X)all(Xon)a(X0™)]

S (Wnamiw

(5.59)

=
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The second term in & is:
m n Z m_ 7, m_7, n
W, lwnl 25(—¢m0 ¢l + 1/}10- ¢m>wnl ’ (560>
and its variation vanishes:

m n Z S\ __m A 6% 2N _m ~ & n
5(wm lwnl ) = —a2m3/2 f2( (UmX) Uad(XUl) + (01X) Oad(XUm> )&’unl =
(5.61)

The contribution from 0,% is:

(5.62)

From de.%, two kind of contributions are relevant, the first one is more intuitive
than the second:

m3/2m1/2g NP

1 . Lan
de|—=mqo(XX + h.c.)|—= WXXXX : (5.63)

2
The second comes from —deV and it is obtained considering two variations of
del when computing de. Usually these contributions are forgotten because the

transformations are infinitesimal but here they are finite. The full de variation is:

1 1
e = 3'6“ pa eabcdeﬂege;& + 46“ re eabcde“ebéec&
1 1
+ ge“”p"eabcdefﬁe’;ée;éei + Ee“”""eabcdéel‘jéeﬁée;éei (5.64)

With this expression —deV is:

V
b d
—deV — — Ze“””"eabcde“e 560560

36Vm3 /2 g*

=— EEYOEE f4 XXX (5.65)

This is the only contribution proportional to V' and it makes interactions in

Minkowski different from interactions in De Sitter or anti-De Sitter.
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5.2. FOUR FERMION INTERACTION

By summing the contributions from (5.48), (5.56), (5.62), (5.63) and (5.65) the

four fermions interaction is:

% 1 (f2 + 92)2 2 2 g M3
2 3m2, gt (m3, +2V)
mg /oM /29 g NN
LLL 22 o2 XXXX - (5.66)

P2+ g?) 8 U+

The last two contributions are dumped by the supersymmetry breaking scale f2 4
P =V+ 3m§ /2 For inflationary models these contributions are not relevant. The
first two terms instead depend on g/ f and then if supersymmetry is mainly broken

by FY they are relevant even if a very energetic cosmological constant is present.
In a Minkowski background, V =0 — (f* + ¢*) = 3m3 Jo» the interaction term

1s:

OZlf :_e{lw[l —8(0—0,2 —b2)] + 92(f2+92)

8  fi 12f4
2 4
m1/2g g AN ADA
_ 5.67
+ S 24 ]4 XXXX (5.67)

It is equal to the result in [27] but for the term proportional to m;/,. This con-
tribution comes from the variation de, done in order to obtain a canonical kinetic

term, and it is right to have it in the interaction.

1 R _
el =— —RB — iXG" DX + €5 Doty
2f,2g

1 .
_ mg/g(wagab% +h.c)— §m1/2(XX +he)=V. (5.68)

The Super-Higgs mechanism for two constrained superfields leads to a very simple

lagrangian:
-1 1 ) ~ klmn,j, =
e g = — _% — X0 -@mX + € wkal-@m¢n
21,29
1 .
_ m3/2(¢ag“b1pb +h.e)— §m1/2(xx +he)=V (5.69)
— Ay XX XX + gravitino and derivative interactions . (5.70)
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where

1(f*+¢%)? s o TM
ms/2m /29° B 3m§/2 g4(m§/2 +2V)

A2+ g?) 8  fHf?+g%)?

(5.71)

This is an effective lagrangian for a fermion of mass m,/, with a four fermions
interaction term in a background given by the potential V. The only constraint

on the parameters of the theory is given by V' + 3m3 /2= 2+ g%
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Summary and Outlook

In this work the Super-Higgs mechanism has been analyzed when supersymmetry is
non-linearly realized. We focused on a simple, but non-trivial, model that describes
the interactions of two chiral superfields X and Y, constrained by X? = 0 = XY,
in supergravity. This model led to non-trivial results because supersymmetry is
not only broken by F® but also by FY and this produces a goldstino that is a
linear combination of the fermions in X and Y. The other interesting point of this
model is that, after the Super-Higgs mechanism, there is a surviving fermion and
so fermionic interactions can be computed in the effective lagrangian. If only one
chiral superfield were considered the Super-Higgs mechanism would eliminate the
only fermion of the theory, the goldstino, and in the effective lagrangian only the
gravitino and the graviton would appear.

Our main result is the computation of the four-fermions interaction in the
effective lagrangian. As supposed in [13] there are terms proportional to (V' +
3m; /2)_1 = (f% + ¢?)"'which therefore put the unitarity threshold well above
the energy scale of the cosmological constant V. However, if the contribution to
supersymmetry breaking from FVY is relevant g ~ f, then there are also terms
proportional to f~!. These terms may create problems to unitarity because they
can be relevant much below the supersymmetry breaking scale. If ¢ > f all the
interaction terms may be relevant under the supersymmetry breaking scale. In
order to restore unitarity the effective theory can not be valid for all the energies
under the supersymmetry breaking scale and the new energy limit depends on f
and g. This was a simple model but we suppose that in a more generic model
every supersymmetry breaking contribution has to be taken in account in order
to determine the validity of effective theories. In [13| supersymmetry was broken

only by f? =V +3m3 /2 and this is the reason why they had only one contribution.
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In the Minkowski limit we recover the results of [27] but for a term proportional
to mqo. This term was not considered by the authors of [27] who neglected the
contribution coming from the redefinition of the vielbeins.

This model can be generalized by adding other constrained superfields. If the
final effective lagrangian contains only more fermions we suppose the results will
be similar to the ones we found. A more interesting generalization is adding a
superfield in which the surviving field is a scalar. With this approach inflationary
models can be well described and we can therefore address the issue of unitarity
constraints on inflationary models from non-linear representations of supersymme-
try.. We suppose that adding a scalar to the effective lagrangian does not change

the energy scales taken in account.
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