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| — Introduction

For a few decades, supersymmetry has been subjected to extensive theoretical and phe-
nomenological research in the field of high energy physics. Initially discovered as a possible
non—trivial extension of the Poincaré symmetry of interacting quantum field theories, it has
been met with considerable enthusiasm largely due to its several appealing characteristics,
such as the facts that it offers a stabilization of the hierarchy problem and that it predicts
the existence of new elementary particles, some of which hold the status of dark matter
particle candidates. Other than that, it has been been found to be a necessary ingredient of
the worldsheet construction of consistent string theories, with string theory, as a framework,
attracting significant scientific attention in its own right as a possible theory of quantum
gravity. Nevertheless, as of today, there has been no experimental evidence that supersym-
metry exists in nature. In this regard, new insights might be gained via a re—examination of
the breaking of supersymmetry, especially at low energy scales, given that the Large Hadron
Collider at CERN has already probed the range of several TeV.

Spontaneously broken N = 1 supersymmetry is nonlinearly realized at low energies. A
simple way to realize such a scenario is to consider a chiral superfield X with components
(z,G, F'), which correpond to a complex scalar, a fermion and an auxiliary complex scalar
respectively. At low energies, x becomes supermassive and decouples from the spectrum, or,
equivalently, a nilpotent constraint is imposed on X [, 2, 3, 1]

X?=0, (L.1)
whose solution is
G2

The constraint (I.1) thus eliminates = as a function of G, so that the final spectrum consists
of a single physical field, the fermion G. A general Lagrangian for the constrained X can
then be written with use of a Kahler potential and a superpotential that are quadratic and
linear in X respectively. Upon substituting for F' via its equation of motion, one obtains a
Lagrangian for G that is on—shell [I, 5] the Volkov—Akulov Lagrangian [0] and (the action
corresponding to) it is invariant under the nonlinear transformation of GG, which is a remnant
of the N/ = 1 invariance; G is thus identified with the Goldstino particle. To generalize
this description, supersymmetry is said to be nonlinearly realized when there is a linear
combination of fermions of the original theory that transforms nonlinearly and the fermionic
and the bosonic degrees of freedom of the final spectrum are unequal in number, as is the
case in the example of the constrained X.

Nonlinear realizations of supersymmetry have underwent substantial study in recent
years. To begin with, to accommodate couplings of X to other incomplete N’ = 1 mul-

3



4 CHAPTER I. INTRODUCTION

tiplets, further contraints involving X and the latter have been proposed [1, 7], all of which
have been shown to arise from a single constraint imposed on X and another chiral multiplet,
upon suitable choice of the latter [7]. However, the constraint (I.1) does not universally de-
scribe the Goldstino multiplet at low energies: cases in which the Goldstino chiral multiplet
satisfies a weaker constraint, such as X2 = 0, in the presence of matter multiplets, have been
discovered [8, 9, 10].

Furthermore, the constraint (I.1) has been used to embed the Starobinsky model of R+ R?
gravity [11], whose linearized version [12] is interestingly a model for single—field inflation
currently favoured by PLANCK data, in N' = 1 supergravity [13], in such a way that A" =1
supersymmetry is nonlinearly realized during the inflationary phase [I4]. In addition, in
[15], we couple the nilpotent Goldstino multiplet to N/ = 1 supergravity, which gives rise
to the super—Brout—Englert—Higgs mechanism, and show that the geometric formulation of
the coupling is pure N' = 1 supergravity with its chiral curvature superfield R satisfying the
constraint

(R-=XN%*=0, (1.3)

where \ is an appropriate parameter, the special case A = 0 of which was used in [14]. We
also show how the nilpotent constraint arises in a class of modified supergravity models of
the f(R) type at the low energy limit.

Another instance of nonlinear supersymmetry finds itself in particular vacua of type I
string theory, when D—branes are combined with anti—orientifold planes. In such setups there
exist a massless Goldstino in the open string spectrum but not the superpartners of brane
excitations [16, 17, 18, 19], so that supersymmetry is nonlinearly realized without taking the
low—energy limit. The string—theoretic origin of various A/ = 1 superfield constraints in terms
of component fields has been widely under investigation, see for example [20, 21, 22, 23], but
a complete classification has not yet been given.

Nonlinear realizations may also appear in the case of N' = 2 supersymmetry. Due to
the SU(2)—automorphism of its algebra, N' = 2 may be viewed as a set of two N = 1
supersymmetries. If N' = 2 is broken at two different energy scales, then one has to consider
first the partial breaking N'= 2 — N = 1. This breaking is induced by means of “electric”
[24] and “magnetic” Fayet—Iliopoulos terms introduced at the Lagrangian level of a theory
of an N/ = 2 Maxwell multiplet W [25]. In terms of N’ = 1 superfields, the components of
W are a chiral multiplet X and a spinor multiplet W, which is the field—strength of a vector
multiplet; X and W transform to each other via the second N' = 1 supersymmetry. The
coefficient of the magnetic FI term is a constant parameter that appears as

e a deformation of the superfield transformations under the second (upon an SU(2)-
rotation) N' = 1 supersymmetry, such that the closure of the corresponding algebra is
maintained [26, 27, 28]

e a deformation of W itself, yielding a deformed Maxwell multiplet Wger [29].

The first N/ = 1 supersymmetry remains intact, so that the final spectrum is organized in
multiplets of it, while the second N/ = 1 is nonlinearly realized, with the corresponding
Goldstino identified with the fermion whose transformation in the vacuum is proportional to
the deformation parameter. It is thus reasonable to refer collectively to a set of two N =1
supersymmetries, one of which is linearly and the other nonlinearly realized, as nonlinear



N = 2 supersymmetry. In the context of string theory, nonlinear N' = 2 supersymmetry
appears in the case of D-branes in an N’ = 2 bulk.
At this point, it is important to highlight a qualitative difference between the breaking
N =1 — N = 0 and the partial breaking N' =2 — N = 1. In the first case, the breaking
is generated by the vacuum expectation values of auxiliary fields, which can be either the
complex scalar F' of a chiral multiplet, or the real scalar D of a vector multiplet [30]. In
the second case, F, its conjugate, and D also appear as the auxiliary fields of the Maxwell
superfield W, but in the form of an SU(2)-triplet. Due to this restriction, to generate
the partial breaking, magnetic parameters have to be introduced by hand and cannot be
absorbed in vacuum expectation values of the auxiliary fields. Moreover, there are three
possible N' = 1 multiplets in which the Goldstino may reside: apart from the chiral and
the vector [25, 26, 31], it may also be part of the linear multiplet L [32], which additionaly
contains a real scalar and the field—strength of an antisymmetric tensor and, together with a
chiral superfield ®, is naturally part of an N' = 2 single-tensor multiplet Z [33, 34, 35, 30].
Now let us return to the partial breaking with the use of W. At low energies, X becomes
supermassive and decouples from the spectrum, or, equivalently, a nilpotent constraint is
imposed on Wees [2]
Wies =0, (1.4)

whose lowest component is in fact a constraint of the type (I.1). The solution of (I.4)
determines X as a function of superspace derivatives of W [26] and the Lagrangian of the
remaining W contains, interestingly, the Born—Infeld Lagrangian of a D3-brane with gauge
coupling and tension that depend on the electric and the magnetic parameters respectively
[26, 28]. Upon coupling the constrained W to an N’ = 2 single—tensor multiplet, it has been
discovered [29] that a novel version of the super-Brout—Englert—Higgs mechanism without
gravity takes place, via which W becomes massive by absorbing the linear multiplet and the
Born—Infeld Lagrangian aquires a coefficient depending on ®. Importantly, since WW and Z
have opposite chiralities under the second N/ = 1 supersymmetry, the coupling is formulated
with the use of a “long” representation Z of the single—tensor mutiplet, which admits a gauge
transformation with another Maxwell multiplet playing the role of the corresponding gauge
parameter [29].

In [37], motivated by the above results, we formulate a new partial breaking mechanism
by means of a single-tensor multiplet, or, upon dualization via a Legendre transformation,
a hypermultiplet with a shift symmetry. Note that the hypermultiplet does not enjoy an
(off-shell) superfield description in the standard N' = 2 superspace that we use, but instead
in harmonic superspace [38, 39]. We also formulate the mechanism with the use of several
single—tensor multiplets. In addition, we study the most general magnetic deformations of
W and Z and derive a simple criterion as to when partial breaking occurs. We determine
the infinite-mass limit in which a nilpotent constraint is imposed on Z.¢

def =0, (1.5)

whose lowest component is again a constraint of the type (I.1). To couple Z4 s to the Maxwell
multiplet, we construct a new and “long” representation W of the latter, which admits
two gauge transformations whose gauge parameters are two other independent single—tensor
multiplets. Moreover, we show that deformations of long representations can only induce
total or no breaking, but never partial, which implies that the only couplings relevant to
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nonlinear A/ = 2 supersymmetry are A/ = 2 superspace integrals of
Wdefé , ZdefW (1.6)

As the former was explored in [29], we study the latter and find that it results again in a
super—Brout-Englert—Higgs mechanism without gravity, which comes with the subtlety that
the real auxiliary field D in W is replaced by the divergence of a vector field in W. Finally,
we investigate further AV = 2 contraints that describe incomplete matter multiplets.

These advances could also be relevant to the partial breaking in N' = 2 supergravity. In
particular, the pure N' = 2 supergravity multiplet consists of the graviton, two gravitinos
and a vector commonly referred to as the graviphoton. It has namely the following spin
content

(2,3/2,3/2,1) (1.7)

so that after the partial breaking the spectrum consists of the (massless) N' = 1 pure super-
gravity multiplet
(2.3/2) (18)

and a massive spin-3/2 N' = 1 multiplet
(3/2.1.1,1/2) (1.9)

which has become massive by combining with a vector, two fermions and two scalars [10].
These Goldstone modes are precisely the degrees of freedom of the N' = 1 chiral and vector
multiplets. As would-be Goldstone bosons, the scalars are associated with two shift sym-
metries. These observations have led to the on—shell formulation of the partial breaking in
N = 2 supergravity, with the use of (at least) a Maxwell multiplet and a hypermultiplet that
has two commuting isometries; the breaking is induced by means of a gauging, that is U(1)
in the minimal case, of the isometries of the hypermultiplet scalar manifold [11, 12, 13] and
more recently [14, 15, 16]. At the moment, we are investigating [17] the off-shell generaliza-
tion of these results, as well as the interactions of the Goldstone degrees of freedom of the
massive spin—3/2 multiplet, for which the progress made in [29, 37] might be of use.

A U(1) gauging, but in the simplest case of the U(1) subgroup of the SU(2)-automorphism
of N' = 2 and not necessarily of the isometries of a scalar manifold, may induce partial break-
ing in supergravity in five dimensions. We are interested in this possibility in light of the
recently proposed clockwork mechanism [18, 19, 50], further devoloped in [51, 52, 53, 51]
followed by a growing literature in regard to applications, which is a novel way of generating
an exponential scale hierarchy. In its continuum version, the clockwork spacetime has five di-
mensions, and, interestingly, its metric is identical to the metric of a 5D spacetime, in which
a real scalar has a dilaton coupling to five-dimensional gravity and a runaway potential, and
its background value is linear in the extra dimension. Remarkably, this linear dilaton model
is a 5D toy model [55] of the holographic dual [56, 57, 58, 59] of 6D Little String Theory
[60, 61], which is obtained from type IIB string theory in the limit

gs — 0, (1.10)

where gg is the string coupling, namely the exponential of the dilaton background value.
Since the holographic dual preserves bulk spacetime supersymmetry, the effective supergrav-
ity of the 5D toy model must be in the simplest scenario N' =2, D = 5.



This is precisely the subject matter of [62], where we show that gauged N =2, D =5
supergravity can accomodate the 5D linear dilaton model, see also [63]. In particular, we
consider pure N' = 2, D = 5 supergravity [64, 65, 66] coupled to one vector multiplet, which
contains a vector in 5D, a symplectic fermion SU(2)-doublet and a real scalar [67]. The
gauging of the U(1) subrgoup of SU(2) generates a scalar potential, as well as fermion masses
and interactions [68, 69]. We find that the potential of the real scalar is precisely the runaway
dilaton potential for a specific choice of the parameters of the model and demonstrate that
supersymmetry is partially broken in the linear dilaton background, such that AN/ = 1 is
preserved on 4D slices (namely at fixed values of the extra dimension) of the 5D spacetime;
we also give the final expression of the total Lagrangian. The linear dilaton coefficient is
now proportional to the U(1) gauge coupling ¢ and, using the results of [75], according to
which the Kaluza—Klein spectrum of the relevant 5D fields exhibits a mass gap followed by
a near continuum, we observe that the mass gap is also proportional to g. Moreover, in [70],
in view of phenomenological applications, we compactify the extra dimension and introduce
one brane at each of the boundaries, one of which may accomodate the Standard Model.
Interestingly, we find that the presence of the branes is compatible with the direction of
the A/ = 1 supersymmetry that remains unbroken after the gauging and does not break it
further.

To conclude, the research conducted towards this thesis may be found in the following
publications

e [. Antoniadis and C. Markou, The coupling of Non-linear Supersymmetry to Supergrav-
ity, Eur. Phys. J. C 75 (2015) no.12, 582,

which is given as is in the appendix F, as part of it was developed during the Master’s
thesis of C. Markou

e 1. Antoniadis, J. P. Derendinger and C. Markou, Nonlinear N' = 2 global supersymme-
try, JHEP 1706 (2017) 052,

which corresponds to (the whole or large part of) sections II11.6, I11.7, IV.2, IV.3, IV 4,
IV.5, IV.6, as well as appendices B and C of the present manuscript

e [. Antoniadis, A. Delgado, C. Markou and S. Pokorski, The effective supergravity of
Little String Theory, Eur. Phys. J. C 78 (2018) no.2, 146

which corresponds to section V.5
and in two pieces of yet unpublished work
e I. Antoniadis, J. P. Derendinger and C. Markou, in preparation

e [. Antoniadis, A. Delgado, C. Markou and S. Pokorski, in preparation

which corresponds to section V.6 and V.7.



Il — Résumé détaillé en Francais

Au cours des derniéres décennies, la supersymétrie a fait I'objet de recherches théoriques et
phénoménologiques approfondies dans le domaine de la physique des hautes énergies. Ini-
tialement découverte comme une extension possible et non—banale de la symétrie de Poincaré
des théories quantiques et interagissantes des champs, elle a rencontré un enthousiasme con-
sidérable, en grand partie a cause de ses plusieurs caracteristiques attrayantes, comme les
faits qu’elle offre une stabilisation du probléme de la hiérarchie et prédit ’existence de par-
ticules élémentaires nouvelles, dont certaines ont le statut de candidates & la matiere noire.
En dehors de cela, elle s’est révélée comme un ingrédient nécessaire, au niveau de la sur-
face d’univers, de la construction des théories des cordes cohérentes, alors que la théorie des
cordes elle-méme a attiré une grande attention scientifique comme une théorie possible de
la gravité quantique. Néanmoins, a ce jour, il n’y a eu aucune preuve expérimentale indi-
quant que la supersymétrie existe dans la Nature. A cet égard, de nouvelles perspectives
pourraient étre tirées par un réexamen de la brisure de la supersymétrie, en particulier aux
basses énergies, étant donné que le grand collisionneur de hadrons du CERN a déja sondé la
gamme d’énergie de plusieurs TeV.

La supersymétrie A/ = 1 spontanément brisée est non-linéairement réalisée aux basses
énergies. Une fagon simple de réaliser un tel scénario est de considérer un superchamp chiral
X des composantes (z,G, F'), qui correspondent a un scalaire complexe, un fermion et un
scalaire complexe auxiliaire respectivement. Aux basses énergies, x devient supermassif et
découple du spectre, ou, en équivalence, une contrainte nilpotente est imposée a X [1, 2, 3, 1]

X?=0, (IL.1)
dont la solution est
GQ
€T~ - (I1.2)

La contrainte (I.1) élimine donc x comme une fonction du G, de maniere a ce que le spectre
final consiste en un seul champ physique, le fermion G. Un Lagrangien général pour le X
contraint peut étre écrit en utilisant un potentiel de Kéahler et un superpotentiel qui sont
quadratique et linéaire en X respectivement. En remplacant F' en utilisant son équation
du mouvement, on obtient un Lagrangien pour G qui est sur la couche de masse [, 5] le
Lagrangien de Volkov—Akulov [0] et ('action qui correspond &) il est invariant sous la trans-
formation non-linéaire de G, qui est un vestige de 'invariance N' = 1; par conséquent, G est
identifié au Goldstino. Pour généraliser cette description, la supersymétrie est dite étre non—
linéairement réalisée quand il y a une combinaison linéaire de fermions de la théorie originale
qui se transforme non-linéairement et les degrés de liberté fermioniques et bosoniques du
spectre final ne sont pas égaux, comme c’est le cas dans 'exemple du X contraint.
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Des réalisations non—linéaires de la supersymétrie ont été récemment soumises a d’importantes

études. Tout d’abord, pour décrire des couplages entre X et d’autres multiplets incomplets
de N = 1, des contraintes supplémentaires comprenant X et les dernieres proposées [4, 7]
sont toutes constituées d’une seule contrainte imposée a X et un autre multiplet chiral choisi
de fagon approprié [7]. Cependant, la contrainte (II.1) ne décrit pas toujours le multiplet du
Goldstino aux basses énergies: des cas dans lesquels le multiplet chiral du Goldstino satisfait
une contrainte plus faible, comme X3 = 0, en présence de multiplets de matiere, ont été
découverts [, 9, 10].

En plus, la contrainte (IL.1) a été utilisée pour incorporer le modele de Starobinsky de

la gravité R+ R? [11], dont la version linéarisée [12] sert curieusement comme un modéle de
I'inflation en un seul champ actuellement favorisé par le données de PLANCK, dans la super-
gravité N' = 1[13], de telle maniere que la supersymétrie A' = 1 soit non-linéairement réalisée
pendant la phase de l'inflation [11]. En outre, dans [15], nous couplons le multiplet nilpotent
du Goldstino avec la supergravité A’ = 1, qui donne lieu a la version supersymétrique du
mécanisme de Brout-Englert—Higgs, et nous montrons que la formulation géométrique du
couplage est la supergravité N' = 1 pure, ou le superchamp chiral R de la courbure satisfait
la contrainte

(R-XN%*=0, (I1.3)

oll A\ est un parameétre approprié, dont le cas particulier A\ = 0 a été utilisé dans [14]. Nous
montrons aussi comment la contrainte nilpotente survient dans une classe de modeles de la
supergravité f(R) modifiée dans la limite de basse énergie.

Un autre exemple de la supersymétrie non—linéaire se trouve aux vides particuliers dans la

théorie des cordes de type I, quand des D—branes sont combinées aux plans anti—orientifolds.
Dans de telles configurations, il existe un Goldstino (sans masse) dans le spectre des cordes
ouvertes, mais pas les superpartenaires des excitations des branes [16, 17, 18, 19], de sorte
que la supersymétrie soit non—linéairement réalisée sans prendre la limite de basse énergie.
L’origine, dans la théorie des cordes, de differents N’ = 1 superchamps contraintes en ter-
mes des composantes a été examinée comme par exemple dans [20, 21, 22, 23], mais une
classification compléte est toujours absente de la littérature.

Les réalisations non-linéaires apparaissent aussi dans le cas de la supersymétrie N' =

2. Grace a lautomorphisme SU(2) de son algébre, N' = 2 peut étre pergue comme une
collection de deux N = 1 supersymétries. Si N' = 2 est brisée & deux échelles différentes,
on doit d’abord considérer la brisure partielle ' = 2 — N = 1. Cette brisure est induite

par le mécanisme APT [25] au moyen de termes de Fayet—Iliopoulos “électriques” [24] et
“magnétiques” introduits au niveau du Lagrangien d’une théorie d’un multiplet N = 2 de
Maxwell W [24, 71]. En termes de superchamps de N’ = 1, les composantes du W sont un

multiplet chiral X et un multiplet spinoriel W, qui contient (la courbure de jauge) le champ
de Maxwell; X et W se transforment sous la deuxiéme supersymétrie N' = 1 de parametre
Mo comme décrit dans [25]

X =V2inW | X =V2%aW
5 Wa = V2i [11aD'X +i(0"7)a 0, X | (IL.4)

(5*Wd = \/iz [iﬁdDQX — i(na“)dﬁuf} .
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En plus, le superchamp de N = 2
N N Lo

ot 0, et , sont les cordonnées de Grassmann de la premiere et de la deuxiéme supersymétrie
N = 1 respectivement, contient les degrés de liberté du multiplet de Maxwell. Un Lagrangian
général pour W peut étre écrit en utilisant une fonction holomorphe F(W) comme

Coter = 1 / d20 &0 F(OW) + h.c.
(IL6)
_ %/CFG (37" ()W? — LF'(X)D*X) + hc.

ou Fx = 0F/0X.
Selon le mécanisme APT, pour effectuer la brisure partielle, il faut ajouter des termes de
Fayet-Iliopoulos électriques m?X et magnétiques M2Fy

EMax,def = %/d29 [%-FXXWW - i]:XDDY‘F m2X — ZMQ.FX} + h.c. (II?)
ott m? et M? sont de paramétres complexes. Curieusement, I’action correspondant & (I1.7)

n’est pas invariante sous (II.4), mais sous les transformations deformées de la deuxieme
supersymétrie N =1 [26, 2]

X = V2ingW
L (IL.8)
OWa = —V2M?1o +v2i [11.DD X +i(0"7)a 0,X] |
En parallele, (I1.7) peut étre écrit comme
1 -
L = §/d29 Ucﬂe F(Waes) + mQX} + h.c. (IL9)
en utilisant le superchamp W déformé
~ — 1—
Waes = X + V21 OW + 00 {—z’MQ -4DD X] . (I1.10)

Le coefficient du terme magnétique de F1 est donc un parametre constant qui apparait comme

e une déformation des transformations des superchamps sous la deuxiéme supersymétrie
N =1 (en général sous une rotation de SU(2)), de telle maniere que Ialgebre super-
symétrique correspondante soit toujours fermée [26, 27, 28]

e une déformation de W lui-méme [29].

La premiere supersymétrie N’ = 1 reste intacte, afin que le spectre final soit organisé en
multiplets, tandis que la deuxitme N = 1 est non-linéairement realisée, et le Goldstino
correspondant est identifié au fermion dont la transformation dans le vide est proportionnelle
au parametre de la déformation. Il est alors raisonnable d’appeler collectivement la collection
de deux supersymétries N' = 1, dont une est linéairement et I’autre non-linéairement realisée,
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comme de la supersymétrie N’ = 2 non-linéaire. Dans le cadre de la théorie de cordes, la
supersymétrie N' = 2 non-linéaire apparait dans le cas de D-branes dans un “bulk” de
N =2

A ce stade, il est important de souligner une différence qualitative entre la brisure N =
1 — N = 0 et la brisure partielle ' = 2 — A = 1. Dans le premier cas, la brisure
est générée par des valeurs d’espérance du vide de champs auxiliaires, qui peuvent étre
le champ complexe F' d’un multiplet chiral, ou le scalaire réel D d’un multiplet vectoriel
[30]. Dans le deuxiéme cas, F', son conjugué et D apparaissent aussi comme les champs
auxiliaires du superchamp de Maxwell W, mais sous forme d’un triplet de SU(2). A cause
de cette restriction, pour générer la brisure partielle, des parametres magnétiques doivent
étre introduits a la main et ne peuvent pas étre absorbés dans des valeurs d’espérance du
vide des champs auxiliaires. En plus, il y a trois multiplets ' = 1 possibles dans lesquels le

Goldstino peut se trouver: en dehors du chiral et du vectoriel [25, 26, 31], il peut faire partie
du multiplet réel et linéaire L [32], qui est défini par les contraintes
L= , D’L=D*L=0. (IT.11)

Outre le Goldstino, L contient un scalaire réel et la courbure d’un tenseur antisymétrique
et, avec un superchamp chiral @, fait naturellement partie d’'un multiplet simple-tenseur Z
de N =2 [33, 34, 35, 36, 29].

Sous la deuxieme supersymétrie, ® et L transforment comme

§*® =/2iTDL , & =+/2inDL

. L (I1.12)

0L = —ﬁ(nDQ) +7D®) .

En plus, le superchamp de N’ = 2 construit par ® et L est

_ .:7 1?{2727
Z(2,0,0) = ®(2,0) + V2 0DL(z,6) — 10 D 2(,0), (I1.13)
pour lequel un Lagrangien général peut étre écrit comme
Lor = /d29 26G(Z) +h.c.

(I1.14)

_ / 0 (1G"(®)(DL)(DL) - 1¢'(®)D°®) + hc.

en utilisant une fonction holomorphe G(Z).

Revenons maintenant a la brisure partielle en utilisant W. Aux basses énergies, X devient
supermassif et découple du spectre ou, de maniere équivalente, une contrainte nilpotente est
imposée a Wyer [28]

Wies =0, (IT.15)

ou, en composantes,
XWy=X%2=0
(11.16)
WW — 3XDDX —2iM?X =0.

