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Abstract

We perform a general study of the issue of metastability for supersymmetry-
breaking vacua in theories with N = 1 and N = 2 global supersymmetry.
This problem turns out to capture all the important qualitative features of the
corresponding question in theories with local supersymmetry, where gravita-
tional effects induce only quantitative modifications. Moreover, it allows to
directly compare the conditions arising in the N = 1 and N = 2 cases, since
the latter becomes particular case of the former in the rigid limit. Our strat-
egy consists in a systematic investigation of the danger of instability coming
from the sGoldstini scalars, whose masses are entirely due to supersymmetry
breaking mass-splitting effects. We start by reviewing the metastability condi-
tions arising in general N = 1 non-linear sigma-models with chiral and vector
multiplets. We then turn to the case of general N = 2 non-linear sigma-models
with hyper and vector multiplets. We first reproduce and clarify the known
no-go theorems applying to theories with only Abelian vector multiplets and
only hyper multiplets, and then derive new results applying to more general
cases. To make the comparison with NV = 1 models as clear as possible, we
rely on a formulation of N = 2 models where one of the supersymmetries is
manifestly realized in terms of ordinary superfields, whereas the other is re-
alized through non-trivial transformations. We give a self-contained account
of such a construction of N = 2 theories in N = 1 superspace, generalizing
previous work on various aspects to reach a general and coordinate-covariant
construction. We also present a direct computation of the supertrace of the
mass matrix.
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1 Introduction

One of the main issues in supersymmetric theories aiming at describing real fundamental
interactions is how supersymmetry is spontaneously broken. Indeed, this breaking induces
mass splittings between ordinary particles and their superpartners, and the details of
this process are thus of crucial importance. It turns out that the structure of theses
splittings is strongly constrained, and this causes some difficulties in phenomenological
applications. The perhaps most spectacular incarnation of this phenomenon is provided
by the supertrace sum rule, which concerns the average of all the mass splittings. This
implies for instance that renormalizable and anomaly-free supersymmetric extensions of
the standard model cannot directly accommodate a viable way of spontaneously breaking
supersymmetry. The standard way out to this problem is to assume that supersymmetry
is broken in a hidden sector, which communicates with the visible sector only in a way
that is suppressed by some mass scale. Spontaneous supersymmetry breaking can then
be designed in a much more flexible way within the hidden sector, while supersymmetry
breaking effects communicated to the visible sector are encoded in soft supersymmetry
breaking terms. The only strong constraints on supersymmetry breaking that one is
left with are then the metastability of the vacuum and the value of the cosmological
constant. There are then more phenomenological constraints concerning the mediation of
supersymmetry breaking to the visible sector and the structure of the soft terms.

The problem of understanding under which conditions vacua that break spontaneously
supersymmetry may by at least metastable clearly emerges as one of the most relevant
possible discrimination tools on the structure of the hidden sector. While the stability
of supersymmetry-preserving vacua is guaranteed, that of supersymmetry-breaking ones
is not, and whether they can be metastable or even absolutely stable depends on cer-
tain particular aspects of the theory. By now it has been well appreciated that requiring
only metastability, rather than absolute stability, is perfectly satisfactory, as long as the
life-time of the vacuum is sufficiently large, say larger than the age of the universe. More-
over, a supersymmetric theory generically admits both stable supersymmetry-preserving
vacua and metastable supersymmetry-breaking vacua, but generically no absolutely sta-
ble supersymmetry-breaking vacua, unless some extra features are imposed, like for in-
stance the existence of a global R-symmetry [1]. This clearly means that metastability
of supersymmetry-breaking vacua is the relevant minimal requirement to impose, rather
than absolute stability. More specifically, the requirement of metastability translates into
the requirement that the mass matrix of the scalar field fluctuations, given by the Hessian
matrix of the scalar potential at the stationary point defining the vacuum, should be pos-
itive definite. This obviously constrains the theory, but at first sight in a rather indirect
and mild way. It turns however out that one can deduce from this requirement a quite
simple and sharp necessary condition.

The main observation that allows to translate the condition of metastability into an
interesting information is the following. To a large extent, one can adjust the overall
masses of the particles belonging to each multiplet independently of the splittings induced
by the process of spontaneous supersymmetry breaking, by tuning those parameters of the
theory that are unrelated to the latter process. This allows to make the square mass of
most of the scalar fields arbitrarily large and positive. There is however one exception to



this fact, represented by the Goldstino would-be multiplet. Indeed, for that multiplet there
is an obstruction against changing the overall mass, due to Goldstone’s theorem applied
to the spontaneous breaking of supersymmetry. In rigid supersymmetry, this implies that
the Goldstino is strictly massless, and the masses of its scalar partners, the sGoldstini,
are thus entirely controlled by the mass-splitting effects due to supersymmetry breaking.
In local supersymmetry, the Goldstino is absorbed by the gravitino through a super-Higgs
mechanism, but it remains true that the masses of the sGoldstini are determined by the
process of supersymmetry breaking. This means that the only scalar fields for which there
may be a potential obstruction against achieving a positive square mass are the sGoldstini.
If there are several supersymmetries, there are just several Goldstini and thus also a larger
number of sGoldstini to look at.