On peut remarquer qu’en multipliant la deuxieme égalité de (I11.16) avec W, ou X, on obtient
la premiere égalité. La solution de (I1.16) détermine X comme une fonction des dérivés de
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superespace de W [20] et le Lagrangien de W qui reste contient, de maniére intéressante, le
Lagrangien de Born—Infeld d’une D3-brane, dont le couplage de jauge et la tension dépendent
des parametres électriques et magnétiques respectivement [26, 28]. Sur un couplage de W
contraint avec un multiplet simple-tenseur de N’ = 2, il a été découvert [29] qu'une version
nouvelle du mécanisme de super—Brout—-Englert—Higgs sans la gravité a lieu, par lequel W
devient massif en absorbant le multiplet linéaire et le Lagrangien de Born—Infeld acquiert
un coefficient qui dépend de ®. Notablement, étant donné que W et Z sont de chiralités
opposées sous la deuxiéme supersymétrie N = 1, le couplage est formulé en utilisant une
représentation “longue” Z du multiplet simple-tenseur, qui a une transformation de jauge

dont le parametre est un autre multiplet de Maxwell [29]. En composantes,
. o et 1
Z=Y +20x—60 [%quDDY}, (IL.17)
ou Y est un superchamp chiral et y, et un superchamp spinoriel lié au L par
L =Dyx— Dx. (I1.18)
Dans [37], inspirés par ces résultats, nous formulons un mécanisme nouveau de la brisure

partielle en utilisant un multiplet simple-tenseur. Le Lagrangien prend la forme

Lorges = i / PG [~ L (W — W) + BW — B17]
(IL.19)
+ / d20 [2® + M2W| + hec.

ot 2 et M2 sont des paramétres complexes et G'(®) = iW (®). L’action correspondant a
(I1.19) est invariante sous la premiére, linéairement réalisée, supersymétrie N' = 1 et sous les
transformations déformées

*® = 2igDL , §*® =+/2inDL

o . - (I1.20)

L = 2M?(0n+0n) — 75 (1D +nD?)
de la deuxiétme N = 1 qui est donc non-linéairement réalisée. Il faut noter que la défor-
mation de la transformation d'un seul L a été trouvée [32] en intervertissant la chiralité des

transformations déformées d’un seul W. En analysant le vide de (I1.20), nous trouvons dans

ce cas que N
M*#0+#m?> , Wae#0, (I11.21)

la supersymétrie N’ = 2 est partiellement brisée et ® devient massif, tandis que L reste sans
masse. Par conséquent, nous observons une correspondence claire entre

(X, Fx(X)) et (@, W(2)), (I1.22)

sous une inversion de la chiralité de Lorentz qui relie W, & D4L. Nous présentons aussi la
généralisation du mécanisme en utilisant plusieurs multiplets simple—tenseur.

Apres dualisation par une transformation de Legendre, nous obtenons la théorie duale
d’un hypermultiplet, contenant ® et un autre superchamp chiral 7', qui a une symétrie de
shift de T’

Loival = / d*9 {—;Wq)(DﬁT)(DﬁT) - iWDD(I) +m%® + M?W| +he  (I1.23)
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dont ’action est invariante sous les transformations déformées

5 = —\2inDHy , 6 =—/2inDHr,

_ . . L (I1.24)
§*Hr = -2 M? (0n + 0n) + ﬁ(nD@ +nD?P),
ou o
~ . T+ T
2 Wa — Wg

Nous remarquons que ’hypermultiplet n’a pas de description en superchamps (hors de la
couche de masse) dans le superespace ordinaire de N' = 2 que nous utilisons, mais dans le
superespace harmonique [38, 39].

En plus, nous étudions les déformations les plus générales de W

W = A2%00 + B2606 + 2100 (11.26)

et de Z L,
Z.=A%00+B 60, (11.27)
ol les parametres A2, EQ, ... sont en général complexes, et nous en déduisons que la brisure

partielle peut avoir lieu a condition que les relations
I'=+AB (I1.28)

et
A2=0 ou B?’=0 (I1.29)

soient satisfaites. Nous déterminons la limite de masse infinie dans laquelle une contrainte
nilpotente est imposée au Zg.y
Z5;=0, (I1.30)

ou en composantes
2(DL)(DL)

o=-—
4B — DD®

—  ®DL=0"=0 (n>2). (I1.31)

Pour coupler Z4. ¢ au multiplet de Maxwell, nous construisons une représentation nouvelle
et “longue” W de ce dernier

— = =2
W=U+V260-6

x4 leQU] | (1L32)
ou U est un superchamp chiral et {2, est un superchamp chiral spinoriel

Q4 = Dgl (I1.33)
qui est lié a W, = —%EQDQV par

V =2(L+L). (11.34)
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Nous notons que W est lié a w par
1 =2 ~ 7 —9 =
W:_iD W—l—iDW (I1.35)

et que W a deuz transformations de jauge dont les parametres sont d’autres superchamps
simple—-tenseur indépendants. Nous montrons que des déformations des représentations
longues peuvent induire une brisure totale mais pas une partielle, ce qui implique que les
couplages pertinents de la supersymétrie N' = 2 non-linéaire sont des intégrales dans le
superespace N = 2 des ~ .

WaetZ2 ,  ZaefW. (I1.36)

Comme le premier a été exploré dans [29], nous étudions le dernier et nous trouvons
qu’il donne lieu de nouveau a un mécanisme de super-Brout-Englert-Higgs sans gravité. En
particulier, le couplage

€peHP7 A (I1.37)

entre le tenseur antisymétrique b, de courbure H,,, du L et le champ A, de jauge du
multiplet de Maxwell, donne une masse a A,. Le spectre final consiste en un multiplet
vectoriel qui absorbe le multiplet linéaire en devenant massif, et un multiplet chiral qui reste
sans masse. Contrairement a [29], il y a une subtilité concernant 1’équation du mouvement
du champ auxiliaire dans la représentation longue du multiplet de Maxwell, parce que le
champ auxiliaire réel D de W est remplacé par la divergence d’un champ vectoriel dans W.
Enfin, nous étudions d’autres contraintes N' = 2 qui décrivent des multiplets incomplets de
matiere.

Ces avances pourraient étre utiles pour la brisure partielle de la supergravité N' = 2. Le
multiplet de la supergravité N' = 2 pure comprend le graviton, deux gravitinos et un vecteur
connu comme le graviphoton. Il a donc le contenu de spin suivant

(2,3/2,3/2,1), (11.38)

de sorte qu’apres la brisure partielle le spectre contienne le multiplet de la supergravité
N =1 pure (sans masse)
(2,3/2) (11.39)

et un multiplet de N' = 1 de spin—3/2 massif
(3/2,1,1,1/2) (IL.40)

qui est devenu massif par une combinaison d’un vecteur, deux fermions et deux scalaires [10].
Ces modes de Goldstone sont associés a deux symétries de shift. Ces observations ont conduit
a la formulation sur la couche de masse de la brisure partielle dans la supergravité N' = 2,
un utilisant (au moins) un multiplet de Maxwell et un hypermultiplet qui a deux isométries
commutatives; un jaugement, qui est U(1) dans le cas minimal, des isométries de la variété
des scalaires de 'hypermultiplet géneére la brisure partielle [11, 12) 13] et plus récemment
[44, 45, 16]. Actuellement, nous explorons [17] la généralisation hors de la couche de masse
de ces résultats, ainsi que les interactions des degrés de liberté de Goldstone du multiplet du
spin—3/2 massif, pour laquelle le progres réalisé dans [29, 37] pourrait étre pertinent.

Un jaugement U (1), mais dans le cas minimal du sous—groupe U(1) de 'automorphisme
SU(2) de N = 2 et pas forcement des isométries d’une variété de scalaires, peut donner lieu
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a la brisure partielle en cinq dimensions. Nous nous sommes intéressés a cette possibilité a
la lumiere d’un mécanisme nouveau qui génere une hiérarchie des échelles exponentielle, le
mécanisme du “clockwork”, récemment proposé [13, 19, 50] et ensuite développé dans [51, 52,

, 4], suivi par une littérature de plus en plus abondante en ce qui concerne les applications.
Dans sa version dans le continu, ’espace—temps du clockwork a cinq dimensions, et, de fagon
intéressante, sa métrique est identique a la métrique d’'un espace-temps 5D, dans lequel
un scalaire réel a un couplage du dilaton a la gravité en cinq dimensions et un potentiel
“runaway”, et sa valeur moyenne est une fonction linéaire de la dimension supplémentaire.
Remarquablement, ce modeéle du dilaton linéaire est un modele 5D [55] du dual holographique
[56, 57, 58, 59] de la “Little String Theory” en six dimensions, [60, (1], qui est obtenue par
la théorie de cordes du type IIB dans la limite

gs — 0, (I1.41)

ou gg est le couplage de cordes, a savoir I’exponentielle de la valeur moyenne du dilaton ®.
Le modele 5D est décrit par le Lagrangien

_ 3o
J\/I3/2

1
e 'Lrsr=e s <§M53R - g(8<b)2 — A) : (I1.42)

ou M5 est la masse de Planck en cinq dimensions et A est une constante. Puisque le dual
holographique préserve la supersymétrie du “bulk”, la supergravité effective du modeéle 5D
doit étre dans le cas minimal N' =2, D = 5.

Ceci est précisement le sujet de [62], dans lequel nous montrons que la supergravité N = 2,
D =5 jaugée peut incorporer le modele 5D du dilaton, voir aussi [63]. En particulier, nous
considérons la supergravité N' =2, D =5 pure [64, 65, (6] couplée & un multiplet vectoriel
qui contient un vecteur en cing dimensions, un spineur symplectique qui est un doublet \;
de SU(2) et un scalaire réel [67]. Le jaugement du sous-groupe U(1) de SU(2) géneére un
potentiel scalaire, ainsi que des masses de fermions et des termes d’interactions [68, (9].
Nous trouvons que le potentiel du scalaire réel est exactement le potentiel du dilaton de
(I1.42) (apres une transformation conforme) pour un choix approprié des parametres et nous
montrons que la supersymétrie est partiellement brisée, parce que, a cause de la valeur
moyenne du dilaton linéaire, les composantes de \; transforment comme

S(A\1 —iT%Xg) = 0
~ (I1.43)
(A1 + ZT5)\2) ~ €y — il

ol ¢; est le parameétre de la supersymétrie A” = 2. Par conséquent, la combinaison A 4iI'® Ay
correspond au Goldstino et la combinaison orthogonale correspond & la supersymétrie NV = 1
qui reste intacte en quatre dimensions. Nous donnons aussi I’expression finale du Lagrangien
total.

Le coefficient du dilaton linéaire est proportionnel au couplage g de jauge de U(1) et,
en utilisant les résultats de [55], selon lesquels le spectre de Kaluza—Klein des champs 5D
démontre un écart de masse suivi approximativement par un continu, nous observons que
I’écart de masse est aussi proportionnel & g. La totalité des zéro modes forment les multiplets
de N = 1 suivants:
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e Le multiplet de la supergravité A/ = 1 pure (sans masse), qui contient le graviton 4D
et la combinaison linéaire ¢;1A - iF5¢Z des gravitinos en quatre dimensions.

e Un multiplet massif de N' = 1 de spin—3/2, dont la masse est controlée par g. Il consiste
en la combinaison linéaire orthogonale des gravitinos wi + ZT51/13 en quatre dimensions,
qui obtient une masse en absorbant le Goldstino A\' +4I'®\?, ainsi que deux champs de
spin—1 et un de spin 1/2 massifs.

e Les degrés de liberté qui restent se trouvent dans un multiplet de spin—1 et un de
spin—1/2 de N' = 1 sans masse.

Finalement, pour des applications phénoménologiques, dans [70] nous effectuons la com-
pactification de la dimension supplémentaire y sur un orbifold S'/Z,, aux points fixes duquel
nous introduisons deux branes de tensions Vi et V5, a savoir a y = 0 et a y = L respective-
ment. La partie bosonique de I'action sans les termes qui contiennent des champs de matiere
est

S = [dz[y=ge V(3R + §(0®)2 - A)
(I1.44)
—V/=g1e" P Vid(y) — /= gae 2 Vad(y — L)]

ol les parametres aig, g sont en général arbitraires. Nous trouvons que le Modele Standard
peut étre introduit sur les deux branes et que la présence des branes est compatible avec la
direction de la supersymétrie N/ = 1 qui reste intacte apres le jaugement et ne la brise pas.



1l — Linear N/ =2, D = 4 global
supersymmetry

I11.1 V= 2 superspace

For a large part of the present thesis it will be convenient to write an A" = 2 superfield in
terms of two A/ = 1 superfields; we thus start by explaining the construction in question,

following the approach of [28, 29]. N = 1 supersymmetry is generated by the fermionic
conserved charge @, and its conjugate @, that satisfy the anticommutation relation
{Qa, Qs = —2i (6M)0a0y - (ITL.1)

Some useful N' = 1 superspace identities may be found in appendix A. Consider now two
N =1 superfields V,, z = 1,2. Under N = 1 supersymmetry, which relates the components
of V1 (or V) to each other, the superfields transform as

5V = (eQ +€Q)Va (111.2)

where € is the A/ = 1 supersymmetry parameter. Moreover, one may define the covariant
derivatives (that act as N/ = 1 superspace differential operators)

Dy =0y —i(06"0)00, , Dg =04 —i(00")50,, (I11.3)
where 5 5 5
W= —— , O4=— , = — 111.4
9 00« ? 90% O ozt ( )
which satisfy the anticommutation relation
{Do, D} = —2i (6")0a0y (IIL.5)
while o -
{Qa,Dg} = {Qd,Dﬁ-} = {Qa,Dg} =0. (I11.6)

The relations (IT1.6) allow us then to define a second N/ = 1 supersymmetry generated by
D,, and Dg, under which V, transform as

§*Vi = (anD —anD)Vy , 6Va=—(bnD —bnD)Vi, (ITL.7)

where a, b are complex numbers and 7 is the parameter of the second N/ = 1 supersymmetry.
Using the closure relation

61, 631V = =21 (0”7, = o )0uVi = (m{D, DYy = {0, Dym )V, (ITL8)

17
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one finds that ab = 1. For convenience, we set
a=——— | b=-7i. (IIL.9)

Note that in the above construction the SU(2)-covariance that arises as an automorphism
of N' = 2 supersymmetry is no longer manifest.

Now let us turn to the superspace expression of ' = 2 superfields. V' = 2 superspace
[72] is defined by the coordinates (x“,@i,gl), where z# is the standard four—dimensional
spacetime coordinate as in (IIL.4) and 6° is an SU(2)-doublet the contains two Grassmann
coordinates. Setting

0'=0 , 6>=4, (II1.10)
we may view 6 and 6 as the Grassmann coordinates corresponding to the first and to the
second N = 1 supersymmetry respectively, which comprise the full N'= 2. Note that, in a
similar fashion, the A/ = 2 supersymmetry parameter may be thought of as an SU(2)-doublet
consisting of € and 7. One may then define the covariant derivatives

Do =00 —i(0"0)a0, , Di= 04— i(00")ad,, (ITL.11)
where 9 9
00 90

as well as the coordinates

Yyt = ot — ifotl — 0ot . Yt =t 4+ 0ot + 0ot

o o (I11.13)
2 =gk — o0 + bt , FH =zt + ifoH0 — ioHh .
It is thus straightforward to see that
Dyt = Edy“ =0 , Dgazt= D" = 0, (I11.14)

so that y# is chiral under both A/ = 1 supersymmetries, while z# is chiral under the first and
antichiral under the second N' = 1 supersymmetry. Consequently, we can write the following
types of N/ = 2 superfields using N’ = 2 superspace:

e the “CC” superfield Z, that is chiral under both N' = 1 supersymmetries
Z=2(y,0,0) , DaZ=DsZ=0 (IT1.15)

e the “CA” superfield U, that is chiral under the first and antichiral under the second
N =1 supersymmetry

U=U(z0,0) , Did =Dyd=0 (I11.16)

as well as their conjugate superfields, that are AA and AC respectively. These N = 2

superfields can be expanded in 6 or according to their chirality and the components of
these expansions are N' = 1 superfields transforming to each other via (IIL.7).
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111.2 NV = 1 superfields

In the following, we briefly review several (independent) A/ = 1 superfields, mainly to set
our conventions. They will be promoted to N/ = 1 superfields belonging to N' = 2 superfields
later on. As a reference we use [73] unless stated otherwise. Chiral N’ = 1 superspace is
defined by the coordinates (y*, 6), where

gt = ot —ifo"0. (I11.17)
All degrees of freedom (“d.o.f”) given are counted off—shell.
e The chiral superfield, 45 + 4
A (left-handed) chiral superfield X is defined by the constraint
DsX =0 (IT1.18)
which yields the following expansion in terms of component fields
X(7,0) = =(7) + V20x(y) — 0*°F(3), (II1.19)

where  and F are complex scalars (z is not to be confused with the superspace coordi-
nate z# and F' is the auxiliary) and k, is a left-handed Weyl spinor. The supersymmetry

Sr = 2k

transformations are

Ska = —V2Feq — \/2i(01€) 0 (IT1.20)
§F = —/2i(9 kote).
e The complex linear superfield [71], 125 + 12p

The complex linear superfield L is defined by the constraint
DL=0, (IT1.21)

which yields the following expansion in terms of component fields

L(z,0,0) = ®(z,0,0) — 0w(x) — 0540V, () + 5620\ (z) .
15 9o, (x) + L6%620M (22
50" 00" 0,w(x) + 5 u(@),

where @ is an N = 1 chiral superfield, w, and A, are Weyl spinors and V,, is a complex
vector, which at this point is not necessarily related to a gauge symmetry.

e The vector superfield, 8 + 8 — 4 + 4p

The vector or real superfield V is defined by the constraint

V(z,0,0) =V(z,0,0) (111.23)
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and its gauge transformation is given by a chiral superfield ¢:
6V =9+0¢, (I11.24)
under which the real vector A,, that is the O+ component of V, transforms as
dgA, = —i0,(2 — Z), (I11.25)

where z is the lowest component of ¢. In the Wess—Zumino (“WZ”) gauge, the expansion of
V reads

_ _ _ _ 1 ._
V(x,0,0) = 0070 A, () + i6> ON(z) — i6° OA(z) + 59292 D(z), (IT1.26)
where )\, is a Weyl spinor and D is an auxiliary real scalar, yielding 45 + 4 in total.
e The chiral spinor superfield [74, 75], 8 + 8p — 4p + 45

A chiral spinor superfield . is a left—-handed Weyl spinor superfield that satisfies the con-
straint

Daxa =0 (II1.27)
and its gauge transformation is given by a vector superfield II:
1—=2
0gXa = _ZD D,II, (I11.28)
under which the real antisymmetric tensor b, that is the § component of ,, transforms as

Sgbyu () = 20,M,(x) (I11.29)

where A, (z) is the vector field of II. In a choice of gauge similar to the WZ gauge, the
expansion of y, reads

_ 1 1 . JUN _
Xa(¥,0) = _Z‘gac(y) + 1(90“0 )a by (Y) + 592 va(y), (1IL.30)

where C' is a real scalar and ¢, is a left-handed Weyl spinor, yielding 45 + 4F in total. Note
that (II1.30) contains no auxiliary fields.

As an example, consider the chiral spinor superfield W,,, commonly utilized in order to
write a kinetic Lagrangian for V. W, is defined as

1
W, = —ZDQDQV, (111.31)

which is gauge invariant under (I11.24). Note, however, that W, does not admit a gauge
transformation of the form (II1.28) in the case of abelian gauge theories, but using (II1.31),
(II1.28) can be written as

SgXa = iWa, (IIL.32)

so that the gauge transformation of the spinor superfield y, is controlled by another, gauge—
invariant, spinor superfield that is related to an abelian vector multiplet. Notice also that,
due to (IT1.31), W, satisfies the Bianchi identity

DW =DW, (111.33)



II1.3 THE MAXWELL MULTIPLET 21

which does not hold for a generic x,. In the WZ gauge, the expansion of W, reads
~ . SO . ~ </~
Wa(5,0) = —ira(y) + 0aD(Y) — 5(00"0")aFlu (¥) — 6%(0" 9, (9))a (I11.34)

where
F#V(g) = 8}1141/(@) - &IA;L@) . (111.35)

In this gauge, W, contains 4 + 4F as V.
e The real linear superfield [74, 75], 45 + 4p
The real linear superfield L is defined by the constraints
L=L , D'L=D2L=0, (I11.36)
which yield the following expansion in terms of component fields

L(z,0,0) = C(z)+i0p(z) —i0p(z) + 050 v, (x)

o, L (I11.37)
+3620,0(x)0"0 + 10°0010,(x) + 10%6°0C ()
where C is a real scalar, ¢, is a Weyl spinor and v,, is a real vector satistfying
0Mv, =0, (I11.38)

which is a direct consequence of (II1.36). Notice that the expansion (III1.37) contains no
auxiliary fields. Let us also note that, up to a constant, the solution of (II1.38) is

1
G H (I11.39)

Uy = =€upe0 b7 =
2
where b, is a real antisymmetric tensor. This implies that H,,, is the field-strength of
b, and is invariant under the gauge variation (II1.29). Importantly, using the constraints
(II1.27) and (II1.36), the real linear superfield can be written in terms of a spinor superfield
as

L =Dy - Dy. (I11.40)

Obviously, L is gauge invariant under (I11.28).

111.3 The Maxwell multiplet

The Maxwell or gauge multiplet [24, 71] of N' = 2, D = 4 supersymmetry contains a complex
scalar x, a fermion SU(2)-doublet A\; and a gauge field A,. SU(2)-indices are lowered and
raised using the conditions

/\i = Eji)\j s )\i = Eij)\j (HI.41)

and their position indicates the chirality of the spinors, conventionally set as

Ni=Prh , Ao=Pg\. (I11.42)
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Note that spinor indices are here implicit. On—shell counting of the degrees of freedom (d.o.f.)
yields 45 + 4, but off-shell gives 5p + 8, which means that the off-shell representation
of the multiplet must contain three auxiliary bosonic d.o.f. The latter can be viewed as
components of an SU(2)-triplet, which we denote by the real vector Y or Y , where x =
1,2,3. Equivalently, the auxiliary d.o.f. can be viewed as components of symmetric 2 x 2
matrices Y given by

YU =77y, (I11.43)
that satisfy the “reality” condition
Y = gfelyy, = (V) (111.44)
with ' '
7 =k ) = ictkg ) = Pt (T11.45)
where Eij are the standard traceless hermitian SU(2) Pauli matrices, rendering the %’ij

traceless and anti—hermitian.

The Maxwell multiplet has a superfield expression in terms of N’ = 1 superfields using
N = 2 superspace. To see this, we follow [28]. In particular, consider an N = 1 chiral X
and an A = 1 chiral spinor superfield W, given by

1
W, = —ZD2DQV2, (I11.46)

where V5 is a vector superfield, so that W, is gauge invariant under
§gVa = Ae + Ac, (111.47)

where A, is a chiral superfield. Now suppose that X and W, are related under a second
N =1 supersymmetry as follows

FX =V2inW , X = V2uqW

" . 25 . _
5" Wo = V2 [0 D°X +i(0"7)a 8,X] (I11.48)
6 Wa = V2 [41,D°X — i(no#)ad, X ]

Then, X and W, form the N’ = 2 Maxwell multiplet, provided that X is invariant under a
gauge transformation involving the superpartner of A, under the second A/ = 1 supersym-
metry. Using (II1.7) and (II1.48), one finds that

1
X = 51)21/1 , (I11.49)

where V] is a vector superfield. X is then invariant under the gauge transformation
d0,V1 = Ay, (I11.50)

where A; is a real linear superfield. Note that A, and A; form an A/ = 2 single-tensor
multiplet that will be the subject of the next section.
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Moreover, the N = 2 superfield
_ N 10
W(y,0,0) = X(y,0) + V2 0W (y,0) — Z(921)2)((1/, 0), (I11.51)

is gauge invariant

dgW =10 (I11.52)
under (II1.47) and (II1.50), it contains 85 + 8 d.o.f. and is CC. In particular, it contains
the degrees of freedom of the Maxwell multiplet upon requiring

W = 20k + 20\ — 02F — 02F + \/2i 00D + . ..
(IIL.53)

!

= V20N —0107Y;; + ...
and thus making the identification

)\1 =K )\2 = A
(I11.54)

Yi=F , Yn=F |, Y12=ﬁD-

A general Lagrangian for the Maxwell multiplet can be written with the use of a holo-
morphic function F(W) as

Luter = 5 [@OLIFOV) + e
(IIL.55)
e om T e

To compute (II1.55) in terms of component fields, we first calculate

1 . -
W? = )2 =200\ D+ Ao#5" 0 F, + 6% (D? — - F F* %FWF’“’ +2iA"9,)) , (IIL56)

2
where 1
P — §EWHAFM (I11.57)
and .
1327 =TF +V2i05"9,F +6* 07 . (IT1.58)
We then find that
LMoz = %]—"”(x)@#xéﬂ‘f— é}"’(x)FWFW — %F”(:r)FWﬁW

+1F"(2) (A" O\ + Kot OuR) + 2 F"(x) (FF + %D2>

- (II1.59)
+1F"(@)(FA? + Fr? + =D k)
—i—%f’”(x) AoHGY K Flyy + 2 F"(2) K2A% + h.c.

where we have explicitly written the four—fermion term and we have used the fact that

F'(z)07 = —F"(2) 0,20"T + tot. deriv. (I11.60)
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In order to break supersymmetry, one may in principle add the following terms to Ljsqz
1 _
Lrr= 5mz/d%vx +he + §/d20d20 W, (ITL61)

where m? and £ are a complex and a real parameter respectively, which we will be referring to
collectively as Fayet—Iliopoulos terms. The corresponding action is by construction invariant
under N' = 2 supersymmetry. Note also that, using (I11.49), the FI terms (II.61) can be
rewritten as

Ly = / @000 (— 2Re(m?) Vi + €V3) + tot. deriv. (I11.62)

111.4 The single—tensor multiplet

The single-tensor multiplet [33, 34, 35, 36] of N' = 2, D = 4 supersymmetry contains an
antisymmetric tensor b, three real scalar d.o.f. and two Weyl spinors 1), and ¢, so that
2p auxiliary d.o.f. are needed in the off-shell construction. In terms of N' = 1 superfields,
the totality of these d.o.f. is contained in a chiral superfield ¢ with expansion

=z + V20 — 0% f (IIL.63)

and in a real linear (gauge—invariant) superfield L whose expansion is given in (II1.37). Notice
that ¢, and ¢, do not form an SU(2)-doublet. Now suppose that ® and L are related under
a second N = 1 supersymmetry as follows

§*® =+/2inDL , 6*® =+/2inDL

. L (I11.64)
0L = —ﬁ(nDé +7D®) .
A general N' = 2 Lagrangian for ® and L can then be written as
Lsp = / 20420 H(L, , D), (ITL.65)
where H is a real function that must be a solution of the Laplace equation [34]

Hir +2H45 =0, (I11.66)
where Hyr = 68—;7-[ and Hgg = %H, for the action corresponding to (II1.65) to be
invariant under (II1.64). In [37] we use such an example

H(L,®, D) = —L* (iWp — iWy) +i®W — i®@W , (I11.67)

where W is a function of ® so that Wy = %. Then (II1.65) becomes
Lsr = /d29 [;W@(DL)(DL) — %Wﬁ26 + h.c. (111.68)

Moreover, the N' = 2 superfield constructed from ® and L [29]

Z(2,0,0) = ®(z,0) + V2i0DL(2,0) — 10 D ®(2,0) (I11.69)
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contains 8 4+ 8 d.o.f. and is CA. A general Lagrangian for Z can then be written with the
use of a holomorphic function G(Z) as

Lor = /dQGngQ(Z)—Fh.C.

(IIL.70)
_ / 0 (16"(®)(DL)(DL) - 1¢'(®)D°F) + hc.
so that
Gg'(®) =iW. (IT1.71)
To compute (II1.70) in terms of components fields, we first calculate (in chiral coordinates)
DL = P4 — (00")a(vy +1i0,C) — 62(dypot) s
(DL)(DL) = -9*—2i(v, +i0,C) 0o p
(IIL.72)
—02(2i (D)0 + (v + 10,C) (v* + iOC) |
ID® = F+/2i00"0,0 +620%.
We then find that
Lsr = G"(2)0,20"z — 1G"(2) (v, +i0,C) (v +i0"C)
+iG"(2) (60408 — (0u9)0"7) + 9" (2) fF
(IIL.73)

—i—%g”’(z) (f¢2 4 ?1/}2)
+5G"(2) (U +10,C) oG + 3G""(2) ¥?P? + hc.

Note that there is no term that couples 1, to ¢, as in (I11.59), as the single-tensor multiplet
contains one real auxiliary d.o.f. less than the Maxwell multiplet. Other than that, (II1.73)
can be obtained from (II1.59) by performing a chirality inversion on ¢, and by replacing

F(x) — 2G(z)

_ (I11.74)
$Eu (FM +iFH) — (v, +10,0) (v* +i0"C) .
Furthermore, analogously to (II1.61), in [37] we use the superpotential
L =m? / d*0® + h.c. (I11.75)
where m? is a complex parameter, that may be added to Lgy. Obviously the action corre-

sponding to (IT1.75) is invariant under the first N' = 1 supersymmetry. It is also invariant
under the second N = 1, since, using (II1.64),

5 m? / d’0® + h.c. = m? / d*0v/2i iDL + h.c. = tot. deriv. (I11.76)

where we have used the first of the expressions (I11.72).
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Interestingly, there exists an alternative formulation of the single—tensor multiplet, in
terms of the chiral superfield ® and an A/ = 1 spinor superfield y,, with the latter admitting
the gauge transformation (III1.28)

5gXOz = _%EQDQ% = Z.‘/Voz,g; (11177)

where ‘72 is a vector superfield, under which ® is of course gauge invariant. In particular,
using (I111.40) and (II1.64), one finds the second N' = 1 transformations [34]

6*X04 = —%@ U
., (IT1.78)
5O = 22 HD Wﬂ'auxa#ﬁ} .
However, additional degrees of freedom are needed in this representation [29]. More specifi-
cally, upon checking the closure relation (III.8) on x,, one finds
[07,03]Xa = —2i(mo" Ty —n20"71)0uXa
(II1.79)

i 2 . _ N . _ N
+3D Da (m19 MeX — 10 12X — 20 T X + i7120 mx) :

The existence of the second term in (II1.79) implies that the algebra does not close on x4.
Note also that im0 7y X —i7,0 o x —in20 1, X+i20 11X is a vector superfield, which means that
the algebra closes on y, up to a gauge transformation of the latter. To restore the closure,
one may add a chiral superfield Y, with the second N' = 1 transformations becoming

Y = V2nx,
5 Ya = ——=Dp, — Y2 DY - V2i(c"7)00,Y
o /2 Ta 1 o )aOut (111.80)

SO = 2v/2i [i D’y + i@uxa”ﬁ} .
Note that this does not affect the transformation of L in (III.64), since

Y S
Do (- ‘4[77& DY + \gnaDaDaY) +he =0. (IT1.81)

In addition, the superfields (Y, xq, ®) can be viewed as components of an N' = 2 CC
superfield Z with expression [29]

A i 1l
Z=Y +V20y—00 [%@ + DD Y], (II1.82)
which, as we point out in [37], is related to Z via
Z= —%522 + %ﬁ? (IIL.83)

Moreover, it is natural to expect that the superpartner of iW, , under the second N =
1 supersymmetry is a chiral superfield X,; X, and W, 4 form then an N' = 2 Maxwell
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superfield W, that acts a gauge parameter and generates the gauge trasformation of zZ [29],
namely

5,2 =Wy, (I11.84)

or, in components,
0y =X5 , Oxa=iWay , 0642=0. (I11.85)

There exist thus two A/ = 2 superfields that describe the single-tensor multiplet: the gauge
invariant Z and the gauge varying Z.

111.5 Dualization and the hypermultiplet

An antisymmetric tensor b, whose field-strength v, satisfies the constraint (IIL.38) can
be dualized to a real scalar that has a shift symmetry. To see this, let us write a general
gauge-invariant Lagrangian . for b,

L = L(vy) — o(x)0v" = L(v,) + v!'0,0 + tot. deriv. (I11.86)

where £ is a function of v, and o(x) is a real scalar field that plays the role of a Lagrange
multiplier that imposes the constraint (II1.38). The e.o.m. of v, is
o _
our

0,0, (I11.87)

which in principle can be solved to yield v, = v,(dc). Substituting this solution in &,
one obtains the Legendre transform £ = £(do) of L = L(v,) that depends solely on J,0.
Consequently, o is massless and £ enjoys a shift symmetry

dsnifro() =c, (I11.88)

where ¢ is a real constant.

This duality is also true at the N’ = 1 level [34], namely a real linear superfield L that
contains the field-strength v, of b,, can be dualized to a chiral superfield that contains a
real scalar with a shift symmetry instead. In particular, consider a general Lagrangian Ly,
for L

Lr— / 26426 £ (L), (IT1.89)

where £ is a function of L. £}, can be written as
Lr— / P0G [L(V) ~ (Q+Q)V]. (IT1.90)

where V and @ are a vector and a chiral superfield respectively. Note that (I11.90) is invariant
under the shift symmetry

SeniftQ = ic, (II1.91)

where c is a real constant. The e.o.m. of () and its conjugate is

DV =DV =0, (I11.92)
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so that @) and its conjugate play the role of Lagrange multipliers that impose the second of
the constraints (I11.36) on V', thus rendering it a (real) linear superfield. Alternatively, the
e.om. of V is

L'V)=Q+Q, (I11.93)

which in principle can be solved to yield V' = V(Q+Q). Substituting this solution in (II1.90),
one obtains the Legendre transform £ = £(Q + Q) of £L = L(V). L£(Q + Q) enjoys a shift
symmetry under which one of the real d.o.f. of @ transforms as in (II1.88) and is massless.

Similarly, a single-tensor multiplet with kinetic Lagrangian controlled by H (L, ®, ®) can
be dualized to a hypermultiplet with one shift symmetry [31]. A generic hypermultiplet
[24, 76] contains four scalars and two spin—1/2 fermions, that can be seen as components of
two N = 1 chiral superfields 7" and ®. It does not, however, admit an off-shell description in
standard A/ = 2 superspace, there is namely no N/ = 2 superfield analogous to (II11.69) that
corresponds to the hypermultiplet. This issue is associated with the fact that the N' = 2
algebra allows for the existence of central charges. Nevertheless, there exists an off-shell
formulation for the hypermlutiplet in harmonic or projective superspace [38, 39]; yet this
implementation comes with the drawback that one has to introduce an infinite number of
auxiliary fields — we will not consider this case in the present thesis.

In regard to the dualization, the Legendre transform of H (L, ®, ®) is

H(T+T,®,8) =H(V,®,8) — (T +T)V, (II1.94)
where T and its conjugate play the role of Lagrange multipliers, with
Hy(V,0,0)=T+T. (I11.95)

?-NL(T +T,®,®) is then invariant under a shift symmetry of 7' and the kinetic Lagrangian is

/d29d25ﬁ = /d29 #(T+T,8,8)D°T + Hg(T + T,,8) D3|
-+ h.c.
= /d2 (T +T,®,3)0%0g, + Hg (T+T<1>c1>)92mq2]
+---+hec

(I11.96)
= —[Hrla) + Hrlar)] 0200 — [Hy(@) + Hale)] 600,

+...+h.c.
= Hyr 0,010"G, + Hyp 0,020",

+H 5 0u010"Q + Hog 0u020"Gy + -+ + hc.

where g1 and ¢o denote the lowest components of T" and ® respectively and the dots stand
for terms not containing kinetic terms for ¢; and g». We thus identify the Hessian matrix
H" with the Kéhler metric of the scalar manifold, namely the manifold whose coordinates
are the scalars ¢; and ¢o.
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To find the analogue of (II1.66) in this case, we first note that the solution of (II1.95) is

V=V(T+T,®,9), (I11.97)
with ov ov ov ov
V= — Ve= — Vo = — Ve= —. II1.98
T=or > TToar 0 *T e T T 5% (LIL.98)
Then (I11.95) yields
HVCP 7“\/5 1
® Hyv ® Hvv T Hyy ( )
Moreover, N _
Hr =HvVr =V — (T +T)Vr
- B (I11.100)
He =Ho +HyVe — (T+T)Vs,
so that N _ o
Hoyg = _Hl v Hog = Hog — ‘;f e
va oY (I11.101)
)/ 3 1/ H
HTEZﬁ ) H@T:H“:i'
Consequently, the determinant of the Kéhler metric is given by
- S o oo~
det (H") = H,omHos — HogHer = — 22 I11.102
(H") TT 133 7% LT Hov ( )
so, using (II1.66), one finds that [34]
~ 1
det (H") = 3 (II1.103)

which is a nonlinear 2nd order PDE of complex Monge—Ampére type. As a result, super-
symmetry imposes the constraint (II1.103) on H, or, equivalently, the constraint (II1.66) on
‘H. Moreover, the Ricci tensor of the Kéhler manifold is given by

Ryj = ~0;0;logdet (1), (IT1.104)

where 97 (97) denotes derivation with respect to 7" or ® (T or ®). Using (I11.103), one finds
that
R =0, (IT1.105)

so the conclusion is that the scalar manifold is Ricci—flat. This property of the scalar manifold
of hypermultiplets in global supersymmetry is universal [77].

Finally, in [37] we use the particular example (II1.67), so, with the replacement L — V,
we have that

Hy = =2V (We — W), (I11.106)
so (I11.95) yields -
L r+T (I11.107)
2We — Wg
Substituting (II11.107) in (II1.94), we find that
H(T +T,,0) = P T+T) +i®W — i®W . (IIL.108)

CAWe - Wy
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111.6 A new Maxwell superfield

In this section, the formulation of a new N/ = 2 superfield that describes the Maxwell
multiplet is presented, which is part of: 1. Antoniadis, J. P. Derendinger and C. Markou,
Nonlinear N' = 2 global supersymmetry, JHEP 1706 (2017) 052.

The CC Maxwell superfield may be written as

) =2 _— e
W = —%D W+ %DQW, (111.109)

where W is a CA superfield. It is obvious that the relation (II1.109) respects the chirality of
W. Generically

— = =2
W=U+V200—6

S
%X + 4DQU] , (II1.110)

where U and X are chiral A/ =1 superfields and €4 an A = 1 chiral spinor superfield. Using
(II1.109), the components of W will be written in terms of the components of W. First, note
that (the right-handed) € can be written as

Qo =DsL , Qo =-D,L, (IT1.111)

where L is a complex linear V' = 1 superfield. We then find

=2 _— .~ 9 ~ — ~
IDW = iX41D°U+2i60"9,0 + 020U
o N (II1.112)
=27 =2+ S = =2 =2
ID'W = ID'U+¥20D°Q -6 - iD’X + L D° DU

Substituting (II1.112) in (II1.109) and comparing with (II1.51), we make the identifica-
tions
X = X
(II1.113)
— p— !
2019, M0+ D’y = iW,.
Using (IIL.5), (II1.46) and (III.111), the second of equations (II1.113) takes the form
_ 1 —
~ 5 D' Da(L+ 1) L - D’DoVs, (I11.114)
which yields

Vo=2(L+L), (III.115)
which, using (II1.22) and (II1.26), gives

A,=—-4ReV, , D=-40"ImV,. (I11.116)
Moreover, the components of W transform under the second A = 1 supersymmetry as
FU = V219,

0. _L m. i D - nDU
50y = \/§{X Mg + i Da(nDU +77DU)}, (IT1.117)
11—

X = 2V 4DDnQ—¢no#a,ﬁ].
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In addition, using (II1.109), (II1.113) and (IIL.115), we find that W is invariant under the
following gauge transformation of W

S = 2, (IL.118)

where Z; is a CA single-tensor superfield with components (®,, iLy) that acts as a gauge
parameter and generates the transformation. In terms of component fields, (IT1.118) acts as

5,U=0, , 6,04 =iDal, , 0,X=0. (ITL.119)

However, using (II1.111) and (II1.115), we observe that V5 does not transform under (I11.119),
since

SL=iLy = 8,Va=0, (I11.120)

which is not (II1.47). This means that the transformation (II1.119) is not to be identified
with the standard gauge transformation of the Maxwell multiplet. To find the latter, we first
derive the transformations (II1.117) in terms of the fields (U, L, V}):

U = 2nDL

P 1 L
L = —nDVi+ — DU +nDU
71PN \/Q(n nDU)

7 _

75 (D +7D)2(L+ 1)

(I11.121)

SV =

Consequently, the combination of the transformations (II1.47), (III1.50) and (II1.119) is
given by

SU = @, , SL = 1A +iLg , SV = A (I11.122)

Therefore, we conclude that the Maxwell multiplet admits two gauge variations that are
generated by two independent single—tensor multiplets: the standard Maxwell gauge trans-
formations generated by (A;, A.), which leave both W and w invariant, and another gauge
transformation generated by Z,, which leaves only )V invariant. Finally, note that, in the
gauge U = 0, the second N = 1 algebra closes on L

[07,65]L = —2i(niofy — n2otny) O,L
(I11.123)

—i[i(mDmD —mD D)L —i(eD i D = m D D)L

up to a gauge transformation of L, since i(noD 91 D —m D naD)L—i(naD pD—m D na D)L is a
real linear superfield. Thus, very similarly to the construction of the single—tensor multiplet
in terms of (Y, xa, ®), the formulation of the Maxwell multiplet in terms of X and Q,
necessitates the use of U. To summarize, the Maxwell multiplet can also be described by a
CA superfield W, alternatively to the CC W.
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I11.7 The BF interaction

An antisymmetric tensor b,, may interact with a gauge field A, via the welll-known BF
term
A o (I11.124)

that is obviously invariant under the gauge transformation (II1.29). Note that, upon du-
alization of b,, to a real scalar with a shift symmetry, the coupling (III1.124) becomes a
Chern—Simons term multiplied by the derivative of the scalar. The A/ = 1 supersymmetriza-

tion of the BF term can be written [28, 29] in terms of the supefields L and V3 as
—g/d29d2§LV2 = 1g(—CD+xp+ Np - v,A")
(ITL.125)
= %g ( —CD+ Mo+ g — %e“”""\wam\) + tot. deriv.
or, using (II11.31) and (II1.40), in terms of the x, and W,
—q / d*0d*0 LV, = g / d?*0 xW + h.c. + tot.deriv. (I11.126)

The BF term is thus accompanied by fermion interactions at the N = 1 level. Recalling
that L and W, are gauge invariant, note that both descriptions are gauge—invariant under
(III.24) and (III.28), since

_ 1 _
/ d*0d*0 LsgVa = — / d>0 D°(LA.) + h.c. + tot. deriv. = tot. deriv. (111.127)
or, equivalently,
/ POWoyx +he. =~ / 0 WD?DII + h.c. = tot. deriv. (IT1.128)

where we have performed a partial integration with respect to the derivative Dy and its
conjugate.

The N = 2 supersymmetrization of the BF term can be written in terms of the CC
superfields W and Z [28, 29]

Lpp = ig/d2ed2§w.§+h.c.

_ 20 (1 .
= g/d 0 <2X<I’ + xW) + h.c. + tot. deriv. (IT1.129)
= —i9(af+Tf+2F +2ZF + k) + FY)

—%g €uvpo B FP7 — %gCD + g\p + gA\P + tot. deriv.

since

ig / 26426 (YX + XV) + h.c. = 0. (ITL.130)
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Alternatively, in [37] we use the CA superfields W and Z as

Lop = ig / P20 20WZ + h.c.

~ / 20 (1X® + QDL) + g / 2620 (UD + T) + hc. + tot. deriv.
= g/d20 (%X@ + ELEL) + h.c. + tot. deriv. (I11.131)
= —lg(af+Tf+2F+2F + kY + RY)
—%g €upe B FP? 429 CO, Im VH 4 gy + gm
—g Oupot — gwat0,p + tot. deriv.
where we have used that
ig / 22626 (U + OT) + h.c. = 0. (ITL.132)

The terms of the last line of (I11.131) do not appear in (I11.129) simply because, in computing
(II1.131), we have used the full expansion (II1.22) of L, while, in computing (I11.129), we
have used the gauge—fixed expansion (I11.34) of W,,.

Consequently, the supersymmetrization of the BF term (at the action level) does not
depend on U and Y. Note also that the actions corresponding to (II1.131) and (III1.129) are
gauge invariant under (II1.118) and (III1.84) respectively, since, for any pair of CC Maxwell
multiplets W, Ws and for any pair of CA single—tensor multiplets Z1, Zs, the terms

Im/d29/d2§W1W2 and Im/dQe)/d252122

are total derivatives.



IV — Nonlinear N =2, D = 4 global
supersymmetry

IV.1 The APT mechanism

Initially, it was thought that global A/ = 2 supersymmetry cannot be partially broken to
N = 1. The standard argument 78] for this no-go theorem was that the relation

H=>YQ, (IV.1)

where H is the Hamiltonian of the theory, which is a direct consequence of the N' = 2
supersymmetry algebra (without central charges)

{Quis QL) = 200", P, (IV.2)

with generators Qa;, where i = 1,2 is the SU(2) index, implies that, if one N' = 1 super-
symmetry is unbroken, then the other A/ = 1 must remain unbroken as well, since

Qa1l0) =0 = H[0)=0 = Qa2/0)=0. (IV.3)

A way to circumvent the no—go theorem in question is to realize that the algebra (IV.2)
is not the algebra of partially broken N' = 2 supersymmetry. To see this, recall that the
conserved charges (),; are determined by the supercurrents Ju;, as

Qui = [ % Tuio. (1V.4)
a fact that offers an alternative expression for (IV.2), upon integrating over infinite volume
(@, i} = 2600" T, +S.T. (IV.5)

where T}, is the energy-momentum tensor of the theory and S.T. stands for Schwinger terms
that do not appear in (IV.2) due to the integration. Notice now that one may modify (IV.5)
as

{Qh, Tuiv} = 28102 T + 0vacC + S.T. (IV.6)

since T}, + Cn,, is conserved as T}, is, namely the theory does not have a unique energy—
momentum tensor. However, integration of the term 0,,,CY yields an infinity in (IV.2).
These observations where first made in [79, 80], where also the first instance of a realization

34
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of (IV.6) was discovered in the context of string theory, in which N' = 2 is partially broken
on a four—dimensional membrane propagating in six dimensions.

Moreover, the APT model [25] was the first mechanism discovered that implements the
partial breaking using superspace techniques and a single Maxwell multiplet, but not string
theory. In particular, it was shown that the FI terms (II1.61) are not sufficient to induce the
partial breaking; one needs to further add the term

M?*Fy, (IV.7)

where M? is a complex parameter and Fy = F/(X), such that, using (II1.55) and (II1.61),
the total Lagrangian for a single Maxwell multiplet becomes

Lotandes = %/d20 [3FxxWW — 1FxDDX +m2X — iMFx|
(IV.8)
+h.c. + §/d20d2§ Va.

Interestingly, the action corresponding to (IV.8) is not invariant under (II1.48), but it is
under the deformed second N' = 1 supersymmetry variations [26, 28]

X = V2ingW

v.9
FWs = —V2M2n4 +2i [inamY—f—i(U“ﬁ)a 8“X} , (v-9)

according to which the fermion A, that resides in W, transforms nonlinearly and is thus

identified with the Goldstino. Partial breaking arises if the following conditions hold: the

theory is interacting, Fxxx # 0, M? # 0 # m? and £ = 0, there is namely an N = 1

vacuum and the final spectrum consists of a massless A/ = 1 vector and a massive N' = 1

chiral multiplet.

Alternatively, the APT model was written as [25]

— — —

/ d*0 d*0[F (A) — ApA] + ;(E Q4+ M-Yp)+he. (IV.10)

where A is a general N’ = 2 chiral superfield and Ap is an N' = 2 chiral superfield that
satisfies the reducing constraint

(€ijD'0 DY)? Ap = =96 O Ap . (IV.11)

namely Ap is a Maxwell superfield. Ap plays the role of a Lagrange multiplier and its
equation of motion imposes (F.11) on A, namely A becomes a Maxwell superfield. ¢) and
Yo correspond to the auxiliary fields of A and .AD respectively and, by construction, the YD
satisfy the reality condition (II1.44), while the O generically do not. The terms containing E
and M , which are three-component vectors (with complex and real parameters as compo-
nents respectively), are Fayet—Iliopoulos terms for .A and Ap that have been added for the
partial breaking. The latter occurs for non—zero E and M and in that case one can show
that [12] '

CY ~ V5J (ReE X M) (IvV.12)

where V' is the scalar potential of the theory. The APT model thus realizes precisely the
algebra (IV.6).
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In the remaining sections of the present chapter, the material presented is part of: I.
Antoniadis, J. P. Derendinger and C. Markou, Nonlinear N' = 2 global supersymmetry,
JHEP 1706 (2017) 052, with occasional references to other literature.

IV.2 A new partial breaking mechanism

In the following, we present a new mechanism that implements the partial breaking of global
N = 2 supersymmetry by utilizing a single-tensor multiplet. First, let us consider a generic
N =1 function W of the chiral superfield ® of the single-tensor multiplet. Then under the
second N = 1 supersymmetry transformations (II1.64), we have that

5*/d29 W(®) = V2i /d29 WanDL, (IV.13)

which is not a total derivative unless W (®) is linear in ®. Moreover, we observe that the
following N' = 1 equalities hold

DD (OnL) = —2nD L = DD (6nL + 6nL), (IV.14)
so that, up to a total derivative, (IV.13) can be written as
5 / 20 W (®) + h.c. = 2v/2i / P86 [Wo — W (00 + 1)L (IV.15)
We now add the generic generic superpotential
M2W(®), (IV.16)

where M? is a complex parameter, to (IT1.68) and (II1.75), so that the Lagrangian for the
single—tensor multiplet takes the form

LSTae; = /d29 [%Wq)(bL)(EL)—iwﬁ$+m2®+ﬂ2w +he.

i / 0% [~ L*(We — W) + W — 0| (IV.17)
+/d29 [m2® + 32 W] + he.

The action corresponding to (IV.17) is then invariant under the first, linearly realized,
N = 1 supersymmetry as well as under a second N' = 1 that is nonlinearly realized. The
transformations corresponding to the latter are a deformed version of (II1.64), namely

5*® = 2igDL , &6 =+/2inDL
(IV.18)

S*L = 2M?2(6n+ 60n) — J5(1D® + DY)

Note that according to (IV.18)

_ — 1
§*DaL = —/2 M?n, + /2i 17aDD® = i(no")a 0,®| (IV.19)
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which implies that the spinor @, in DsL transforms nonlinearly and is thus to be identified
with the Goldstino. Moreover, §*® is not deformed, since

Sies LsT = —iV/2 1\72/d29 We nDL + h.c. = —M? 5*/d20 W(®) + h.c. (IV.20)

Notice that Lg7 4.f depends on two complex numbers, the deformation parameter M? and
the parameter m? in the linear N = 2 superpotential. In fact, the transformations (IV.18) for
the N/ = 1 linear multiplet were first found by performing a chirality switch on the deformed
transformations of the N' = 1 Maxwell multiplet [32]. For an alternative derivation of
(IV.17), see the appendix B.

We now analyze the vacuum of the theory. The terms of (IV.17) involving auxiliary fields
are given by

o — o —=2__ _
Eaux. = Z(W<I> - Wg)ff - mzf — MQWq)f — ﬁl2f - M ng
; ; (Iv.21)
—5Waalf Yo + fORl + SWaglf vv + fop] = =V 4 Lierm.
2 2
so that the following scalar potential is generated
—~, 2
V= W@ — \ + M2 Wol (IV.22)
to which L does not contribute. Moreover, the fermion mass terms are given by
1~ 1 —~ W
erm. — _*M2 — — |m? M2 — h.
Lerm. M W b — 5 [ + W}Wé_wiw¢+ c.
(IV.23)

—% [ﬁ@Q—i—J\AJ/QW}MX_chgo—i—hc

We thus distinguish the following cases:

LM2=m2=0: N =2 supersymmetry remains intact and linearly realized and all
fields are massless.

2. M? = 0, m? # 0, Wae = 0 (this last equality implies that the theory is canonical,
namely free): the potential is an irrelevant constant V ~ |m|* so that, again, N = 2
supersymmetry remains intact and linearly realized and all fields are massless.

3. M2 =0, m? # 0, Wee # 0 (namely the theory is not free): N/ = 2 breaks completely
to N = 0 with .,
m

D) = = STy

The theory has a vacuum state if (Wge) = 0 has a solution, fermions remain then
massless and the splitting of scalar masses is controlled by (Weas).

(IV.24)

4. M2 #0, m% =0, Woo # 0 : again N = 2 breaks completely to A" = 0 with
M (Wa)

<f>:—m~

(IV.25)
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5. M2 0 % m2, Wee # 0: The minimum of the potential (IV.22) is at

~2

m
(We) = IR (f)=0. (IV.26)
The linear superfield L remains massless, while the canonically normalized mass of ®
is given by
— =2 (Waa)
2 2 DD
=MM |———— Iv.27
Ma 2 Tm(Wa) (Iv-27)

Note that the scalar kinetic metric is —2Im(Wg), which imposes Im(Ws) < 0. We
conclude that N/ = 2 breaks partially to N’ = 1. In principle, ® can acquire a very
large mass by adjusting (Wge) and decouple from the massless L.

Finally, comparing the Lagrangian (IV.8) to (IV.17), as well as and the deformed transfor-
mations (IV.9) to (IV.18), we observe that there is clearly a correspondence between

(X, Fx(X)) and (®,W(2)), (IV.28)

upon a Lorentz chirality inversion relating W, to DgL. Notice, however, that, due to the
absence of auxiliary fields in L, there is no “electric” FI term in (IV.17) analogous to the {D
term in (IV.8).

Since the single—tensor multiplet can be dualized to a hypermultiplet with a shift sym-
metry, we now perform the dualization to find a partial breaking mechanism that makes use
of a single hypermultiplet. We thus use the Legendre transform (I111.94), with H(V, ®, ®)
given by (II1.67) with V' in the place of L, so that equation (II1.95) takes the form

T+T=%Hy = 21V (Wg — Wq;) . (IV.29)
Using (IV.29), the first of equations (IT11.100) is written as

~ i T+T

Hr=-V=-Fcr—=. IV.30
T 2Wo — W (IV.30)
The dual hypermultiplet theory is then
(T+T —
Laual / 2009 | -2 T D" s e / d?0 |?® + M2 W] + h.c.
Wq> -Ws

/ d20 {—;Wq;(D??lT)(D?-NlT) - %WDDCI) + 2P + MQW} +he.
(IV.31)

up to a total derivative. Since the superpotential depends on ® only, the auxiliary component
fr of T does not contribute to the scalar potential. Its field equation

(Wo = Wg)fr — (T +T)Waoefo =0 (IV.32)

is actually the 66 component of the duality relation (IV.29). The ground state in the partially
broken phase is again given by the relations (IV.26) with, in addition due to (IV.32),

(fr)=0. (IV.33)
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To find the analogue of (IV.18), notice first that, on-shell, the relations (IV.29) and
(IV.30) take the form N
H,=T+T , Hr=-L, (IV.34)

and are consistent using the field equations for L and T,
DDD.H;, =0 , DDHr=0, (IV.35)

as integrability conditions. The A/ = 1 theory (IV.31) is then also invariant, up to a super-
space derivative, under a second, nonlinearly realized, N’ = 1 supersymmetry with transfor-
mations

§*® = —2inDHr , &®=—/2inDHr,
~ Nf , o (IV.36)

0 Hr = —V2M? (0 + 0n) + J5(nD® + nDP).
This can be shown either by direct check, or by substituting for L via the second of the duality
relations (IV.34) in the deformed transformations (IV.18) of the single-tensor multiplet.
Notice that T" appears implicitly in (IV.36) via Hr. Note also that the second of equations

(IV.35) guarantees that 0*Hp and §*® are a linear and a chiral superfield respectively.

IV.3 The deformed Maxwell multiplet

In the previous sections, we have seen that a necessary condition for the partial breaking is
the appearance of a specific type of a FI coefficient, that can also be viewed as a deforma-
tion parameter of the transformations corresponding to the broken and nonlinearly realized
supersymmetry. However, in [29] it was shown that this deformation parameter can also be
thought of as a deformation of the CC Maxwell superfield W itself. Here we will study the
most general deformations of W that result in partial breaking. In particular, consider W
deformed by

W = A200 + B200 + 2100 (IV.37)

where A, B, I' are complex parameters, such that
Waep =W+ Wy . (IV.38)

Indeed, (IV.37) are the most general deformations when it comes to the breaking, since
the fermions of W are its # components, which implies that the deformations should be
introduced as the highest components of Wy, were it for a fermion to be identified with a
Goldstino.
Identifying
Wit = (Yo +iY1) 00 + (Ya — Y1) 00 — 2iY3 60, (IV.39)

which yields
. ' 1
Y = <—;[A2 - B, 4% + B, zT) : (IV..40)
we find that, under A" = 2, the fermions of Wy transform as
Ska = V2(A%0 +Tng) + ...

(IV.41)
Aa = V2(B*q +Teu) +...
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where the dots stand for terms not involving the deformation parameters. By requiring that
one and only one linear combination of fermions transforms nonlinearly, we find that N = 2
is partially broken to A/ = 1 under the condition that

I'=+AB, (IV.42)

for which W,,; = (A6 + Bf)? and
§(Bka T AXg) = 0. (IV.43)

If (IV.42) holds, then the triplet (IV.40) does not satisfy the reality condition (II1.44), which
implies that the deformation parameters cannot be absorbed in the vacuum expectation
values of F' and D. This means that the vacuum expectation values of the auxiliary fields
cannot induce partial breaking.

Using an SU(2) rotation, one may set 0 = Y3 = i['. Partial breaking occurs then in the
following equivalent cases:

e if A =0, for which A, is identified with the Goldstino, or
e if B =0, for which k, is identified with the Goldstino.

Without loss of generality, we only consider the first case in which [29]
_ — 1
Wies = X +V2i OW + 06 [BQ — ZDD X} , (IV.44)
for which (II1.55) and (II1.61) give

L o= %/d%) [/d2§}"(Wdef) + m2X} +he + g/d29d2§v2

| , (IV.45)
= 3 / a9 {]—"X xWW = SFxDD X + 2m*X + 232}}(} +h.c.
Note that this is precisely the case (IV.8), with B2 = —iM?2.
Since (F') = (D) = 0, the mass terms of the fermion k. in X are
B2 B
- (Fxxx) KK — vE (Fxxx) RR
and the mass of the canonically normalized X is
B? (Fxxx)
= —""". V.46
MX 2 Re<fxx> ( )
X can thus decouple from W, in the infinite—mass limit
(Fxxx) — oo , Re(Fxx) = constant. (IV.47)

Notice that the requirement in (IV.47), which is due to the fact that Re Fxx is the kinetic
metric, disproves the claim made in [31].The field equation of X in the limit (IV.47) yields
the constraint

1 -
WW — S XDDX +2 B*X =0, (IV.48)
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which was first given in [26]. Multiplying (IV.48) by W, or X gives
XW,=X?=0, (IV.49)

so that, in N’ = 2 language, the constraint (IV.48) is equivalent to [29]

Wies =0. (IV.50)
The solution of (IV.48), and thus of (IV.50), was first given in [26]. In our conventions,
it is
w2l W’
X:—2B2[1—D2< ) >] (IV.51)
ABY + a+ 4B 1+ 5% + 15s
where
1 —9—— 1 o

a=(D°W’ + DW?), b= S (DWW — DW?). (IV.52)

The bosonic part of lagrangian (IV.45) then takes the form

Llhos = 8m2B2 (1= \/1 = (=B Fwv +2D2) — Lo (F )2 ). (IV.53)

The equation of motion for D is then
D=0, (IV.54)

and, substituting back into (IV.53), one arrives at [20], [2§]

Llos =SB (1= /14 G o — g (Fu P

(IV.55)
= 8m2BQ(1 — \/— det (nu — %FW) ) .
Note that if £ # 0 in (II1.61), the equation of motion for D becomes
2 ~
~5D? = g (L prbw P — g (Fw )2 (IV.56)

and substituting back to (IV.53), the latter becomes

2 <
Llps = 8m2B2 (1 — (14 g5867) V1 = e (=B P +2D2) — 4;3,8(FWFHV)2>

= 8m2B2(1— 1+ ghe [~ det (g — Y2Fw) ) -
(IV.57)
Comparing with (IV.55), we observe that the only difference is that the prefactor of the
Born-Infeld Lagrangian becomes dependent on &.



42 CHAPTER IV. NONLINEAR N =2, D = 4 GLOBAL SUPERSYMMETRY

IV.4 The deformed single—tensor multiplet

We now repeat the procedure described in the previous section for the single—tensor multiplet.
Again, the fermions of Z are its #* components, so

Zher = Z+ 2y (IV.58)
with P
Zu=A%00+B 69, (IV.59)

where A? and B2 are complex parameters. Interestingly, there are only two, and not three
degormation parameters, as opposed to (IV.37) in the case of the Maxwell multiplet, because

0.0, is a space—time vector. This can be traced back to the fact that Z has two real auxiliary
d.o.f. and not an SU(2)-triplet, as W. The fermions of Z4.s transform then as

e = V2(A2 = fea+...

Spa = —V2(B*+ f)Na+...

As will become clear below after the analysis of the scalar potential, partial breaking occurs
in the following two cases:

e B2 =0, for which ¢ the Goldstino, or

(IV.60)

e A2 =0, for which © is the Goldstino.

Finally, just as in the case of the Maxwell multiplet, a vacuum expectation value of f cannot
induce partial breaking.
A generic lagrangian for Zg.r is

L= /d29 {/d%g(zdef) + @] +he. (IV.61)

and contains the following terms

Liinaue. = 6"(z)+G" @IS+ 36" () b + f 2] —i? |

L, ., , B (IV.62)
—G"(2) @ f+ AT+ A5 | - 16"(2) E i+ A255] + he.
The e.o.m. of f is thus
1" 7 NDE A Lo~ Lo Ao ——
2[ReG"(2)| T =G"(:)B +C'()A +ii ~ 16" (=)pp — ;0" @00, (V.63
so that the scalar potential and the fermion bilinear terms read respectively
= 1 S0t 7o e =2|? 252 A
V(=2 = sregilB0 +AG +m’| +2Re[A2B¢"],
_ 1 G" =2 e oy 2w
Lierm. = §ww[2Reg,,<B G'"+A G +m")-B G }+h.c. (IV.64)
L1 [W(EQ '+ AT 42— A g"| +h.
27¥ 19 Re g '

and do not depend on the real scalar C', which corresponds to a flat direction of the potential.
We then distinguish the following cases:
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1. AB = 0: then in an V' = 1 vacuum we must have
Vy=0 = (B G +AG +m>)=0 (IV.65)

which, using (IV.63), gives
(f)=0. (IV.66)

To have partial breaking, A and B cannot be equal to zero simultaneously, which
requires that m? # 0, given that (G”) # 0. Without loss of generality, we choose
A =0, B #0, in which case the mass terms of z and 1, are

_ 1 11—
2(ReG") [M@Mcb 2Z — §M<I>7/}¢ - §M<I> ¢¢} )
so that the mass of ® is .,
B B (g///>

=2 —
Note that this is precisely the case (IV.17), with B = —iM?; in this particular case

£ o= [eo [/d?ég(zdeﬂ 2o

(IV.68)
= /d29 l; Goo (DL)(DL) — 1Go DD® — i M? G +m?> ®| + h.c.
2. AB # 0: then the first of equations (IV.64) implies that in general
(V) #0, (IV.69)

so N = 2 is totally broken.

Using the deformed single—tensor superfield, we can also present a mechanism in which
several single-tensor multiplets induce the partial breaking. In particular, let us consider a
set of N deformed multiplets Z7_ , where a = 1,..., N, namely

Zj,p = 9"+ V20DL® — 1 00 [4i(M*)* + DD "] . (IV.70)

The action corresponding to the Lagrangian

L = /d29 /d25g(zgef) the.
) ) (IV.71)
- / &0 [5Gu(DL)(DLY) — 1, DDB" — i(M*) G, + 2 8] + h.c.,
where )
ga 0 g(q)c) ) gab = 879((1)0) )

~ 9% DDIODd
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is invariant under the generalization of transformations (IV.18)

§*®* = /2inDL®

_ o - (IV.72)
S LY = V2(M*)?%(0n+0n) — 75(nD® + D).
If m2 # 0 # (Mb)Q, partial breaking occurs with the analogue of (IV.65) being
— i(Gap) (M2 +m2 =0. (IV.73)
In this vacuum, the mass matrix of ®¢ is
i -1 Trdy2
Map = _§<Re gac ><gbcd> (M ) ) (IV74)

and is controlled by the third derivatives of G.
Now let us turn back to the case of one deformed Z4. ¢, which we would like to investigate
in the infinite-mass limit. Due to (IV.67), this limit is

G...((2)) > 00 , ReG..((z)) = constant, (IV.75)

analogously to the limit (IV.47) for the Maxwell multiplet. In this limit,

gzz(q>) ~ gZZZ(<Z>)[(I) - <Z>] ) gzzz(q)) ~ gzzz(<2>) (IV76)
so that the e.o.m. of ®
=2 -
Goa (D) (—}lDD<I> + B > + 3G200(®)(DL)(DL) +m? =0 (Iv.77)
becomes ] .

;@DD% — (DL)(DL) = 2B @, (IV.78)
where we have made use of the redefinition ® — (z) — ®. Note that (IV.78), which was first
given in [32], does not depend on the function G. The constraint (IV.78) takes the form

2(DL)(DL —
@:—% — OD4L=0"=0 (n>2). (IV.79)
4B — DD®

In N = 2 language, (IV.79) is equivalent to
Z55=0, (IV.80)

since

—— —_— . . —=2
23, =" +2V2i®0DL — 64 [%@DD@ — (DL)(DL) - 2B & } (IV.81)

Note that the constraint (IV.78) transforms as a total derivative under the nonlinearly real-
ized supersymmetry:

5* [é@m —(DL)(DL) - 2B | = ~2v20,(n0" DLS). (IV.82)
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Following [26, 32], we now give the solution ® = ®(DL) of the constraint (IV.78) or
equivalently of (IV.80). In our conventions, it is
— 1 [(Dr)2 D> (DL)*(DL)?
(I)— —E{(DL) _D ( =4~ ~4\/ f; fva )]7 (IV83)
ABA 4 a+4BY, 142 4 b
2B4 1688

where we have assumed that B is real for simplicity and

i = 3(D’IoL?)+ p(DLy) =3
(IV.84)

72 — =
b = 5(D’UDLY) - D¥(DL)Y) = ~b.
Due to (IV.80), only if G has linear dependence on Z will it contribute to (IV.61). However,
= ~ 1 P
/ 20020 Z + e ~ / @0 (B? ~ {DDT) + he. = tot. deriv. (IV.85)
Consequently, only the FI term contributes to (IV.61), which takes the form

L = mQ/d29c1>+h.c.

R ] (IV.86)
_m%/cﬂe (DL)? l1 —D2< M) ) +h.c.
2B 4B4ta+4B \/ L 6”%8
We also compute that
Aloos = 4% = (00)?) | blpos = —8iv-9C, (IV.87)

so that
Llos = m*B2(1—\/1+Z (02— (9C)) — Z(v-9C)?)

= m2B? <1 - \/1 - %(éHWpHWP - 8#06%*) - gég(ewm[{upaaucp) ,

(IV.88)
which is the analogue of (IV.57).

IV.5 Interactions

We begin by summarizing and extending what we have explained so far in regard to the par-
tial breaking of NV = 2 global supersymmetry. The Maxwell and the single-tensor multiplets
enjoy two representations in N/ = 2 superspace: the “short” superfields

w o, 2 (IV.89)

that are CC and CA respectively and contain 8 3 + 8 d.o.f. each, and the “long” superfields

o~

w o, Z (IV.90)

that are CA and CC respectively and contain 165 + 16 d.o.f. each. With the use of gauge
variations one can remove half of the components of (IV.90) and obtain (IV.89).
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Long  Short Gauge variation
Maxwell: w w 517\/\:29, oW =20
Single—tensor: ot Z §Z = Wy, 02 =0

The Goldstino of the broken and nonlinearly realized A/ = 1 supersymmetry may belong
either to a deformed Maxwell multiplet Wy, or to a deformed single-tensor multiplet Zg. ,
which are CC and CA respectively. At the low—energy limit, X and ® decouple from the
spectrum of the respective theories, which is expressed via the nilpotent constraints

Wis=0 , Zi;=0. (IV.91)

It is then natural to consider interactions of Wy, and Z4 ¢, which might also prove to be use-
ful in the context of partial breaking of N = 2 local supersymmetry, as this implementation
necessitates the use of two N = 2 multiplets [10].

However, due to the fact that Wy, and Z4.¢ have opposite chirality under the second
N =1 supersymmetry, an (invariant) A" = 2 interaction term for the two cannot be written.
A way around this argument would be to deform the long multiplets and consider interaction
terms of the type

/ d*0 20 Wet Zae s (IV.92)

and _
/ d*0 d*OWae Ziey - (IV.93)

Yet the long superfields cannot be deformed in such a way that they describe a single
Goldstino, namely they cannot be used for the partial breaking. To see this, consider for
example a general deformation W,,; of the short Maxwell superfield. Then (I11.109), which
relates the short to the long superfield, implies that

- j =2 o =2

W = —%A%?e = —332929 , T'=0, (IV.94)

which violates the condition (IV.42) for the partial breaking. One can show that a similar
argument holds for the single-tensor multiplet. We conclude that we can only consider
interactions of the type

/ d*0 20 Wyes Z (IV.95)

and 7
/ 20 2OWZ,,; . (IV.96)

The first case (IV.95) has been studied in [29]. In terms of N = 1 superfields, it is given
by (II1.129) plus additional terms that now depend on Y, because of the existence of the
deformation parameters:

Lo = ig /d20 /d2§Wdef§+h.c.
. ) (IV.97)
= Lpr+ig /d29 [BZY — V2T 0y — A%60 (;@ + 4DDY)] +h.c.
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For the particular case of partial breaking in which A =T = 0, one obtains
1
Lu=g / 0 [50X + W +iBY] +he (IV.98)

Notice that the variation v/2iB%nx of iB?Y under the second N' = 1 supersymmetry is
cancelled by the deformed part —v/2iB%n, of the variation of W, under the same N = 1.
The full Lagrangian for Wy. ¢ and Z includes, apart from (IV.97), the kinetic terms (IIL.65)
and (II1.55)

_ T _
Lo = / POPTH(L, @,F) + / 226 / 28 F(Waer) + hc. (IV.99)

as well as the FI terms (II1.61). At the infinite-mass limit (IV.47), due the constraint (IV.50),
the dependence of the total Lagrangian on F disappears

L = /d?&d??%(L, ,T) + f/d29d2§Vg + %m2/d20X
(IV.100)
+g/d29 18X + W +iB%| +he.

Lot depends then only on the function H. The resulting theory has a linear N' = 1 as well
as a second nonlinear N' = 1 supersymmetry. Upon inserting the solution X = X (W?)
(IV.51) of the constraint (IV.50), it has been discovered that a new version of the super—
Brout—Englert—Higgs mechanism but, importantly, without gravity, is in operation: the final
spectrum consists of a massive N = 1 vector multiplet, as the massless vector multiplet W,
has absorbed the linear multiplet as a consequence of the BF interaction, and the massless
N =1 chiral multiplet ® [29].

As a final comment, notice that for B # 0 (so as to have partial breaking), the equation
of motion of Y is inconsistent. One can get around this problem by using [ > 1 deformed
Maxwell multiplets instead of one, as then the e.oom. of Y would take the form of a
tadpole-like condition

guB:=0 , a=1,..,1, (IV.101)

where g, would be the coupling of each BF interaction. This is in agreement with the
claim made in [32, 83], namely that one cannot couple hypermultiplets to a single Maxwell
multiplet in a theory with partial breaking induced by the latter.

We now turn to the second type of interaction (IV.96). In terms of N’ =1 superfields, it
is given by (I11.131) plus additional terms that now depend on U, because of the existence
of the deformation parameters:

Lo = ig/d29fd2§)7\/\2def+h.c.
., . ) (IV.102)
= Lpr+ig /d29 [E U— A%00 (;X + ZDDU‘ )] +h.c.

In the particular case of partial breaking in which A= 0, we obtain

_ _ —=2
Loi=g / 20 [%‘DX +(DL)(DL) +iB U] + h.c. (IV.103)
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—2__ —2
Notice that the variation v/2i B nD L of iB U under the second N = 1 is cancelled by the

=2 _
deformed part —/2i B 7 of the variation of DgL under the same N = 1 supersymmetry.
The full Lagrangian for W and Z4.¢ includes then, apart from (IV.103), the kinetic terms
(IT1.55) and (II1.70) as well as the superpotential (II1.75) and an FI term for V5

L = Lo+ [;/d%/d?éﬂm+/d29/d2§g(2)+/d20m2@ +h.c.

(IV.104)
+e / 420420V .
At the infinite-mass limit (IV.75), due to the constraint (IV.80), G does not contribute to
(IV.104) due to (IV.85), so (IV.104) depends on a single function F. Moreover, inserting the
solution (IV.83) of the constraint (IV.80), the bosonic part of (IV.104) becomes
Loos = 3 / a6 / d20 FOV)|pos + hoc. — 269#Im V,,
+29 (= 35€upo HP7 A# + C 9" TV, — B2Tm F )

+(gRex + 2m?) B2

.<1 a \/1 - %(éH“VpHWP + 3NC’(")“C> N gufgfi(eﬂl/paHupUa“C)Z) )

(IV.105)
where B has been assumed to be real and Fy is the auxiliary field of U. Notice that
the Lagrangian (IV.88) has acquired a field-dependent coefficient (g Rex + 2m2)1§2 as its
analogue, the Born-Infeld Lagrangian, does in the case that the interaction term is (IV.95)
[29].

The solution of the e.o.m. of F' of X is F' = 0. Moreover, the equation of motion for the
auxiliary field ImV,, is
9, (16 Re Fpp 0" ImV, +2¢C) =0, (IV.106)

whose solution is

16 Re Fup 8’ TmV,, +29C = -\, (IV.107)

where A is in principle an arbitrary integration constant. There is, however, a subtlety: the
second of equations (II1.116)
D = —40"ImV,, (IV.108)

that replaces the real auxiliary d.o.f. of the short multiplet with the divergence of a vector
field in the long Maxwell superfield, implies that one has to impose that that the e.o.m. of
D and V, are compatible. Since the e.o.m. of the former is

2Re Fpp D? + (26 —29C)D =0, (IV.109)

with solution

4Re Fpe D +26 —29C =0, (Iv.110)

we make the identification
A =2, (IV.111)
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referring the reader to appendix C for more details. The scalar potential of the theory is
then

1 2

whose supersymmetric vacuum is at

<os=*t. (IV.113)

g

In this vacuum, x corresponds to a flat direction of the potential and is massless. The
mass Mécan that the (canonically normalized) C aquires is then
11 9*>B?
4Re Fpr 29 Rex + 4m?2

M%’,can - (IV114)

Moreover, the interaction term —% 9 €upe HYP? AP generates a mass term for A, for which
2 2
My can = MC.can (IV.115)

We thus discover that, similarly to the case of the interaction (IV.95), there a mechanism
analogous to the super—Brout—Englert—Higgs effect without gravity in operation, with the
final spectrum of the theory consisting of a massive N' = 1 vector multiplet, since the vector
multiplet W, has absorbed the Goldstino linear multiplet, and of the massless N’ = 1 chiral
multiplet X.

As a final comment, note that the equation of motion of U is inconsistent as was that of
Y previously. Again, this problem can be solved by coupling the long Maxwell multiplet(s)
to at least two short and deformed single-tensor multiplets. However, there is no reason to
identify the imaginary part of the auxiliary field of U with a four—form field as was done for
Y in [29]. To see this, recall that the gauge variation (IIL1.85) of Y is

1
0, = X, = —5 DDA’ (IV.116)

where A’ is a real superfield since X, is part of a Maxwell multiplet, while the gauge variation
(I11.122) of U is
0,U = @y, (IV.117)

where ®, is part of a single-tensor multiplet and is thus not necessarily identified with
DDA", where A" is a real superfield.

IV.6 General constraints

In nonlinear A/ = 1 supersymmetry, which in the simplest case is realized at low energies via
a nilpotent constraint imposed on a chiral superfield

X?=0, (IV.118)

several constraints involving X and other A = 1 superfields have been proposed [4, 7], which
we give in the table below for reference. In view of generalizing these N/ = 1 constraints,
in what follows we study constraints involving the N/ = 2 Goldstino multiplet and other
incomplete multiplets of A/ = 2 nonlinear supersymmetry.
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Constraint Field eliminated

XQ =0 complex scalar
X @ = chiral fermion

X(Q-Q)=0 fermion and one real dof
XV =0,XW,=0 gaugino
XXL=0 real scalar

XDsL =0 fermion
XX(Daxs+ Dgxa) =0 tensor

IV.6.1 The goldstino in the Maxwell multiplet

Let us consider the case in which the Goldstino is in a deformed Maxwell multiplet W, given
by (IV.44)

~ — 1 _
Wy = Xo + V2i oW, + 06 {32 - ZDD Xo} , (IV.119)
which satisfies the constraint
WoW,
W2=0 = Xo=-2-—220 (IV.120)
4B? — DDX,

To describe an incomplete N' = 2 vector multiplet with nonlinear supersymmetry, we consider
the N/ = 2 constraint
WoW; =0, (Iv.121)

where W, is an undeformed short Maxwell superfield with expansion

Wh = X1 + V2i W — ié&ﬁx : (IV.122)

The constraint (IV.121) then yields the following set of equations
XoX1 = 0,
XoWia + X1Woa = 0, (IV.123)
X1B? — IDD(XoX1 + X1Xo) + WoW; = 0.

We now use (IV.120) and the identity
1
(WoW1) Wy = _i(WOWO)Wla (Iv.124)

to solve the second of equations (IV.123), which yields

Xi=-4——0 1 4 hWWo, (IV.125)
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where h is a chiral superfield. This expression verifies the first eq. (IV.123) for all A and the
third eq. (IV.123) if

he_g_ DDXi (IV.126)
(4B2 — DDX,)?

and thus
WoW- DDX
X; =4 0L 9 L W Wo. (IV.127)
4B? - DDX, (4B%2 — DDX)?
One may further use the solution (IV.51) for X and solve (IV.127) to obtain X; as a function
of Wy, Wi and their derivatives; the constraint (IV.121) thus eliminates X.
Interestingly, the constraint W2 = WyW; = 0 is a particular case of the system of

equations

dgpcWeWe. =0 ; a,b,c=1,...,1 (IV.128)

introduced in [34, 85] to obtain coupled DBI (Dirac-Born-Infeld) actions. In egs. (IV.128),
all W, are in general deformed with different deformation parameters B, and the constants
dape are totally symmetric. The set of constraints (IV.120) and (IV.121) is obtained from
(IV.128) in the case of two N = 2 vector multiplets with dggo = dgo1 = 1 and all other d’s
vanishing.
Next we consider the constraint
WoZ =0, (IV.129)

where Z is a short single—tensor superfield. However, due to the fact that Wy and Z have
opposite chiralities under the second N' = 1 supersymmetry, (IV.129) leads to an overcon-
strained system of equations. We thus turn to the constraint

WoZ =0, (IV.130)

where Z is a long single—tensor superfield with expansion given by (IT1.82). Equation (IV.130)
then leads to the system

X[)Y =0 )
XoXa + 1Y Woa = 0, (IV.131)
YB? - % Xy — iﬁ(Xo? + YY()) —iWox = 0,
which, following the same steps as before, yield

Wox 2i® + DDY
4B?2 —DDX,  (4B%— DDX)?

Y =4 W()W[) s (IV.132)
which again one may solve to eliminate Y =Y (W, x, ®).
One can also check if the expression (IV.132) is covariant under the gauge variation
(IT1.84). Under the latter, the expression (IV.132) becomes
WoW, DDX,

X, =4 9 9 L9 WoWy, IV.133
g 4B2 - DDX,  (4B2-DDXg2 °° ( )

which, using (IV.127), is actually the consequence of
WoW, =0, (IV.134)
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that is the variation of (IV.130) under (II1.84). The expression (IV.132) is thus invariant
only under the reduced gauge transformations (I11.84) subject to the constraint (IV.134),
which are not sufficient to eliminate all unphysical components of Z.

Alternatively, let us rewrite (IV.130) and (IV.134) as the gauge—invariant constraints

Wo(Z = W,) = WoW, =0, (IV.135)

where W, can be eliminated by a gauge transformation (III.84). One can then choose
Y — X, = 0 and use eq. (IV.132) to eliminate x —iWj, in terms of the /' = 1 chiral superfield

d:
P

(4B%2 — DDX,)

In the physically-relevant linear superfield L however, W, disappears:

Xa — inoc = WOa . (IV136)

L=Dx—Dx=D(x—iW,)—D(x —iW,),
since W, verifies the Bianchi identity.

IV.6.2 The goldstino in the single—tensor multiplet

Now let us consider the case in which the Goldstino is in a deformed single-tensor superfield
Zy, given by

Zy = ®g +/2i0DLy + 60 [B -, DD %] : (IV.137)
which satisfies (IV.80)
DLy) (DL
Z2=0 , ®y=-2 (120)# (IV.138)
4B —DDd,

To describe another incomplete AN/ = 2 single-tensor multiplet with nonlinear supersymme-
try, we consider the N’ = 2 constraint

2021 =0, (IV.139)
where Z7 is an undeformed short single—tensor superfield with expansion given by
2, =&, +V2i0DL, — %?@ﬁ@l . (IV.140)
Following the same steps as before, as well as the identity
(DLoDL1)DaLo = —% (DLoDLo)DalLi (IV.141)

we find

ELOELl 9 ml
=2 o =2
4B — DD®g (4B — DD®)?
which one may solve to eliminate the chiral component ®; in terms of L and the goldstino

multiplet Ly. Note that the constraints (IV.138) and (IV.139) can be generalised to a system
of equations

=4 DLoDLo, (IV.142)

dapeZpZe =0 ; abe=1,...,1, (IV.143)
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Constraint Fields eliminated
W2 =WoW; =0 Xp and X3
W2 =Wo(Z = W,) = WoW, =0 || Xp and x, (Y: gauge-fixed)
22 =202, =0 ®y and P,
Z2=Z(W - 2,) = 20Z,=0 || B9 and Q, (U: gange-fixed)

in analogy with the system (IV.128), where dape are totally symmetric constants, in order to
obtain a coupled action of incomplete single-tensor multiplets.
Finally, we consider the constraint

ZoW =0, (IV.144)

where W is a long Maxwell superfield given by (II1.110), and, using the same procedure as
before, we obtain
DLyDL 21X +DDU —_ —
U = 4i —5—2 s DLoDLy, (IV.145)
4B — DD® (4B — DD®)?

which eliminates U. Using the same reasoning as before, one can show that the solution
(IV.145) is invariant under the reduced gauge variation (II1.118) satisfying the constraint

ZyZ,=0. (IV.146)

Following the same procedure as for the solution of the constraint (IV.130), one can use the
full gauge invariance to set U = 0. Eq. (IV.145) can then be used to eliminate Q4 = Dy L
in terms of the A/ = 1 chiral superfield X:

X

Dol = —;
AB" — DD,

De Lo (IV.147)

Consequently, the constraint equation (IV.147) is invariant under the transformation of L
under the standard gauge transformations included in (II1.122). In addition, the physically—
relevant V = 2(L + L) in invariant under the gauge ambiguity (II1.118).

As a final comment, we have not found constraints that keep L of Z or W, of W.
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V.1 Pure N =2, D =5 supergravity

In this section, we review the pure N' = 2, D = 5 supergravity [64, 65, 66]. The pure
N =2, D = 5 supergravity multiplet consists of the graviton e} (that is a finfbein), the
SU (2)-gravitino doublet %, and the graviphoton Aj; that admits a gauge transformation.
The 5D spacetime metric gy is written as

gMN = 6”1\}177mn€nN ) (Vl)
so that M, N, ... are coordinate (curved) indices, m,n, ... are frame (tangent) indices and
Nmn 1S the 5D Minkowski metric. Gamma matrices carry frame indices so that

™ = (er)~irm . (V.2)

SU (2)—indices i are lowered and raised using the same conditions (II11.41) as in global N' = 2,
D = 4 supersymmetry ‘ ‘ -

)\i = 5]‘1')\‘7 s A= 67’J)\j (V3)
where )\; is a symplectic Majorana spinor (with implicit spinor index), namely it satisfies the
condition

XN =)C, (V.4)
where C is the charge conjugation matrix, with
Dirac conjugate: N = )\IFO . charge conjugation: CT*C ! = (I'")T . (V.5)

All spinors of N/ = 2, D = 5 supergravity including the gravitini are symplectic Majorana
spinors. As such, they have no chirality, so that the position of the SU(2)-indices does not
indicate chirality, unlike the N = 2, D = 4 case.

The pure N' = 2, D = 5 supergravity Lagrangian is then written as

L = 55 {R(W) - @ZMFMNPDM!)PJ — 2Py FMN
-1
e MNPSAR P Ay (V.6)
- (WMI‘M NPEy . Fps + 20" YN Py N) + 4-gravitino terms
where k is the gravitational coupling related to the 5D Planck mass My via
1
2
= V.7
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and Fjyn is the field strength of the graviphoton
FMN :8MAN—8NAM. (V8)

Moreover,
e = det(efyy) (V.9)

and wysmn(€e) is the spacetime spin connection defined by
wy M (e) = 2e[mNe[NZ\]/[] + emAe"Pe[AfP}eMl (V.10)
and the Ricci scalar R is defined by
R=eM"Ryn = ™™™ Ryt nmn » (V.11)

where the Riemann tensor is defined by

RytNmn = OMwNmn(€) + mel(e)len(e) — (M < N). (V.12)
Finally, )
D]\ﬂﬁp = aNi/Jp + ZwNmn(e)anlbp . (V.13)

The action corresponding to (V.6) is invariant under the following ' = 2 supersymmetry
transformations

Sefy = €™y

(51/JMZ = DM(LTJ)GZ + 4?;6 (P]\N/[P — 4(5A]\/[[FP)ﬁNp6i (V'14)
SAM = Y8y,

where a hat over a quantity signifies that the respective quantity has been supercovariantized,
namely

Fyn = Fun+ %ﬂMle}i (V.15)
DM((:J)EZ = Oyei+ i@an(e)anei .

V.2 N =2, D=5 Maxwell-Einstein supergravity

Following [67], we now review N' = 2, D = 5 Maxwell-Einstein supergravity. The N = 2,
D = 5 Maxwell multiplet contains a real scalar ¢, a fermion SU(2)- (symplectic) doublet
A’ and a gauge field A, (other than the graviphoton). The field content of N'=2, D =5
Maxwell-Einstein supergravity, namely pure N’ = 2, D = 5 supergravity coupled to n vector
multiplets, is thus

{en b, Abp A, 6%, (V.16)

where x =1,...,nand a = 1,...,n. The notation A{\/[ refers collectively to all gauge fields,
namely [ = 0,1,...,n, where I = 0 corresponds to the graviphoton. The scalars {¢*} can
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be seen as coordinates of a Riemannian manifold M with metric g;,, while the fermions
{A\?} transform as a vector of SO(NN), that is the tangent space group of M. We thus have

Gry = fg(sab 57 (V17)

where f2 is the n—bein, so that z,y, ... are coordinate indices and a, b, ... are frame indices.
The spin connection 2,% of M is a solution of the equation

a ab rb

z] —
and the Riemann tensor K., of M is defined by
Koyab = Qavz + QzacQyes — (< y) . (V.19)

The Lagrangian of N = 2, D = 5 Maxwell-Einstein supergravity is then written as

e Lyp = ﬁ{R(w)—EZMI‘MNPDNﬂ)pi}—%GUFAI/INFMNJ

_%Xz’a (mdab + Qxaba¢m)A? _ %gxy(au¢x)(au¢y)

—SXTMIN Gy f2ONG" + LR X TMIN gy, Y, (V.20)

iK YORMN b ] kel MNPISA o] J AK

A . M
ij/ghl (WMFMNPZiﬁNiFPZ +2¢ llﬁ,NFMN)
+4—fermion terms,

where G1y, h1, hf and @, are generic functions of the scalars ¢*, with Gy being symmetric
and @y, being symmetric over the last two indices. Moreover, Cfjx is a totally symmetric
constant, so as for the action corresponding to (V.20) to be gauge invariant under

6AL, = on b (2), (V.21)

where {0’} are real scalars. The action is also invariant, under several conditions, under the
N = 2 supersymmetry transformations

sey = eIy

(51/JMZ = DM((D)EZ + 4% (F]\N/[P — 4(5]\]\/[[FP)ﬁNp6i
— BTN NIVAL 4+ 520y v ped MTNP

2 —=b 2 - —b
2 I NT AL — 2N e NTy AL

| o (V.22)
SAL, = —%h;’LE’FMAg‘Jr%h%Mq,
0N = 4 — S FIENN + gh M N ey

— i [ = 369 WX + Tared NTMS 4 A0 wed NN pg| rae

5¢" = LfIENY,
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where T, is a totally symmetric tensor that generically depends on the scalars ¢* and

. i
(On9)” = O d” — o ff Vi (V.23)
Note that now
7 V6 1771 I77d a
Fun = Fyun + < =" dpng + ho Wil Ay - (V.24)

The algebraic conditions are the following

hlhy=hih! =0 BIRIGrs = guy

(V.25)
Gry=hrhy+ h?hggyx = hrhy + hihjs
and
Why = 1, hlhY =gy
(IDIa:y = \/%(igwyhl + Txyzhi) (V.Qﬁ)
Cryg = gh[hjh}( — %G([Jh[() + Txyzh”;hghz
while the differential conditions are
hl,x = \/%hlx ’ h,Im == %hé
(V.27)
hI:r;y = \/%(gxyhl + Txyzhf?) ) h;{:;y = _\/g<gxyhl + Txyzhlz) 5

where ,z = agw and “;x” denotes covariant differentiation with respect to the Christoffel

connection I';, of M. Note that equations (V.25), together with the first of equations (V.26),
imply that the indices I are raised and lowered with the use of Gz, namely

WGry=hy , hLGry=hy,. (V.28)

These conditions imply that M is embedded in an (n+1)-dimensional Riemann manifold
& with coordinates X! = X!(¢%, N), where A is a real scalar function. The equation

InN =k, (V.29)

where k is a constant, defines a family of hypersurfaces My, of £. Upon making the identifi-
cation (strictly speaking on M only)

hy=an; , hi=pax!, (V.30)

where « and § are real parameters, X Ix is a vector tangent to M and ny is the vector normal
to My, given by
nr = 8] ln/\/, (V.31)

the conditions
hlhr=hrht =0 , hlnY =6Y (V.32)

of (V.25) and (V.26) can be interpreted as the orthonormality relations

Xinr=0 352 XLXM =Y (V.33)
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that arise naturally on &, where the first of equations (V.27) has been used. The equation
hlhy =1 (V.34)
of (V.26) is then rewritten as
X'ornN = (aB)™! = XN =(af)"WV, (V.35)
where N7 = O;N, N7j = 010;N, etc, which implies that
NOXDY = xas (X7, (V.36)

where ) is a real parameter, namely (V.34) imposes the constraint that A be a homogeneous
function of order (a)~!. Differentiating (V.35) with respect to X', one further deduces the
indentities

XNy = [(aB) ™ = 1|N; (V.37)
and
XNk = {(045)_1 - Q}NJK (V.38)
Upon differentiating equation (V.35) one obtains
(8x")( - %au WmA)=an; = h(- %au A) = hy (V.39)

and comparing (V.39) to (V.28) the following identification can be made

Gry = —%OUIHN (V.40)
Consequently, on M
ds® = GrydX'dX7 = Gry XL X7 dgtdg? = gpydd®dgY (V.41)

namely g, is the pull-back of G, which, using the second of equations (V.25) as well as
the second of equations (V.27), yields
2,9 IpJ ! I.J 2 2
gﬂ G[Jhxhy = G_[Jhl.hy = ﬁ = g . (V.42)
Note that this requirement can also be seen from the second of equations (V.33).
Moreover, N can be restricted even further. In particular, it is straightforward to calcu-
late the Christoffel connection I'; corresponding to (V.40)

F]JK = —% a]JKlnN. (V43)
Using this result and the last of equations (V.26), as well as (V.27), (V.39) and (V.43), it
can be shown that on M

(07

2532

Crix =

lNUK +9(ap — 2) (M) + <a5 - g)NINJNKN . (V.44)
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Multiplying (V.44) with XX’ XK we find
CLorX'XIXK = (0B ((a8) ' = 1) ((af) ! —2) N
+35(aB) 2((ap) 7 = 1) (aB - §) N (V.45)
+9%(0B) " (aB — 1) (aB - 2) N®,
We may now redefine

x5 ax! (V.46)
in (V.45) and, using (V.36), one finds that

1
aff = 3 N =3 Crxg XX X%, (V.47)

namely N is restricted to be a cubic polynomial function.
In addition, using the last of equations (V.26), as well as equations (V.27), one finds a
differential constraint imposed on 717,

V6 w
Tacyz;u = 7 [g(a:ygz)u - 2T(zy Tz)w:| : (V48)

Note that equation (V.47) implies that the only freedom one has in writing an N' =2, D =5
Maxwell-Einstein theory is the choice of the constants C7ji: once they are determined, all
other functions can be computed, starting from (V.47) and using (V.40), (V.30), (V.41),
(V.48), etc. Furthermore, the integrability condition

4 w
Koyon = - [gm[ugz]y + Tz[u Tz]yw} (V.49)

3
can be derived from (V.48). At the same time, K, ., can be calculated for the family M
using (V.40) and (V.43). The result is identical to equaton (V.141) for k = 0, which means
that M is defined by the equation

N=1 = pBougX!x/x¥=1, (V.50)

where we have used (V.47). Finally, let us note that, from the superconformal point of
view, the coordinate X of the embedding manifold £ may be viewed as the real scalar
contained in an additional vector multiplet that is added to the n physical vector multiplets
as a compensator [36, 87]. The constraint (V.50) then eliminates X as a function of the
physical scalars ¢* and renders M a very special real manifold.

V.3 The gauging
A particular case of (V.48) is
Ty = 0 (V.51)

which, using (V.141), implies that
Keyouw =10, (V.52)
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namely that M is a locally symmetric space. Note that then the differential constraint
(V.48) becomes algebraic

w 1
T(xy Tz)w = §g(acygz)u . (V.53)

In what follows we will only consider the case that M is a locally symmetric space.
Gauged Maxwell-Einstein supergravity arises when one promotes one or all Killing sym-
metries of M, generated by Killing vectors k&%, under which the scalars transform as

519" = 0k*(¢) , (V.54)

where 6 is a parameter, to gauge symmetries. We now review the U(1)-gauging of [(8,

| and refer the reader to [38, 89] for the coupling to tensor multiplets and more general
gaugings. To gauge a U(1) subgroup of SU(2), that is the automorphism group of the N' = 2
supersymmetry algebra just as in the D = 4 case, one first chooses the respective gauge field
Ajs as a linear combination of the gauge fields A%, of the theory

Ay =viAly, (V.55)
where vy is a generic constant vector. The gauge transformation of the scalars then becomes
bg¢" = 0(x)k*(9) = —0(x)¢" (V.56)

and the U(1)-covariant derivatives are defined by

Dyd® = On¢® — gAME® = O™ + gur AL o"

DA% = Dy — gi® Ay %5 5N, = Dy A 4 gi2 vg Al 59,

(V.57)

where g is the U(1) coupling constant.

The next step is thus to replace all derivatives by the respective U(1)—covariant deriva-
tives. To maintain the invariance of the total action under N' = 2 supersymmetry, it is also
necessary to add the following terms to (V.20)

eI = —L P 808 TMN gl Ry
(V.58)

— 5% N TMY 655 Pa+ 55 2 NN Py,

namely a scalar potential and fermion mass terms arise, as well as the following terms to
(V.22) ‘
i = PV AAL Laejidi®ey
1 ) (V.59)
6/)\? = KT\/EQPG Eji(SJka N
where P, Py, P, and P,; are functions of the scalars ¢* that are subject to the conditions
given below

v = 3Rhi+ 5P
Pay = 36aFo+2V2 T P° (V.60)

P = -P}+P,P"
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Using the first constraint of (V.25) in the first of (V.60), one finds
Py=2hlv; , P*=+2hi%;. (V.61)

Note that Py and P, can be viewed as the components of the (constant) vector v; expanded
in the (¢—dependent) basis defined by (hr, hr,). Moreover, upon differentiating the first of
equations (V.61) with respect to x and using the second of equations (V.27), the value of
b from equation (V.42) as well as the second of equations (V.61), one finds a differential
constraint imposed on Fjy:

Pyr=—V2BP,. (V.62)

Similarly, by taking the covariant derivative of the second of equations (V.61) with respect
to x, one finds a differential constraint imposed on P,:

1
Pm;y - _6 (ﬂgxyp(] + Tmyzpz> (V63)

Taking the covariant derivative of (V.62) and using (V.63) one finds a differential constraint
on Py that does not depend on P%:

PO,:v;y + /BTxyZPO,Z - 52g$yp0 =0 ) (V64)

which one may solve to find the value of Py and then substitute in (V.62) in order to determine
P,.

V.4 Little String Theory and the linear dilaton

We now summarize the main properties of Little String Theories [60, (1, 56, 57, 58, 59] (see
also the reviews [90, 91]). 6-dimensional Little String Theory (“LST”) is the theory that
arises in the limit in which N S5-branes decouple from bulk dynamics. Such an example
appears in type IIB string theory in 10 dimensions, when one considers a stack consistiting
of N NSb5-branes in the limit

gs — 0, (V.65)

where
gs = e@o (V66)

is the string coupling that is identified with the exponential of the expectation value ®( of the
dilaton ®. Indeed, closed string amplitudes are proportional to gg, so that they approach 0
in the limit (V.65). Interestingly, the limit (V.65) is not a low—energy limit: it is taken with
the energy scale F being kept constant with respect to the (finite) string scale Mg = 1/Ig,
where [g is the string length. Note also that the presence of the N.S5-branes breaks N = 2
supersymmetry partially in the bulk. Perhaps remarkably, LST shares properties with both
string theories and field theories, some of which are the following;:

e It is non—gravitational.
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The 4D gravitational coupling approaches zero in the limit (V.65), since in type 1I1B

M
Mp ~ =2 9570 o, (V.67)

gs
where Mp; is the 4D Planck mass. Upon compactification of the extra six dimensions, the
relation (V.67) takes the form

1
M2, = 9—2M§ Vs = 0o, (V.68)
S

where Vg is the internal volume of the extra dimensions. In principle, it is possible to have
Mg ~ TeV and Vg ~ TeV =9, so that LST may offer an alternative framework in regard to a
possible solution of the hierarchy problem, without postulating the existence of large extra
dimensions.

e It is non—local.

In particular, an LST compactified on a torus is T—dual to another LST, since T—duality
commutes with the limit (V.65). To see this, recall that T—duality on a type II string theory
compactified on a circle of radius R acts as

5
R— =2 V.69
- (V.69)
which is independent of gg and thus of the limit (V.65). Due to T—duality, LST may couple
to more than one gravitational backgrounds after toroidal compactification, as there is not
a unique energy—momentum tensor.
Other than that, LST exhibits a Hagedorn density of states at high energies

p(E) ~ E%ePHE (V.70)

where « is a negative parameter that is proportional to the volume of the NS5-brane and
the Hagedorn temperature Ty is given by
1 Mg

THEi

B = e (V.71)

e It is interacting for N > 1.

The gauge coupling gy corresponding to the low—energy (E < Mg) U(N) gauge theory

on the N S5-branes is given by
1

= =

M3 (V.72)
IN

and is thus independent of gg and consequently of the limit (V.65) (note, however, that gy

depends on the geometric moduli upon compactification). One way to see this is to perform
an S—duality transformation

1
gs — il ls = \/gsls (V.73)
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on the U(N) gauge coupling gp of a stack of D—branes

1 M3
— === (V.74)
9D gs
Mg is the thus the only parameter of LST. At E ~ Mg, the (perturbative) gauge theory
description on the N S5-branes breaks down, so new d.o.f. are expected at this scale.

e By studying the near—horizon geometry of the stack of N.S5-branes in the limit
(V.65), it can be shown [50] that its holographic dual is type II string theory on
R> x R, x S3, (V.75)

where IR%! is the 6D Minkowski spacetime corresponding to the worldvolume of the NS5-
branes, IR, is the infinite real line parametrized by a coordinate y in which the dilaton is

linear with 1

\/ley

and S 5’\, is the three-sphere of radius v/ N lg. Note that, on the three-sphere parametrized by
the angular coordinates, the corresponding superconformal field theory is a level k = N — 2
(for N > 1) Wess—Zumino-Witten model on the S3; ~ SU(2);. group manifold. Moreover,
the topology (V.75) can be thought of as that of an infinite “throat”, with the N .S5-branes
located at y — —oo. Consequently, due to (V.66) and (F.66), the theory becomes strongly
coupled in the vicinity of the NSb-branes and weakly coupled far away from the latter,
namely at y — +o0o. To treat the strong coupling singularity at y — —oo, as well as the
resulting breakdown of perturbation theory, the topology may be restricted to that of a
semi—infinite cigar (of circumference ), upon replacing the infinite throat with the former,
namely removing the strong coupling region [92]. The cigar may be thought of as being
connected to a “Standard model brane”, located at its tip, where the extra dimension y has
been cut and where gg takes its maximal value, and an asymptotically flat “Planck brane’,
where gg approaches 0. To conclude, given that LST is non—local, strongly coupled and does
not admit a Lagrangian description, its holographic dual is a means of studying indirectly
its properties, without facing the aforementioned difficulties.

(V.76)

e It has a distinct Kaluza—Klein graviton spectrum.

The phenomenology of LST has been studied [55], see also [93, 91], in a 5D toy model
of its holographic dual, in which there is only one (infinite) extra dimension y, in which the
dilaton is linear. Note that, to explore the Planck mass hierarchy, y has to be compactified
on a S'/Z, orbifold, at the fixed points of which the SM and Planck branes have to be
introduced. In the string frame, the bulk Lagrangian of the dilaton—gravity system in the

5D toy model is

_ /3o
3/2

1 3
e Lisr=e 5 (§M§’R +5(09)” - A), (V.77)

where A is a constant. The linear dilaton background in this setup produces a KK graviton
spectrum in which, under specific assumptions, there is a ~ TeV mass gap followed by
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~ 30 GeV-seperated narrow resonances. Note that this phenomenology significantly differs
from that of the Antoniadis—Arkani-Hamed-Dimopoulos-Dvali model [95, 96] of large extra
dimensions, were the KK spectrum is almost a continuum and there is no mass gap, as well
as from that of the Randall-Sundrum model [97] of warped extra dimensions, where the KK
resonances are TeV—seperated.

Interest in little string theories and, in particular, in their holographic duals with a
linear dilaton background, has been revived in view of the recently proposed “clockwork
mechanism” [18, 19, 50], that is a new way of generating an exponential hierarchy without
necessitating the existence of small parameters at the fundamental level. In the discrete ver-
sion of the mechanism, N +1 particles in 4D spacetime that are of the same type, that can be
scalars, fermions, gauge bosons or gravitons, are accommodated in a one-dimensional lattice,
with the distance of the particles from one of the two boundaries of the lattice exhibiting an
exponential profile. It can be shown that the particle closest to the other boundary couples
to it with an exponentially supressed coupling. In the continuum version, one takes the limit
N — 0o and treats the lattice as a dimension extra to those of 4D spacetime. Interestingly,
it turns out that the relevant 5D metric is identical to the one corresponding to (V.77) in
the linear dilaton background. Note that the factor of proportionality, namely the analogue
of \/%ls in (F.66) in LST, is v/—A in the clockwork (upon imposing the symmetry y — —%);
it may thus be thought of as a measure of the vaccum energy in the bulk. Finally, notice the
similarities in the ways LST and the clockwork address the hierarchy problem, as well as the
fact that the clockwork KK spectrum containts a mass gap followed by a near—continuum of
resonances just as the LST KK graviton spectrum.

V.5 The effective supergravity of LST

The material presented in this section corresponds to: I. Antoniadis, A. Delgado, C. Markou
and S. Pokorski, The effective supergravity of Little String Theory, Eur. Phys. J. C 78
(2018) no.2, 146.

We would now like to find and study the effective supegravity of the toy model (V.77)
which corresponds to a simplified version of the holographic dual of LST that preserves
spacetime supersymmetry. To this end, we first write (V.77) in the Einstein frame by means
of a conformal transformation

e LLpgr = %R - %(8M(1>)(8M<I>) _ et (V.78)

where we have set kK = 1, which obviously contains a runaway potential for the dilaton.
Naturally, gauged N' = 2, D = 5 supergravity is the simplest extended supergravity that
may accommodate this setup, as it is the U(1) gauging that generates a scalar potential,
see (V.58). As an aside, note that a gauging of the SU(2) subgroup of the automorphism
group in N' = 2, D = 5 supergravity also generates a scalar potential 98] that could perhaps
accommodate the linear dilaton. We thus have to write £+ L', namely the sum of (V.20) and
(V.58), for the case in which there is a single real physical scalar s, that will correspond to
the dilaton d.o.f., and consequently only one vector multiplet. Setting X° = ¢, we now need
an Ansatz for N' = N (s,t) of (V.47). Motivated by results regarding the graviton—dilaton
system in the case of the compactification of heterotic string thery in 5D [99], we choose

N =ts* 4+ as®, (V.79)
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where a is a constant parameter and 1/t can be identified with the 5D heterotic string
coupling. Note that the first and the second term of (V.79) correspond to the tree-level
contribution and the one-loop correction respectively. Comparing (V.47) to (V.79), we find
that

Cooo = Coo1 =0
. (V.80)
Con=35m , Cin=g.
The solution of the constraint (V.50) is then
1—as®
t=—3 (V.81)
and, using (V.40), we find
1 1 1 1
Gy = 554 , Gg = 5a54 , Ggs = 2 + §a254. (V.82)
Moreover, using (V.41), (V.43) and (V.53), we find that
3 V3 1 31
Gss = 5*2 ) fs? = T ) P::s = _g s Tsss = E? . (V83)
The system made out of (V.62) and (V.64) thus takes the form
Py =3P
(V.84)
Pl +2Pj— %Py =0,
whose solution is
PO = APS + Bps%
(V.85)

Py=—%}(Ap—2Bpk) , P'=fig"P = —4Fs+Bpk.

where Ap, Bp are constant parameters. Using the third of equations (V.60), we also find
that

A 1
pP= —SAP(TPS2 + Bpg) (V.86)

so that the kinetic term and the potential for s in £ + £’ take the form

_ 13 A 1
e Laitaton = —58—2(8]\43)(6]”8) +3¢%Ap (4]382 + Bp8> ) (V.87)

We now redefine
V3lns=®, (V.88)

so that ® is described by

1 Ap =2 _1
e Laitaton = =5 (00 ®) (9" @) + 39° Ap (feﬁq’ + Bpe ﬁq’> (V.89)
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and is identified with the canonically normalized dilaton of (V.78) upon making the identi-
fication

292A2:—A ., Bp=0. (V.90)

Note that, using (V.85), we have that

n Ap 1
Py = Apevi® | P“:—7Pe\}§q). (V.91)

Furthermore, let us study how the linear dilaton background
o =Cy, (V.92)

where C' a constant parameter which, using (F.66) is given by

1
C=- ) V.93
V3Nlg ( )
affects N' = 2 supersymmetry. The background bulk metric is (see the appendix D for the
conventions and some calculations)

2
ds®> = e ﬁcy(nﬂydx“dm” + dy?), (V.94)

under the fine—tuning condition
gAp

C =277 (V.95)

Without loss of generality, we choose

_94p
75

To have at least one unbroken supersymmetry, the fermion transformations must vanish
in the vacuum for at least one linear combination of the supersymmetry parameters. Using
equations (V.91), the relevant terms of the fermion transformations given by (V.22) and
(V.59) take the following form in 4D spacetime (in the vacuum)

C (V.96)

g’g[]m = 27\7’/511” (z'CT5eZ- + %ejiéjkEk)

B ) (V.97)
5)\1' = _%6%03/ (iCF5€i + MT;EjZ’CSjkEk) .
Consequently, we find that
(A —il%)y) = 0
(V.98)

(A +1iT%Ny) ~ ey — il .

We thus conclude that N/ = 2 supersymmetry is partially broken to N' = 1 and identify
A1 — i['% Xy with the fermion residing in a multiplet of the unbroken N = 1 supersymmetry
that has direction

€ = i€ (V.99)
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and A\, + iI'® Xy with the Goldstino of the broken N = 1 supersymmetry. To determine the
dependence of ¢; on y, we impose in the vacuum

Sibs; = Dsei + 29% Tseji0Fe, =0, (V.100)
which gives
e = eEiYE | e = FervAYils g, (V.101)
where € is a constant spinor. We choose
€ = e_%yg , €= e_%y il's¢€, (V.102)

so that (V.102) are compatible with (V.99).

In addition, using the second of equations (V.60), as well as (V.83) and (V.91) we find
that

1 Ap L
Paa - QPO + Qﬁ(fg)_g}TsssPa - _7P€\/§‘I> . (Vlog)
Consequently, the terms (V.58) take the form
242 2 . 1 . .
e~ lp = 394AP6\/§(I> _ %QAPB\@Q wz FMN’QZJJ 5ij
o | (V.104)
+EL e V5% NTMy] 5y — 942 eV NiNTS,;
Furthermore, using (V.61) and (V.91) we find that
A L A
W= ZPylevs® ;R =T evi® , (V.105)
2 2v/2

where we have assumed that v/v; = 1 for simplicity. Then, using (V.28) as well as the
second of equations (V.26), we find respectively that

1
hIZATPGIJUJeﬁq) , h§=-— G[JU ef
(V.106)
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Putting everything together, the final Lagrangian L = L+ £ takes the form
~ 4 4
e 1L = IR(w)— L(0y®)(0M®) — LeVETFY  FMNO _ Lo 5P RO pMN

_ 2 4 -, — .~
e VE® 4 1a2eVET) P,y FMNL _ Lt TMNPD oy — LNIP),

— (O ®) NTMTN oy U V5 NIDMDA Yy FY,,

16\f

— A 5P <
—Ar (1a5eva® 4 ole VAN ) NTMTA gy, FLp, — A7, [2005% NTMN ) R

5 1 —
__iAp 1 —-=@ 1,- =%\ YipMNy . 1 e ! MNPIA ol J 1K
32 \/;(chef toie VBUNTHEN Fyy + g 7501Ke FynFpsAx

A
3312\19[1) [wz I‘\MNPZwNZFI(_})E + 2wMszF](\J4N]

%I?/E( awevi® 4 ole v ) [ TMNEE Yy Fhe + 20MipN FL ]

3°AL 2@ /6 5® i PMN i
+=rrevs —%QAP@/E (5572 R NI
1 — . . 1 —
9Ar 5P NipM i 5. _ 9Ar 5P Ninig.
+IAE V3P NITM ) 5y — 94 V30 XNy,

+ (4—fermion terms).

(V.107)
where A]l\/[ corresponds to the gauge field of the vector multiplet and we have set ¥ = v94av!.
Since the parameter Ap appears only through the combination gAp in £', we may set Ap = 1
for simplicity. Moreover, bearing in mind the commentary after equation (V.79), at tree-level
we can set ¢ = 0. The final Lagrangian then takes the form

~ 4 _ 2
L = IR(wW) — L(0n®)(OMP) — LeVETFY  FMNO _ 1o Bt pl P MNL

— L TMNPD i — LXIPA; — L(On®) NTMTN g

_ch—
NTMTAP Y Fp

A 1
16\f€f NI g R - 5va°

® 2, =® YinMN Yy . 0 w! /2 —=®TirMNy .l
—6d ge‘/g )\F )\ZFMN_372 ge V3 )\F )\ZFMN

+T€ MNPSA (QF][\)/[NFPEA/I\ + FynFhs AR ) (v.108)

0 5P, .
— B0 eV [, TN P P + 29NN F )

1 L, . — s
i G, DN E gy 2Nl

32 2% g6 =P i nMN,J 5.
+opet = g evs gy T PN

1 . . 1
= yipM, 0 s ig =P Yivis..
evs N Ty 045 4\/66\/5 A A by

_9_
+3 5
+ (4-fermion terms).

Notice that (V.108) has three free parameters: g, v° and v!. The KK spectrum of every 5D
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field of the theory contains a 4D zero—mode and a mass gap

V3 V3
Mgap - 70— ﬁga

where we have used (V.96) with Ap = 1, followed by a near—continuum of narrow KK
resonances.

(V.109)

Since N' = 2 is partially broken, the final spectrum must consist of multiplets of the
unbroken A" = 1, D = 4 supersymmetry (V.99) that is left intact on the 4D slices of the 5D
bulk. Note that, in terms of representations of the 4D Lorentz—group, the 5D graviton zero—
mode, which has five helicity states, is made out of a 4D zero—mode graviton, a massless 4D
vector /LL and a massless scalar, the radion. The totality of zero—modes forms the following
N =1 multiplets:

e A massless N/ = 1 pure supergravity multiplet, made out of the 4D graviton and the
linear combination of 4D gravitinos 1/};11, — iI‘5wi.

e A massive spin-3/2 N’ = 1 multiplet, with a mass controlled by g. It consists of the
orthogonal linear combination of 4D gravitinos wi + iF5wﬁ, that acquires mass by
absorbing the Goldstino A! 4+ iI'A\?, as well as two massive spin-1 and one massive
spin—1/2 field.

e The remaining degrees of freedom are neatly packaged in a massless spin—1 and a
massless spin—1/2 N = 1 multiplet.

Note that, upon breaking the remaining supersymmetry, the two gravitini might recombine
to form a Dirac gravitino [100] or not, and the exact freeze-out mechanism will depend on
the nature of their mass.

V.6 Introducing branes

In this section, we present part of the yet unpublished piece of work: I. Antoniadis, A.
Delgado, C. Markou and S. Pokorski, in preparation.

To begin with, we compactify y on a S'/Z, orbifold, at the fixed points of which we
introduce branes, namely two branes with tensions V; and V5 (in the string frame) at y = 0
and at y = L respectively. We perform the analysis in both the string and the Einstein
frame, as the former will be used in order to explore the Planck mass hierarchy and the
latter to study the breaking of supersymmetry due to the branes.

e String frame:

In the string frame, the dilaton action is (without using matter sources)

St = JdPu[y=ge P (JR + 5(09)? - A)
(V.110)
—V/=g1e" 1 Vid(y) — \/—gae**Vad(y — L)}
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where g1, = Guvly=0, 920 = Guvly=r and a1, ap are generically arbitrary parameters.
Varying with respect to ®, g"¥ and ¢°° we find the following e.o.m. respectively (see appendix
E for the derivation)

V=ge V3 (IR — 33(09@)? + 300 — V3A)

(V.111)
—a1/— 916" VI8 (y) — oy /—gae 2 Vad(y — L) = 0,
vV _ge_\/gq)(%Guu + %guu(aq))Q - @guuvt’)a&b + %QMVA) (V.112)
39 (V=917 *V1d(y) + —gae2*Vad(y — L)) = 0.
and
$Gs5 + §V555‘I’ + 2955(0®)? — ?955%335@ +3gs5A = 0. (V.113)
Assuming 4D Poincaré invariance, we make the following Ansatz for the metric
gun = e Wy (V.114)
where A is a function of y. The corresponding Ricci scalar is then
R = —(1247 4 84")e 24 (V.115)
and the components of the Einstein tensor are
Guw =3(A%+ A" nw , Gs5 =647 (V.116)
Setting ® = 05®, we have that
0P = e 243A4D +0") | V5050 =" + T30 =" + A'd' (V.117)
so that the e.o.m. of ®, g"” and ¢°° take respectively the form
V3(6A7 +4A4") + 2BS2 94D — 30" + /3A
(V.118)
a16A+(\/§_a1)‘I’T/15(y) + ageA""(\/g_O‘?)q)Vg&(y —L)=0,
3\/§(A/2 + A//) + %@/2 —3A'® — 30" + \/§A€2A
(V.119)
HV/BeAT (VB 6 (y) 4 /BeAT(VI—a)®Y45(y — 1) =0,
and 5 )
347 + Z‘I’Q + 5eQAA =0. (V.120)

One can also decouple A” and ®”, so that the equations (V.118)—(V.120) are rewritten as

V3(3AZ + A") — 6A'D + V/3A(1 — €24)
(V.121)
(01 — V3)eAH(V3=aDRY5(y) + (ay — v/3)eAT V302 Y45(y — L) = 0,
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2V3A? — P2+ DAY + 3"+ LA3 - 4e?)

X
(V.122)

(a1 _ %)€A+(\/§—a1)¢>%5(y) + (OQ _ %)eA-i-(\/g—az)@‘/Qé(y —L)=0,
3A”7 4 2@’2 + %emA =0. (V.123)

This is a nonlinear set of equations which is difficult to solve generically. A supersymmetry—
inspired method for finding the solution (in the Einstein frame) has been proposed in [101].

Given the above, let us assume that the general solution of (V.121)-(V.123) takes the
simple form

ay+bi, y<0
®=qawy+b, 0<y<L (V.124)
asy+bz, y=1L
and
ay+di, y<O0
A=< cy+dy, 0<y<L (V.125)
csy+ds, y=1L.

As the solutions for the dilaton and metric should be continuous (but generically not their
derivatives also), we have that

by=by=b , asL+by=asl + b3
(V.126)
di=do=d , cL+do=c3L+d3.

Moreover, away from the branes, the solutions (V.124) and (V.125) should satisfy (V.121)-
(V.123), while at y = 0 and at y = L they should satisfy the jump conditions

d'|ite — ( 4 Oli) eA('f'i)“r(\/g_ai)q)(Ti)w

ri—€ \/g
(V.127)
A’ Tite _ (1 o %> eA(’I’i)-i-(\/g—Oci)@(Ti)v
T;—€ 3 ()

where r; = 0 or L.
Substituting (V.124) and (V.125) for y < 0,0 <y < L and y > L in (V.121), we find the
following;:

01202203:0

(V.128)
€2d1 — 62d2 — 62d3 — 1’

so, using (V.126), we have that

dg=d=mn , n=0,1,2,... (V.129)
Moreover, substituting (V.124) and (V.125) for y < 0,0 <y < L and y > L in (V.122), we
find the following:

(V.130)
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and, using the second of equations (V.128), we find that

N W

a3 = —A\. (V.131)

N W

a3 =

N W

o2 =
Consequently,
ap = :|:a2 N ag = :|:a3. (V.132)

Note that by substituting (V.124) and (V.125) for y < 0,0 <y < L and y > L in (V.123),
we obtain the very same results (V.130).
Finally, substituting (V.124) and (V.125) in (V.127), we find that

o y=20:
as —a; = (% - al)Vl exp [d+ (\/5_ Ozl)b]
(V.133)
Ccy—cC1 = ( - %)Vl exp [d+ (\/g— a1>b}
o y=1L:
as — ag = (% — ag)Vg exp {CQL +d+ (\/3 — a2) (a2l + b)}
(V.134)

3 — Cy = ( - %)Vg exp [02L+d+ (\/?:fa2>(a2L+b)}

Using the first equation of (V.130) in the second equations of (V.133) and (V.134) we find
that
) =ay =3. (V.135)

Consequently, using (V.128), (V.132) and (V.135) in the first equations of (V.133) and
(V.134) we find that
—a1=ay=—az3=a, (V.136)

where a is not to be confused with the parameter a of (V.79), and that
Vi=2V3a=—Vs. (V.137)
Using (V.126) and (V.136) we also find that
b3 = b+ 2al. (V.138)
To conclude, the dilaton solution is

—ay+b, y <0
®(y) = qay +0, 0<y<L (V.139)
—ay+b+2al, y=1L

while the solution for the factor A in the metric is
Aly)=mm , n=0,1,2,... (V.140)

with
Vi=2V3a=-Vo , =—a’=-A. (V.141)
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To derive the Planck mass hierarchy, we begin by noting that the constant b that appears
in the dilaton background (V.139) can be absorbed by the y—coordinate via a redefinition,
so we set b = 0. From equation (V.72), which implies that the gauge coupling on the branes
is independent of the string coupling and thus of the dilaton, we deduce that the SM should
not couple to the dilaton in the model under consideration, which means that a priori we
can introduce, for example, the Higgs field H on any of the two (flat) branes as follows:

SHiggs = /d4$ [quauHTayH - )‘(HTH - U3)2] . (V.142)

Consequently, the Higgs vev, and thus all mass parameters, are at the TeV scale on both
branes. Moreover, the 4D Planck mass is

L L 2M3
M2, = M3 / dye V3 = M3 / dy e~ V3all = 2255 (] _ g=V3aLy (V.143)
L L V3a

so, assuming that Ms is at the TeV scale, a should be negative in order to generate a large
Mp;. The SM may be introduced on either of the two branes.

e Einstein frame:
We now switch to the Einstein frame by performing the conformal transformation
~ -9
guN =€ V3 gunN, (V.144)

which implies that the Ricci scalar in the string frame can be written as

o2~ 8 52
R=e ﬁ(R—%G - 4(90)?), (V.145)

where the tilde signifies that the respective quantity is calculated in the Einstein frame. Note
that in the previous section, by abuse of notation, we have used the same symbols for the
quantities calculated in the string frame and their counterparts in the Einstein frame. The
dilaton action then becomes

St = [ @r[V=g(3R - 1(60)2 - eVin)
4 4 (V.146)
e T () - Ve B s - 1],

where we have discarded the total derivative 02®. Treating ® and gj;y as independent

fields and using that
-T2 =42, (V.147)
955

we find the e.o.m. of ®, g" and ¢® to be respectively

20 _ 4_,
V=g 0% — %V —geVsA —v/—q (% —a1) (75 1)(PVNS(Z/)
(V.148)

4 _q
- —52(%—062)6(“5 JP146(y - 1) = 0,
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V55| G + G (3(00)% + e%A)]

\ \ (V.149)
_{_?ﬂy(e(ﬁ*al)@vﬂs(y) + e(fgfaz)@VQé(y _ L)) —0,

and B B o
Giss + G55 (5 (9®)2 + e¥5 A) — (@)% = 0. (V.150)
Similarly to the analysis in the string frame , we make the following Ansatz for the metric
gun = e Wy (V.151)

where A is a function of . Consequently,

Cup = 3(A2 + A"y, Gas = 6A% | 00 = 2A340 + 0. (V.152)

so that the e.o.m. of ®, g" and ¢°° take respectively the form

4

" + 34D — %Ae2<A+%) — (% —a1) 6A+(¢§_al)q>vl5(y)

) (V.153)
4
~(5 — ) M)y, - 1) =0,
~ ~ PR
B(A 4 %) 4 h(@)2 + AT ¢
B B (V.154)
4 4
eA“r(ﬁ—Otl)‘D‘/ld(y) + eA-‘r(ﬁ—OQ)‘I)‘/é(S(y _ L) _ 07
and ~
~ P
6A” — 5(®')* + A 5) — o (V.155)
Now let us assume that the general solution of (V.153)—(V.155) takes the form
Aiy+ B, y<0
®=qAwy+By, 0<y<L (V.156)
Asy+ Bz, y=>L
and
Ny+Ar, y<0
A=<(Tow+A, 0<y<L (V.157)
Lsy+As, y=>1L.
Due to continuity we have that
BlZBQEB s A2L+BQZA3L+33
(V.158)

A1:A25d~ 5 F2L+A2:F3L+A3.

Moreover, away from the branes, the solutions (V.156) and (V.157) should satisfy (V.153)—
(V.155), while at y = 0 and at y = L they should satisfy the jump conditions

P’ rite _ (% o Oé) eA(T'i)Jr(%*ai)‘b(m)V
ri—€ 3 i f
(V.159)

Alrite — 1 eA(T‘i)Jr(%*Oti)@(n)V

3 ]

Ti—¢€ 3
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where r; = 0 or L.
Substituting (V.156) and (V.157) in (V.153), we find the following:

ey <0
2 1
3141 = A exp 2(T1y + A1+ A+ By))| =0, (V.160)
which gives
r=--La
V3
1 (V.161)
343 = —Ae2(A1+ﬁBl) .
e 0<y<L
2 1
3y = —ohexp [2(Tay + A5 + %(Agy +By))| =0, (V.162)
which gives
Ty = ——- A
V3
1 (V.163)
343 = AP(2e+B)
e y>1L
2 1
3Tad; = —=exp [2(Tay + A5 + 5w+ By))] =0, (V.164)
which gives
[y =——-A3
V3
1 (V.165)
342 = _p>(Bsr B

It is straightforward to verify that substituting (V.156) and (V.157) in (V.154) and in (V.155)
we obtain the very same results. Let us note that, comparing (V.161) to (V.163) and using
(V.158), we find that

Ay = +A;, (V.166)

while, comparing (V.163) to (V.165) we find that

(B3—B2)

Ay = £A4, D704 =+ 4,, (V.167)

where in the last step we have used (V.158).
Moreover, substituting (V.156) and (V.157) in (V.159) we find that

o yv=(
Ay — A = (% —on) 6A1+(%_a1)31V1 : )
V.168
Dy -1y = ety

o y=L



b CHAPTER V. EXTRA DIMENSIONS
4
Az — Ay = (% —« )€F2L+A2+(f37a2)(A2L+BQ)V2

ToL+Ao+ (-4 —a2)(A2L+B
1—‘3—F2:—%€2 + 2+(\/§ az) (AzL+ 2)V2

(V.169)

where the continuity conditions (V.158) have been assumed.
Comparing the two equations of (V.168) to each other and using (V.161) and (V.163) we
find that
a1 =V3. (V.170)

Similarly, comparing the two equations of (V.169) to each other and using (V.163) and
(V.165) we find that

ar =3, (V.171)
Using (V.170) in (V.168), we find that
1 A-LB
Ay = Ay + ——eM Py V172
2 1 73 1 ( )
which, using (V.166), yields
A2 = *Al =a (V173)
and ~ L~
Vi =2V3ae T VA, (V.174)
Furthermore, using (V.171) in (V.169), we find that
1 1oLt Ag+- (A2L+By)
A3 = Ag + —=¢ 2 V3 Vs, V.175
3 2 73 2 ( )
which, using (V.167), yields
A3 = —A2 =-—a (V176)
and ) I
Vo = —2V3ae 2Rl B) o mh et =y (V.177)
where in the penultimate step we have used (V.163).
Finally, using (V.173) and (V.176) in (V.158) we find that
- L2
Bs=b+2aL , A3=d— —al. V.178
3 3 7 ( )
Putting everything together, we find the dilaton solution to be
—ay + 5, y<0
O(y) = qay +b, 0<y<L (V.179)
—ay+b+2aL, y>1L
while the solution for the factor A in the metric is
%'dy +d, y<0
Aly) = —%5@/—#&, 0<y<L (V.180)
Lay+d— Zal, y>1L,
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with o 5 L
1 1
Vi=2v3ae T = 5(ae’d’%b)? = —A. (V.181)
Consequently, comparing (V.141) and (V.181), we have that
-~
a=ae "V, (V.182)

Note that, by comparing (V.92) and (V.179), the parameter C of the previous section is in
fact identified with a.

V.7 Supersymmetry—preserving branes

As in the previous section, we present here part of the yet unpublished piece of work: I.
Antoniadis, A. Delgado, C. Markou and S. Pokorski, in preparation.
We now remain in the Einstein frame and set for simplicity

d=b=0 = a=a , %aQ:—A. (V.183)

Comparing (V.183) to (V.90), we find that

A
a=+222 (V.184)

\/§ )

as expected by equation (V.95). Note that we have not set Ap = 1 here. Moreover, we have
that

e = elon (V.185)
S0
P =edgP® =t | W= eng’ = e_An“”éz s eub = €yllab = eAnab(Sz. (V.186)
Consequenty, N
w, P =460 | w®=w"=0 (V.187)
Using (V.180), we compute that
e, y<0,y>L
w,* =6040, y=0,L (V.188)
—%a, O<y< L,
so that
ﬁa, y<0,y>1L
D;ﬁi = Fqu,Ei O, Yy = 0, L (V189)
—ﬁa, O<y<L,
and

Dse; = Os€; (V.190)
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In addition, we have that N
fode" = e 5@ (V.191)
and we also compute that
—a, y<0,y>1L
=350, y=0,L (V.192)
a, O<y<L,
so that
N —a, y<0,y>1L
fide" =e 50, y=0,L (V.193)
a, O0<y<L.
Consequently, using (V.184), as well as the expressions (V.91), the (relevant parts of the)

fermion transformations are:

e y<0,y>1L

Swm = %9147;11#( + F567; + iéﬂ(;jkﬁk) + ...
_ (V.194)
5)\? = %'gAi;e—A( + I'se; + iz—:ﬂéjkek) + ...
e y=0,L
Swm = %%Fuaﬁéﬂ'kek + ...
) o (V.195)
5)\? = —%MT;G_AEJ'Z‘(;]]CE]C 4+ ...
e 0<y<L
&/Jm' = ﬁ%ﬂt( F F5€i + i€ji5jk6k> + ...
i (V.196)
(5)\? = %%67’4( F Is¢; + z’sjiéjkek) + ...

Without loss of generality, we now choose the positive sign in (V.184). Then fory <0, y > L,
we have that

5(/\1 — ’iF5)\2) ~ €9+ iF561

_ (V.197)
d(A+ilsh) = 0,
while for 0 < y < L, we have that
(A1 —iTsXAa) = 0
B (V.198)

d(AM1 +iD5h2) ~ e —il5e;.

We thus conclude that the supersymmetry corresponding to the linear combination A\; —il's A2
is preserved between the branes but broken “outside” of them, while the one corresponding
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to A1 4+ tI's A2 is broken between the branes but preserved “outside” of them. The direction
of the unbroken supersymmetry is thus

€o = 1il'5€1, between the branes
(V.199)

e = —il'5¢1, outside.

Interestingly, the direction of the preserved supersymmetry between the branes is identical
to that of the preserved supersymmetry (V.99) in the infinite line y in the treatment of the
previous section, namely before the introduction of the branes.

Finally, we have that everywhere

1 gAp

L IBPp sk 20, V.200
23 vz Locii0 ek ( )

05 = Dsei +

which gives

(V.201)
€ = Fexp (:l: fk%y)iﬂ—,'g: :FiF5€1 s

where € is a constant spinor. Consequently, between the branes we accept the solution

1 gAp \.. . .
€2 = eXp ( — Tﬁﬁy)ll—gﬁ = ZF561 5 (V202)
while outside the branes
1 gAp \... - .
€y = —exp (Tﬁﬁy)ll—gﬁ = —1P5€1 . (V203)

Note that (V.202) is precisely the same as the corresponding equation (V.102) before the
introduction of the branes.

We would now like to explore supersymmetry on the branes. To this end, we start by
writing the dilaton and metric backgrounds (V.179) and (V.180) for y < L respectively as

o(y) =alyl , A ——jgayy\. (V.204)

From (V.22) we find that the dilaton trasforms under supersymmetry as
1 .
6P = SiE', (V.205)

so, using (V.170), we then find that the (relavant part of the) transformation of the brane
term at y =0

L=~V Vb () (V-206)
is 1
0L =~ \/giwi e V3 V5(y) . (V.207)

Moreover, from (V.22) we compute the (relevant part of the) fermion transformation for
y<1L

1 1 L
I\ = —52’6%1””8]\/[(1)@ = —§ia sgn(y) evaely! e . (V.208)
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so that transformation of the bulk fermion kinetic term of (V.20) is
1.~
OLiin = —5iaNcic V3alyl §(y) | (V.209)
We now use the first of equations (V.181) to compare (V.207) to (V.209) and find that

Ve (V.210)

o
€N =

N =

The LHS of (V.210) becomes
gt)\l = gl)\l —I—EQ)\Q = El)\l + (:l:iF5€1)TF0(:|:’iF5)\1) = €1>\1 — E1>\1 =0, (V.Qll)

where the signs 4 stand for the direction of the unbroken supersymmetry between and outside
of the branes respectively, according to (V.199). Similarly, the RHS of (V.210) vanishes for
both directions. The equation (V.210) is thus satisfied for both directions of the unbroken
supersymmetry. We, therefore, conclude that the brane at y = 0 does not break N' = 1,
D = 4 supersymmetry further.

Now let us consider the dilaton and metric backgrounds (V.179) and (V.180) for y > 0

~ 1 1
d(y)=—aly—L|4+al , A=—aly— L|— —=al, V.212
() ly — L 7 ly — LI 7 ( )

for which 1 X X
N = 52 asgn(y — L) e~ vatlvTEitigal o, (V.213)

Consequently, the transformation of the fermion bulk kinetic term is
1
0L%in = iia Ne; eV/3aly=LI=v3aL d(y—1L). (V.214)
Moreover, the brane term at y = L

Lo = /523 Vab(y — L) (V.215)

transforms as

0Ly = ———ie N eV3alv—L=V3al 50, 1y, (V.216)

1
2V3
Using the first of equations (V.181) to compare (V.216) to (V.214), we find again that the
condition (V.210) is satisfied for both directions of the unbroken supersymmetry, just as in
the case of the brane at y = 0. We thus conclude that the introduction of the two branes
preserves N' = 1, D = 4 supersymmetry, which is related to the fact that the linear dilaton
can be thought of as a flux, as its derivative with respect to the extra dimension is a constant.



A — Some useful superspace identities

[...] denote antisymmetrization with weight one, for example
1 .
OBy = 8 Ou By, £ 5 permutations .

For the conjugates we use the following conventions

(Do)l = -Do . Wa=—(Wa)". (A1)

and

/dzm/dQGf: —i/d‘*a:DQf , /d4x/d299:—i/d4xD2g. (A.3)

Moreover, the following identites hold

(Do, DD] = —4i(0"D)ad,, (D, DD] = 4i(Dot)4d, .
2id,xo"0 = 0D Dy, DDOy = —20DDy, (A.4)
20010, w = i0°DgDaw®, DDOw = 6°DgaD"wa,

where Y, (left-handed) and @, (right-handed) are A/ = 1 chiral spinor superfields, namely
Duxp = ang = 0. In addition, for a chiral superfield Y, which namely satisfies Dy Y = 0,

the following identities hold
1

DYD4D,Y = —iﬁdDQY (A.5)
and 1
EWDDY =gy (A.6)

while for a complex linear superfield L

Mo DD =—2DsnD , DD Dyl =—2D3DaD L = 4i(c"D)a0,L .
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B — Alternative derivation

In the following we give a derivation of the Lagrangian for the partial breaking with a
single-tensor multiplet alternative to the one presented in section IV.2. Let us consider the
N = 2 supersymmetric Lagrangian (II11.65) and assume that the transformations take the
form (IV.18), such that there is a fermion transforming like a Goldstino. The deformation
induces a new term in the variation of the Lagrangian under the second supersymmetry:

8o s Lrin. = V2 M? / d*0d*0 Hr(0n + 07) (B.1)

where H satisfies the Laplace equation in the limit M2 = 0. The expression (B.1) selects
the 000 and 000 components of H;. To maintain N' = 2 invariance, these components
must transform as derivatives under the first supersymmetry. This is the case if the highest
component of Hy, is zero or a derivative

/d29d2§’HL = tot.deriv. (B.2)

whose solution is

Hi =G(®) +G(F) - 2L(Qq>¢,(<1>) + E@@)) (B.3)

where G, G are holomorphic functions of ® and G = %Q (®) (we use the derivatives merely
for convenience). The prefactor —2 of L terms is conventional. Consequently,

H=K(@,3)+ L(G(®) +G(T)) ~ L*(Gas(®) + Tg5(P)) (B.4)
where K(®, ®) is a function of ®, ® and, using the Laplace equation, we obtain

H = (BGo(®) + 8G5(®)) — L* (Goa(®) + Tg5(P)) , (B.5)

since terms linear in L do not contribute to the integral / d?*0d?6 .

Now let us consider again the derformation (B.1) of the lagrangian. With the use of
(B.5), it becomes (since terms proportional to L? do not contribute):

iofLuin. = ~2VEM [ 002D L (Gun(®) + Tgg(®)) 0 + 1)
_ %/d?@ DD[L Gae(®)7) + hoc. (B.6)
— —M“Q\/ﬁ/dw (TDL) Goo(®) + hoc. = i112 5*/d20 G (@) + h.c.
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Consequently, the deformed lagrangian
Lef kin. = / d*0d%0 H(L,®,®) — iM? / d?0 Go(®) + h.c. (B.7)
is invariant under the first, linearly realized, supersymmetry as well as under the second,

nonlinearly realized, one. It is obvious that the Lagrangians corresponding to (II1.67) and
(B.5) are equivalent upon identifying Go(®) = iW ().



C — Auxiliary d.o.f. in the short and
long representations

In the version of super-Maxwell theory with the use of the short representation W which
contains the auxiliary scalar D, its lagrangian is quadratic in D:

1 1
Lp=3A D? + 3(B+ED, A >0, (C.1)

where A and B are functions of other scalar fields (with A being the gauge kinetic metric)
and the constant ¢ is the FI coefficient. To integrate over D, it is legitimate to solve the field
equation 2AD + B + & = 0 and substitute the result into Lp to obtain the scalar potential

- (B+€&? _

£p = 8A

V. (C.2)
This theory does not have any symmetry and the (supersymmetric) ground state is at (B) =
—&. The contribution of L£p to the field equations of the scalars, denoted collectively by z,
appearing as variables of A and B is of course given by

(B+¢)? _

0.Lp = —0, SA

—9.V. (C.3)

To go to the long representation W of the Maxwell multiplet, one has to make the
replacement D = 0"V, with V,, = —4 ImV,,, which yields a quadratic lagrangian for the
divergence of a vector field,

L= %A(@“VHV + %(B +€) 0"V, A>0, (C.4)

instead of expression (C.1). Now, the FI term is a derivative which does not contribute to
the dynamical equations and the field equation for V,, is

O0u[2A0"V, + B] = 0. (C.5)
Its solution B4
v c
o'V, = 5 A (C.6)

involves an integration constant ¢ which replaces the FI coefficient £&. The more subtle point
is the procedure to obtain the Lagrangian after the integration of 0*V,,, since the right-hand
side of the solution is not a derivative of off—shell fields.
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This situation is not new in the literature. Redefine
1

V= 6 €upa AP, Fuuvpe = 40,4, p0)- (C.7)
Since ] 1
0"Viu = 51" Fupor (Wwfz—ﬂwmﬂwm (C.8)
the lagrangian (C.4) becomes
1 1
L= =g AP Fupo + 12 (B +€) €7 Fuupo. (C.9)
It is part of N/ = 8 supergravity, with A = e, and the introduction of the ¢ term has been
studied as a potential source for a cosmological constant [102]. Another example is the
massive Schwinger model [102, 103], where the Maxwell lagrangian
1 1
L= _ZFWFW + 59 oA, + Ay, (C.10)

(ju is a conserved fermion current) does not propagate any field. In the gauge Ay =0,
1
L= 5(aoAl)Q + 0 dpAy, (C.11)

and the field equation 93A4; = j; implies the presence of a physically relevant arbitrary
integration constant in Fy; = JyA1, to be identified with the parameter 6.

Returning to our lagrangian (C.4) and solution (C.6), if we substitute the solution into
the lagrangian, 0"V, becomes a function of the scalar fields z, it is not any longer a derivative
and the £&~term would then become physically relevant and contribute to the field equation
of z. We obtain

(£ -0

2
(B;f)-+ L=y (C.12)

and the contribution of £ to the field equations of the scalar fields z is of course 0,L =
—0,V. Comparing with expression (C.3), equivalence is obtained if we identify the integration
constant with the FI coeflicient &,

L=—

c=¢. (C.13)

except if A is constant (the super—Maxwell theory has then canonical kinetic terms), in
which case the second constant term in the potential is irrelevant. With this procedure,
both versions of the theory depend on a single arbitrary constant ¢ = &, the FI coeflicient of
the super-Maxwell theory.

Notice that a derivative term may in general contribute to currents. The canonical
energy-momentum tensor for a “Lagrangian” L¢ = £ 0MV), is

Ty = €[00V, — nuw 0°V)] (C.14)

which is not zero, conserved (0#T),, = 0) and an improvement term (so that the total
energy—momentum is zero, assuming the absence of boundary contributions):

Too=£EV -V, Toi = £0; V. (C.15)



D — 5D conventions and calculations

Our convention for the five-dimensional Minkowski metric is

Nmn = diag(—, +,+,+,+), (D.1)
where m,n,... are inert indices and m = 1,...,5. For I'-matrices we write
1
L =Ty = 5(1“an —T.). (D.2)
We also have that

where 77 is the standard v° in four-dimensions, such that in the Dirac representation

5 — 5 = (02><2 12><2> ' (D.4)

loxa  O2x2

The five—dimensional bulk metric of the LST dual is given by

— 2oy
e V3 0 -2
01x4 e V3

In our conventions, the Einstein equation takes the form

Gun =Tun, (D.6)

where G sy and Ty n are the Einstein and the energy—momentum tensor respectively. More-
over, we have that

Guyn = g[%aMEaNE + Oy ONE — NMN (81615 — %6,5815)} , (D.?)

where =2 = E(y) = %C’y in our case. This gives

3 dENZ
In addition,
1 K 2.9
Tun = (Om®)(On®) — gMN(§(3K<I>)(3 Q) + eV A) , (D.9)
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S0 T55 = %CQ — A. The Einstein equation G55 = T55 then gives

_94p

C ;
V2

(D.10)

where we have used (V.90).
In the linear dilaton background, the only non—vanishing components of the vielbein e

are
_1lc _1lc
eZ:e\/g%Z , e2=e v3¥, (D.11)

where u,v,... are the coordinate and a,b,... the frame indices on the four—dimensional
brane respectively. Moreover,

a5 _ 55 a 55 _ 555 _ =Cys

e =g7es =0 , € =g"e =ev3 ez (D.12)
and 2

e = gV = ev3 Ypiet €ub = Nab€), - (D.13)
Consequently,

3D = (00 )TM = Oy ®)eMT™ = (93,®) ()" T™ = C(e2)"'T% = Ce V5T, (D.14)

Using the second of the equations (V.91), the second of the equations (V.97) then takes the
form (in the vacuum)

- 1 o A ~
0N = _56 Y (iCT5ei + ngi6]k6k> . (D.15)

V2

The components of the spacetime spin—connection are given by

wy M (e) = 2€[mN€[NZ%/[} + emAe”Pe[AfP}eMl . (D.16)
Consequently,
g 1 1
wu“b(e) = ( - e[a‘:’euﬁ} + ieaAeb‘r’eA,éeul — §ebAea56A7l5€ul) =0, (D.17)

since e®® = 0. Moreover,

wuat')(e) — (_ e[a5eu7§] + %6“6556/\,’56”1)
= (%65562‘75 + %6“”65565,5%17) (D.18)
_< 1
= €% (O5e V") (508 + e Unrrototnaes ) = —Soo.
Similarly, we find that
Since d,€;1 = 0, we have that (in the vacuum) on the brane
1
D#Ei = fwm”anei = —gFngei . (DQO)

4" 2/3
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Then, using the first of the equations (V.91), the first of the equations (V.97) takes the
following form on the brane

S0 — D (iorbe w9 sik
Boui = 5 \/gru(zcr i+ il ) (D.21)

while the 5-th component of the first of the equations (V.97) takes the form
i

Sts; = Ose; + LAF55j15jkfk : (D.22)

26



E — Derivation of e.o.m.

We use the following definitions

(09)2 = gMNoydaN® , (09)? = gMN Oy POND

0® = 0uly=gg"None] , 0= \/%gﬂM[\/—T?ﬁMN@v‘I’] :

e Dilaton

We set

Lig = +/—ge V3® (%R +5(09)% - A)

—/=g1e” V18 (y) — \/—gae"2®Vad(y — L)

so that the dilaton’s equation of motion is

which yields

namely

OLai _ 5 OLai
0o M0y D)

=0,
~V3y=ge V(3R + 3(09)? — A) + any/=gie 1 ®Vid(y)
+asy/=gae 2 Vad(y — L) — 30m[y/=ge V3P gM N oy ®] = 0,

\/—ge_‘/gq’(éR = %(8@)2 + 309 — \/§A>

—a1y/—g1e” M *V10(y) — agy/—gae 2*Vod(y — L) =0,

where we have used (E.1) to show that

o Metric

— 30 [v/—ge V32 gMN g\ D] = —3y/—ge V32 [0D — V/3(0D)?).
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We now vary Sg; with respect to g™

0Suu = [ dox[he VA LR 4 omVBY ICE (3(99)2 — A) + v/ —ge

_0V—q —a1<I>V15( ) 6v/—g2 —o¢2<I>‘/26(y _ L)} 5gMN

5MN€ 5gMN €

- el [+ )+ 5 (o

—V/3% §[(09)?]

Y

+2 3 0[(0®)? ]:| - %gz\;%l e_alcb‘/l(s( ) 6v/—=g2 —aQCIDV*Q(s(y o L)}(SQMN

5gMN g SoMN €

5gMN

= fd‘r):z{\/—ge_\/g(b BGMN + %8]\/[‘1)8]\[@ — %gMN(E)(I))Q + %QMNA} 5gMN

+39u (V=91 V16 (y) + /—g2e 2P Vab (y — L)]CSQ‘“’} + 0Schris »

where

1
dSChris = B /d%\/ —ge V3V p(g"NoT Ry — g™ oT L)
and we have used that

R = Runog™N + Vp(g™N TRy — g7 0T 1y)

1 1
6\/j:—§\/jggMN59MN ) 5\/71,2:_5\/ —91,2 G 09",

1
GuNn =Run — §9MNR
and that
5[(09)%]  bgiA

SN = 5yt OKPOAD = Dy OND.

We now have that

8Schris = — [ dPry=gdp(e V3®) ("N Ry — g=PorL)

= —3/ &P/ =gdp (e V3®)[¢"N gPM(Vndgsa + Vsdgna — Vadgns)

—g= P gMAM(V p16gsn + Vsdgaa — Vadgus)]

= -1 /&y —g0p(eV3®) (g% gPA(2V NSgsa — Vadgns)

— g gMAV 55901

— B dry—ge V3 [vMaNq> — /30 POND

—gunVEop® + \/ggMN(a(I))Z] SgMN

where we have performed integration by parts twice and we have used that

1
oThs = g™ (V(N592)A - §VA59NE> :

(E.7)

(E.8)

(E.13)

(E.14)



(66N gns = —gMNogns

and that
Vuon® = Vyoyu®.

We then combine (E.7) and (E.13) and find that the equation of motion of g"” is
v _ge—\/§<1> (%GMV + %glw(aq))z - @ngyay@ + %QMVA)
+3 9 (V=916 V16 (y) + /—g2e 2 Vad(y — L)) = 0
and that that of ¢°° is
1G5 + §V535q) + 3 g55(0®)% — §955V565‘I’ + 29550 =0,

where we have assumed that the dilaton depends only on the extra dimension.
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(E.18)



F — Nonlinear supersymmetry and
N =1 supergravity

F.1 Two equivalent Lagrangians

The present appendix is with minor modifications: I. Antoniadis and C. Markou, The cou-
pling of Non-linear Supersymmetry to Supergravity, Eur. Phys. J. C 75 (2015) no.12, 582.

In the constrained superfield formalism of non-linear supersymmetry, the goldstino is
described by the fermionic component of a chiral superfield X, that satisfies the nilpotent
constraint X2 = 0 [I, 2, 3, 4]. The scalar component (sgoldstino) is then eliminated by the
constraint and is replaced by a goldstino bilinear. The most general low energy (without
super-derivatives) Lagrangian, invariant (upon space-time integration) under global super-
symmetry, is then given by

LA = [XX]D—i-([fX]F—I—h.C.), (F.1)

where f # 0 is a complex parameter. The subscripts D and F denote D and F-term densities,
integrated over the full or the chiral superspace, respectively, and correspond to the Kéhler
potential and superpotential of N = 1 supersymmetry. It can be shown [1, 5] that £ 4 is
equivalent to the Volkov-Akulov Lagrangian [(] on-shell.

The coupling to supergravity in the superconformal context [104], (F.1) takes the form
_ _ 1
L= — [(1 — XX)SOSO}D + ([(fX + Wo + §TX2)S§]F + h.c.) : (F.2)
where we have used the superconformal tensor calculus [105, 13] with Sy being the super-

conformal compensator superfield. We have also used a Lagrange multiplier 7" in order to
impose the constraint X? = 0 explicitly in .#, while the factor % is put merely for conve-
nience. Wy is a complex constant parameter whose importance will appear shortly. The
Kahler potential corresponding to (F.2) is given by

K(X.X) = 31 - XX) = 3| _xx _ XX

5t =3XX. (F.3)

We would now like to find a geometrical formulation of (F.2), that is, to eliminate X
and write an equivalent Lagrangian that contains only superfields describing the geometry
of spacetime, such as the superspace chiral curvature Z [11, , ]. For that, we observe
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that the following Kéhler potential K':

_ _ X + X)? _
K'=-3ln(1+X+X)=-3 <X+X—(z)+...> =3XX -3(X+X), (F4)

is related to the Kéhler potential K via a Kéahler tranformation of the type

K- K =K-3X+X)

W — W' =W, 5
This tells us that . is equivalent to ¥/, where
/ % Q 1 2\ . 3X @3
L= =1+ X+ X)SoS] | + (1(fX +Wo+ STXDE X SHp +he. ). (F.6)
Using the constraint X? = 0, we have
_ _ 1
L= [(1 + X + X)SOSO}D + ([(fX + Wo(1 +3X) + 5TX2)S§]F + h.c.)
= Zx 1
= —[SoSo]p + ([()\X + Wo — XS—O + 5T)@)Sé’ihw + h.c.) : (F.7)
where we have set A = f + 3W, and we have used the identity [13]
(X -%-S3p = {SOS'O(X + X’)}D + total derivatives. (F.8)

In (F.7), X enters only in F-terms without derivatives and can be thus integrated out.
Solving the equation of motion for X, we have

4

R A
A——4+TX =0 X == F.9
50 T = T (F.9)

and substituting back into (F.7), we get
/ Q 1 % 2 3
L= —[S()S()]D + [(_7(7 — A) + WO)So]F + h.c.
2T S
= [(—z5% ——(5 - h.c. F.1

(5 Wo— gl —VSE| e (F.10)

where we have used again the identity (F.8). We can now view % as a Lagrange multiplier
that imposes the constraint

Z
(5,
Consequently, we have established an equivalence between the constrained Lagrangians (F.2)
and (F.10); they both describe the coupling of non-linear supersymmetry to supergravity,
with ¢’ providing its geometric formulation with the use of a constraint imposed on %
instead of X. This constraint was proposed in [14] for A = 0. In what follows we will confirm
the equivalence by writing these Lagrangians in terms of component fields.

A2 =0. (F.11)

e Constraining a chiral superfield X
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In the following we use the method and conventions of [108] except from a factor of 1/6
which we omit in the expression of &% but introduce at the Lagrangian level. We also set
the gravitational coupling x? = 87Gy (given here in natural units) to be equal to one, in
accordance with the usual convention. After gauge-fixing the superconformal symmetry by
using the convenient gauge Sy = 1, the Lagrangian (F.2) can be written as follows:

& = /d2®2£ {3(@9 — §3z’)e—K/3 + W} +h.c.
8 6 (F.12)
with W(X) = fX + Wy and X? =0,

where & is the super-covariant derivative and & the chiral superfield density that is con-
structed from the vielbein e]":

& = %e {14000, — OO[M + $u6™)} . (F.13)

Here v, is the gravitino, ©® the fermionic coordinates of the curved superspace and ¢ =
(-1,5), 09 = L(5a,5% — o8 ,599%) with & the Pauli matrices. Note that the Lagrange
multiplier 7" in (F.2) has been used to impose the constraint X2 = 0, which can be solved,
fixing the scalar component (sgoldstino) in terms of the goldstino G and the auxiliary field
F of X [1].

We now substitute X, & and &% with their respective expressions in component fields:

2
x=5 1 vrea+ (6O)F = A+ V206G + (60)F

T 2F
=_-M — OB - (00)C (F.14)
__ 8 _ 4
E=(99 - 6%)X = —4F + gMA +6D+ (60)E.
The exact components of Z and = are computed in [108] (our convention for % differs by

1/6 with respect to [108]). M and b, are the auxiliary fields of the N = 1 supergravity
multiplet in the old-minimal formulation. Then

3 8 _ _S[MEX]F = —ge(EA —AFF + S MPA - \g(DG))

4 6 F
3. a,; 3 7, =ab, n 4 A
+El€(y0' wa) + g@[M + waO' wb][—4AF + gMAA] y
(F.15)
where 4
y = V2G(—4F + gMA) + DA. (F.16)

This expression is simplified significantly if we choose to use the unitary gauge, setting G = 0

and thus A =y = 0:

_3 E(DD — 89?))‘(){} _3eFF. (F.17)
4 6 P2

Moreover, also in the unitary gauge, one can compute

2E(FX + Wo)lp = ef F = e [M + $u5"y | Wo. (F.18)
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Now, using the property

(,(Zjaa_ab,&b)T — i [,&a<5_ao_b - 5_b0_a)1;b]T _ i {wb(o_ba_a N O_aa_b)wa} _ waaabwb’ (F19)

the Lagrangian (F.12) in terms of component fields becomes

1 1 -1 1 S ~
CZ:—?ﬂ—gdﬂw+?wm+§%mﬂwﬁﬁwww%%ﬂwﬁ
tefF — eWo[M 4 1a6%y] + ef F — eWo[M + 1,0%y) + 3eFF, (F.20)

where R is the Ricci scalar. The equations of motion for the auxiliary fields b%, M, F' are
then

=0

M = —3Wy, M = —3W, (F.21)

F:—LF:—L

3 3

Substituting back into (F.20) we get
1 1 abed /.7 = o >
£ = —§€R + 565 (waab-@c¢d - @Z)aab-@cwd)
7. =ab,7. 1/ a 1

—eWotha& ™ty — eWoibao ™y, + 3e|Wo|* — §€|f\2- (F.22)

In this form, it is obvious that the Lagrangian reduces to the usual N = 1 supergravity,
together with a gravitino mass term:

mgy = [Wol | (F.23)

Imposing that the cosmological constant (i.e. the vacuum expectation value of the scalar
potential) vanishes, one finds

1
BIWol* = SIfIP = 0= [If* = 9w * (F.24)

This means that Wy # 0, which justifies the use of the constant piece W in the superpotential
in .. Then, the final form of .Z is

1 1 L - - _
L = —§6R + 566‘1[)“1(%51)%% - %Gb%%) - €W0¢a5ab¢b - eWO¢aUGb¢b . (F'25)

It is important to notice that the use of the constrained superfield X is what has generated
the gravitino mass term: the final form of the Lagrangian in flat space is just the pure N =1
supergravity, but with a massive gravitino. The use of the unitary gauge G = 0 results in
the gravitino absorbing the goldstino and becoming massive, in analogy with the well-known
Brout-Englert-Higgs mechanism.

e Constraining the superspace curvature superfield #
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After gauge-fixing the superconformal symmetry by imposing Sy = 1, the Lagrangian
(F.10) can be written as follows:

7 = —/dQ@g % — 2Wp) + hec.,
( 0) (F.26)
(% —\)*=0.
&’ then yields
/ 1 1 v 1 a 1 abed (7 = o 7
KA —ieR — §eMM + geb by + 566 (wagbgcwd - waab-@cwd)
_eWO[M =+ @Zaa-ab"zjb] - BV_V()[M =+ djagabd}b]- (F27)

Now let us solve the constraint which is the second of the equations (F.26). For that, we
substitute the second of the equations (F.14) into the constraint and find the set of the
following equations:

(M+X)%*=0
(M +M\)By =0 (F.28)
4(M + \)C = (BB),
where
B = 024" s — 108 0EM + iheob®  with  Pap = Dathy — Dotda

1 (F.29)
C= _§R+ O{M7ba7¢a} 7é 0.

Equations (F.28) yield:
M=-X and b"=0. (F.30)

Indeed, B in this case depends only on the gamma-trace or the divergence of the gravitino,
%)g and @“wa (using the Clifford algebra property of sigma-matrices (0%5° 4 ¢°5?)8 =
—2nab5§) , that can be put to zero by an appropriate gauge choice. Alternatively, one can
show that B vanishes on-shell as will be demonstrated below.

Using (F.30), eq. (F.27) becomes:

1 1 1 -~ -
L' = —5eR = 2\ + e (Y00, Tetba — Yaor D)
+€W0/_\ + 6W0/\ — €W01/_1a5'ab1/_1b — €W01/1a0'ab’l/1b . (F.31)

Substituting now A = f+3Wj, one finds that the cosmological constant is given by 3e|Wy|? —
Ze|f|* and the Lagrangian (F.31) is identical to (F.22). Note that the vanishing of the
cosmological constant

1 _ _
— ge]/\|2 + eWoA + eWpA = 0 (F.32)

gives two possible solutions for A:

A=6Wy| and [A=0], (F.33)

corresponding to f = £3W)j that solve the condition (F.24).
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Now let us derive the equation of motion for the gravitino from (F.31):

1 ~ _ _
§6ab6dab@c¢d = —Woo™y. (F.34)

Contracting (F.34) with Z,, we obtain the following equation:

e Daihy, = 0. (F.35)
Moreover, contracting the hermitian conjugate
1 ~ _
§e“bcd5b@c¢d = Woa ey, . (F.36)
of (F.34) with o, we have that
0,5, Dtba ~ € o Db ~ 0 Dipy = 0, (F.37)
where we have used (F.35) and
el = —2icd . (F.38)
Consequently, - B
0,0, =0 = 0%y =0, (F.39)

where we have used the identity
0%5%0¢ — 0500 = 2ie™g, . (F.40)

Now let us consider B, of eq. (F.29). Its last term i1),b® vanishes due to the equation of
motion for b*, while its second term vanishes due to equation (F.39). B,’s first term is:

05 oy = 05 (Dathy — Doiba) = (6%5° — 0°5Y) Dby, = 46 Duthy, = 0, (F.41)
where we have used the definition

1
P 1(a@ab — o%5%) (F.42)
and the relation (F.35). Consequently B, = 0 on-shell, which justifies the solution M = —\
and b® = 0 we chose previously.

F.2 Without imposing direct constraints

In this section, we would like to start with a regular %2 supergravity and recover the con-
straint in an appropriate limit where the additional (complex) scalar arising from %2 becomes
superheavy and decouples from the low energy spectrum. Indeed, by analogy with ordinary
General Relativity in the presence of an R?-term (with R the scalar curvature), an %2 su-
pergravity can be re-written as an ordinary Einstein N = 1 supergravity coupled to an extra
chiral multiplet.! Let us then consider the Lagrangian

Z 12 1 %_ 2 3}
.Z—K 2SO+W0+2p(SO A)>50F+h.c., (F.43)

iNote that 22 supergravity is not the supersymmetrization of R? gravity which is described by a D-term
AR, bringing two chiral multiplets to be linearized [105, 13].
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where p is a real parameter. In the limit |p| — oo, one would naively expect to recover the
constraint (#Z — \)?> — 0, and thus (F.43) should be reduced to (F.10). In principle, one
could linearize (F.43) with the use of a chiral superfield S and then demonstrate that in the
limit |p| — oo, £, £ and £ are all equivalent. If this were true, one would expect that S
corresponds to the goldstino superfield and that supersymmetry is non-linearly realized (in
the limit |p| — o0), as is the case for the chiral nilpotent superfield X. In other words, the
mass of the scalar component of S would approach infinity as |p| — oo and would, therefore,
decouple from the spectrum. However, upon computing the scalar potential and the scalar
mass matrix corresponding to (F.43), we found that this is not the case. This means that
the parameter space (A, Wy, p) does not allow for a supersymmetry breaking minimum that
realizes the sgoldstino decoupling and the equivalence between . with . and %’. The
detailed analysis can be found in the end of this section.

To solve this problem, we start with a more general class of f(#) supergravity actions.
More precisely, we modify .Z with the addition of a suitable term that is supressed by p in
the limit |p| — co:?

[ o g5 (55 -r)) o]
,Z_K 250+W0+2,0(SO A)+p SSo F(S) SOF+h.c., (F.44)

where S is a chiral superfield coupled to gravity and F(.S) is a holomorphic function of the
superfield S. This extra term has already been studied in the literature and is known as
f(Z#) supergravity [109, ]. Indeed, S can be integrated out by its equation of motion at
finite p:

Z = F'Sy, (F.45)

where F/ = g—g. This equation can be in principle solved to give S as a function of Z and
replacing it back in (F.44) one finds an f(Z) theory.

We will now study the physical implications of %" in the limit p — oo so as to confirm
the equivalence between ., ¢’ and .£” (without loss of generality, we take p positive). We
first use eq. (F.45) to replace Z in terms of S in the third term of (F.44), instead of doing
the reverse as described above. Using then the identity (F.8), we get

2" =—|(1- ;(s + S))SOSO]D + {[(Wo + %p(F’ — )7 - ;F)SS]F + h.c.} . (F.46)

We now fix the gauge according to Sy = 1 and set ¢ to be the lowest component of S. Then
the Kéhler potential and the superpotential corresponding to Z" are given by (we use the
same symbols K and W as in section (F.1) as there is no confusion)

K=-3In (1 ~ Lo+ ¢>)>
. P / (F.47)
W =Wy + 5p(F’ — 22— ;R

/_ OF
where now F’' = 06"

2In principle, we may replace 1/p by 1/5(p) with |p(p)| — oo when p — co. One can show however that
our results do not change and thus we make the simple choice p = p.
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It follows that

3
p
exp(K) = ———— (F.48)
(h—¢—9)°
and -
9 9 3 5 (p—9—9)?
¥ 06 0¢ (p—0¢—9)° 3
Also
e nl 1 / 3 1 / 2 1
DyW = 0gW + K4W = pF"(F' = X) = —F'+ ————= (Wo + -p(F" = N\)* — —F | .
p p—¢—9 2 p
(F.50)
Putting everything together, we get that the scalar potential V is given by:
2
; o - P _
V =exp(K) |g??(DgW)(DgW) = 3WW | = — "V, (F.51)
[ ¢ } 3(p—0—0)?

where

V = F(F = )N+ p° [—<¢ + Q) F'(F' = )N + g\F’ — AR (P(F =) + h.c.)}

+ [~ F'F"(F' = X) + 3WoF" (F' = A) + he.)| +p [(0+ Q) F'F"(F' = \) = 3FF"(F' = \)

- %F’(F’ — N2+ h.c.] + " [|F'[2 = 8F'Wo = BF'Wo| + p~' [~(6+ 0)|F'* + 3F'F + 3F'F|.
(F.52)

For p — oo, the leading behaviour of V is given by
o
V= E\F”(F/ -2 (F.53)

It is positive definite with a minimum at zero when F’ = X or F” = 0. In the following, we
will analyze the case F’ = ); its curvature defines the (canonically normalized) scalar mass
given by
/33 12

me = g(F ) (F.54)
which goes to infinity at large p and ¢ decouples. At the minimum F’ = )\, the potential at
large p becomes constant, proportional to |A|? — 3AWy — 3AWy. This term vanishes precisely
if equation (F.32), or equivalently (F.24), holds. We conclude that in the model (F.44) the
cosmological constant can be tuned to zero (in the limit p — co) by using the same condition
as for the model (F.10). As shown in Section 2.2, this is the case for two possible values of

A
A=6Wy| or . (F.55)

Now let us investigate the minimum of the potential at finite but large p. We shall
construct the solution as a power series in 1/p around the asymptotic field value of the
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minimum ¢ = ¢q that solves F' = \. A simple inspection of the potential (F.52) shows that
it is sufficient to consider only even powers in 1/p:

6=+ 5

(F.56)
F'(¢) = F'(¢0) + (¢ — ¢0) F" (o) + §(¢ — ¢0)*F" (¢0) + . ..
or equivalently,

, d
F(qﬁ):)\+p—02+ﬁ+... (F.57)

where 1
c=iFy . d=oiFy . (F.58)

We then compute the derivative of V with respect to ¢ and keep only the terms that do not
vanish in the limit p — oo:

‘7¢> _ 2 p4(F//F///|F/ _ /\|2 + |F”‘2F//(F/ _ 5\)) _ pS(d) + QE)’F”FF”(F/ o /_\)
+p2[F//2(3W0 o F/) o |F//|2(F/ . 5\) + F///(F/ . )\)(3W0 . F/)]
+pF[F' (¢ + ¢) = 3F] + p"F'[F' — 3W,].  (F.59)
This expression vanishes if every coefficient at each order vanishes.
We now substitute the expansion (F.56), (F.57) into Vy (ignoring orders that vanish as
p~2 and higher) and impose each coefficient to be set to zero so as to have an extremum.

Assuming for simplicity that Wy, A, ¢o, ¢, d are real, we find the following constraints on the

function F":
cFY =\ —3W,

Fo = 2Wyo (F.60)
2
CF) = g()\ —3Wo),
which yield

A 3W0 12(>\ 3WO)

200Wo + M@ — ¢o) + (¢ — o) +

——(p— gbo) e (F.61)

F(¢) (b= ¢0)* +
3W0

= 200Wo + A6 — u) £ 00 (5 o)’ & 12WO

c2

where in the second line above, we used the two possible values of A (F.55), A = 61 for the
+ sign and A = 0 for the — sign, for which the potential vanishes at the minimum.
At the minimum, the F-auxiliary term of S, Fy, is given by:

K/2 bp p—0 ﬁ "ol :
g*DW|) — \/§<|F (F" = \)|) + (subleading terms)

_ ;gq ey + O(1/p%) = \HA 3Wo|  (F.62)

(| F?) =

= \/§’WO|#01
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where in the third line we used A = 0 or A = 6Wy. We conclude that supersymmetry is
spontaneously broken in this limit along the direction of ¢, which can be identified with the
scalar superpartner of the goldstino that becomes superheavy and decouples. The super-
symmetry breaking scale remains finite and is given by f = 3|Wy|. Therefore, we identify
the fermionic component of .S with the goldstino and ¢ with its superpartner, the sgoldstino.
According to (F.54), the latter decouples from the spectrum in the limit p — oo, which is
equivalent to imposing the nilpotent constraint for the goldstino superfield X? = 0 on .Z.
Finally, the gravitino mass is given by

maja = (WeK12) = Wl |as p — o0, (F.63)

which completes the proof of equivalence between &, .¢’ and £”.
We will now demonstrate why the Lagrangian

+h.c. (F.64)

_ 1% 1 %
& = K— +Wo+ sp(5 — /\)2> Ss
F

25 2750

does not reproduce (F.10) with the constraint (F.11) in the limit p — co. We first set

1
a=Wy+ =p)\*
0T 5P (F.65)
b=1+42pA,
assuming again reality of all parameters for simplicity. We then introduce a chiral superfield

S =A+V20x + (00)F

(A and F' are not the same as in the previous sections) such that

. 1% 1 %*\ s

1% S% 18%\ 4
_l<a—2b5b+&)&)—2psg>so

+ h.c. (F.66)
F

It follows that b > 0 in order to have canonical gravity for a metric tensor with signature
(—+ ++). It is obvious from (F.66) that we have linearized our initial theory (F.64), which
now describes the coupling of supergravity to a chiral superfield S that satisfies the equation
of motion

S =pZ. (F.67)
Next, using the identity (F.8) and fixing the gauge at Sy = 1, we have

_ - 1
F=—b—S—S|p+ ([a — et h.c.) (F.68)
P
and the corresponding Kéhler potential and superpotential are

. 1
K=-3n(b-A-A) |, W:a—2—pA2. (F.69)
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(AR) ~b< AR <5.6>0
—% true always
b+ /b? — 6ap, b> —6ap >0 never true
b— /b2 —6ap, b> — 6ap > 0 | true if b*> > 8ap and b* > —2ap

Table F.1: Possible values of (Ar) for (A7) = 0.

The scalar potential V' is given by
V = |g* M DaW) (D W) — 3W . (F.70)

Note that positivity of the kinetic terms implies that b — 2Ar > 0, where we have set
A= Ar +i1A;. We now compute

1 0 0 3 1 (b—A—A)?
K AA
=— — ‘Gu=——K=——"-— = F.71
C T —aA—Ap MM T ga9n T b-a_ae? 3 (F.71)
and
A 3 1
DAW = 0AW + KW = —= —(a — —A?). F.72
A AW + K4 p+b—A—A(a 2 ) (F.72)
Putting everything together, we get that
AA A 1 A 1
V- - o= oA - (o — )
3p2(b—A—A) pb—A— A)? 2p p(b— A — A)? 2p
1 1
= (AL + AH(b+ AR) -2 A}. F.
g | 3R+ AN+ Ar) — 2004n (F.73)
The range of Ag is given by
b
—b<A3<§ , b>0, (F.74)
so that the scalar potential is bounded from below.
To find the minimum of the potential, we demand that
ov ov
N = (Y = 0. F.75
<6AR EYR (F.75)
The second of the equations above gives
If (Ag) = —b, then
(87‘/> =0= (A2) = —2ap — * =T —o0, (F.77)
0AR
so this case is rejected. Consequently (A7) = 0. Then
oV 9
<87> =0= ((b+2A4R)(A%L —2bAR + 6ap)) =0, (F.78)
R
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(AR) ~b<Agp<5.6>0
0 true always
_%+w’52+24a;}20 true if b2 > Sap
_%_w,[ﬂ—k%a/}zo true if ap < 0

Table F.2: Possible values of (Ag) for (V) =0 and (A7) = 0.

AA_9*V
g 96,09, Ar Ar
AR —>5| 0
Ap 0 | =3
Table F.3: The (canonically normalized) scalar squared-mass matrix for (Ag) = —%, (Ar) =

0 and (V) =0.

which yields three solutions whose compatibility with the condition (F.74) is given in Ta-
ble F.1. Only the solutions (Ar) = —g and (Ar) = b — \/b?> — 6ap are compatible with
the range of Ar. Now we would like to check whether one of them is compatible with the
condition

(V)=o. (F.79)

Equation (F.79) has two solutions whose compatibility with the condition (F.74) is given in
Table F.2.

It is straightforward to see that the solution (Ar) = b — /b?> — 6ap is compatible with
(F.79) only if b = 8ap (for (Ag) # 0) or if a = 0 (for (Ar) = 0). The first case is rejected,
since then (Agr) = b/2 and the metric g, 7 diverges. The second case is rejected, because
then (DAW) = 0 and there is thus no spontaneous supersymmetry breaking. On the other
hand, the solution (Agr) = —% is compatible with (F.79) for b2 4 24ap = 0. It can also lead
to spontaneous supersymmetry breaking, as

<eK/2 gAADAW> ~ ab~3/? # 0 for finite p. (F.80)

However, it is easy to see that the scalar squared-masses corresponding to Agr and A have
opposite signs and thus the point ((Agr) = —%, (Ar) = 0) is a saddle point of the potential
and not a minimum, see Table F.3. Moreover, all the eigenvalues of the scalar mass matrix
approach 0 as |p| — oo and thus the extra scalar (sgoldstino) does not decouple. We conclude
that neither of the two solutions for (Ar) can be used to tune the cosmological constant to
zero for every value of p, consistently with the decoupling of the extra scalar.

Instead, we can investigate what happens if the condition (F.79) holds for the potential
only in the limit p — oco. For both possible solutions

W
(Af) =0 (AR>:b—\/b2—6apzp)\—1+3T0,)\7é0

b 1
Ap) = ARy =—=-=—- —

(F.81)

we find that V' — 0 for p — oo; however, none of the eigenvalues of the scalar mass matrix
approaches oo at p — oo (they approach 0 instead), which is again incompatible with the
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sgoldstino decoupling. We conclude that the parameter space of the model (F.64) does not
allow for the realization of the non-linear supersymmetry coupled to gravity. Thus, (F.64)
has to be modified suitably which is what we have proposed using f(R) supergravity.
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Chrysoula MARKOU 2018

Sujet : Supersymétrie N = 2: réalisations non—linéaires, brisure
spontanée et dimensions supplémentaires

Résumé : Le sujet de cette thése est la brisure partielle de la supersymétrie N=2 en quatres
et cinq dimensions de ’espace-temps. Dans le premiere cas, nous étudions hors de la couche
de masse la réalisation non—linéaire de la supersymétrie N=1 brisée en utilisant de superchamps
N=2 nilpotents qui contiennent les degrés de liberté de Goldstone du multiplet massif de N=1
de spin—3/2. Ces superchamps du Goldstino peuvent étre de Maxwell ou de simple-tenseur. La
brisure partielle est généré par une combinaison des termes électriques et magnétiques de Fayet—
Iliopoulos, dont les coefficients peuvent étre considérés comme de parameétres des déformations
des transformations de I'algebre de la supersymétrie brisée, ou, en plus, comme de déformations
des superchamps eux—mémes. D’interactions entre les multiplets du Goldstino deformés avec des
multiplets pas deformés donne lieu a un mécanisme de super—Brout—Englert—Higgs mais sans la
gravité, en raison duquel un multiplet N=1 vectoriel absorbe un multiplet N=1 linéaire et devient
massif. Dans le deuxiéme cas, nous étudions sur la couche de masse la brisure partielle qui est
généré par la valeur moyenne du dilaton qui est linéaire de la dimension supplémentaire et ce
dernier est un modele du dual holographique de little string theory. Un jaugement particulier de
la supergravité N=2, D=5 peut incorporer cet modele, et la supersymétrie N=1 reste intacte en
quatres dimensions. Apres compactification de la dimension supplémentaire, nous trouvons que
I'introduction de branes est compatible avec la direction de la supersymétrie pas brisée.

Mots clés : Brisure partielle, supersymétrie non—linéaire, mécanisme de super—Brout—Englert—
Higgs, supergravité effective, modeles du dilaton linéaire, little string theory

Subject : N/ =2 Supersymmetry: nonlinear realisations,
spontaneous breaking and extra dimensions

Abstract: The subject matter of the present thesis is the partial breaking of N=2 supersymmetry
in four and in five spacetime dimensions. In the first case, we study the off—shell nonlinear realiza-
tion of the broken N=1 superymmetry with the use of nilpotent N=2 superfields that contain the
Goldstone degrees of freedom of the massive spin—3/2 multiplet of N=1 supersymmetry. These
Goldstino superfields can either be the Maxwell or the single-tensor multiplet. The partial break-
ing is induced by a combination of magnetic and electric Fayet—Iliopoulos terms, the coefficients of
which can be seen as deformation parameters of the transformations of the broken supersymmetry
algebra or, futhermore, as deformations of the superfields themselves. Interactions of deformed
Goldstino multiplets with undeformed multiplets generate a super—Brout—Englert—Higgs effect
but without gravity, in which an N=1 vector multiplet absorbs an N=1 linear multiplet and
becomes massive. In the second case, we study on—shell the partial breaking that is induced
by the background value of the dilaton that is linear in the extra dimension, with the latter
being a toy model of the holographic dual of little string theory. A particular gauging of N=2,
D=5 supergravity can accommodate this model, with N=1 supersymmetry remaining intact in
four dimensions. Upon compactification of the extra dimension, we find that the introduction of
branes is compatible with the direction of the unbroken supersymmetry.

Keywords : Partial breaking, nonlinear supersymmetry, super—Brout—Englert—Higgs mecha-
nism, effective supergravity, linear dilaton, little string theory
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