The above strategy was first developed and applied to N = 1 supergravity theories
with only chiral multiplets in [2, 3].! The main outcome is that the average mass of the two
real sGoldstini is controlled by the holomorphic sectional curvature of the Kéhler manifold
spanned by the scalar fields along the complex Goldstino direction. To achieve metastabil-
ity, one then needs first of all that the scalar geometry admits directions along which the
curvature is sufficiently small, and then that the Goldstino direction be sufficiently aligned
towards those preferred directions. On the other hand, the adjustment of the value of the
cosmological constant constrains the length of the Goldstino direction. Subsequently, this
analysis was extended in [5] to more general N = 1 theories involving both chiral and
vector multiplets. The main conclusion is that gaugings by vector multiplets improve
the situation occurring for just chiral multiplets, and make the bounds on the curvature
milder. These metastability conditions have then been further elaborated and applied in
[6, 7] for particular classes of N = 1 supergravity theories emerging as low-energy effective
theories of string models, like for instance no-scale models. It has however become clear
that in the context of string models, an analysis based on minimal N = 1 supersymme-
try may fail to capture all of the potentially relevant information, due to the fact that
the structure of the low-energy effective supergravity theories underlying these models
is strongly constrained by its higher-dimensional origin. More specifically, although for
interesting models one gets a theory with minimal supersymmetry in four dimensions, the
moduli sector emerging through the compactification of the extra space-time dimensions,
which is the most natural candidate to represent the hidden sector, actually displays many
of the features of theories with extended supersymmetry in four dimensions. As a first
step towards gaining an understanding of the impact on the metastability condition of
such additional peculiarities in N = 1 theories, one may then try to study the question
of metastability in N = 2 theories. The case of N = 2 supergravity theories with only
hyper multiplets was studied in [8]. The result of this analysis is that out of the four
sGoldstini arising in this case, one is absorbed by the graviphoton and is thus not dan-
gerous, whereas the other three have an average square mass which is negative when the
cosmological constant is positive, meaning that it is impossible to achieve metastability.
A similar no-go theorem has been known for a long time to arise also in N = 2 theories in-
volving only Abelian vector multiplets [9]. On the other hand, it has been shown through
the construction of particular examples that more general N = 2 theories involving non-

'See also [4] for an analysis of similar spirit applied to the ideas of distribution and landscape of vacua.



Abelian vector multiplets and/or both hyper and vector multiplets can admit metastable
supersymmetry-breaking vacua with positive cosmological constant [10, 11]. A natural
step to take is then to try to understand the metastability condition applying for general
N = 2 theories, with the aim of figuring out which are the truly necessary ingredients to
go in business. Such an analysis is however quite challenging from a technical point of
view [12].

The aim of this work is to study the question of metastability in theories with N =1
and N = 2 global supersymmetry. This rigid limit of the problem turns out to capture all
the qualitatively important aspects of the corresponding problem in local supersymmetry,
gravitational effects being responsible only for a quantitative deformation of the results.
Moreover, besides yielding a much simpler and more transparent setting, the rigid limit
also offers the very interesting possibility of directly comparing the results for N = 2
theories to those of N = 1 theories. This is due to the fact that in global supersymmetry
N = 2 theories with hyper and vector multiplets are just particular cases of N = 1 theories
with chiral and vector multiplets, whereas on the contrary in local supersymmetry this is
not the case, due to the effects of the spin-3/2 multiplet describing the degrees of freedom
needed to complete the N = 1 gravitational multiplet to the N = 2 one. To perform
this study and make the comparison between N = 2 and N = 1 theories as transparent
as possible, we shall use a formulation of N = 2 theories based on N = 1 superspace,
where one of the supersymmetries is manifestly realized in terms of ordinary superfields,
whereas the other is realized by a non-trivial transformation mixing different superfields.
We will follow the approach of [13], and generalize it in such a way to reach a general and
coordinate-covariant construction, which in components reproduces the rigid limit of the
general N = 2 supergravity theory as formulated in [14, 15]. We will then use the same
strategy as in previous supergravity studies and work out the metastability conditions
by systematically computing the masses of all the scalar sGoldstini. We will also revisit
the computation of the supertrace sum rule, since it represents a related information,
and rederive in a more direct way the results that were indirectly deduced in [16] from
a superspace evaluation of the quadratic divergence in the one-loop effective action. We
shall use the conventions of [17].

The paper is organized as follows. In section 2 we present the simplest case of N =1
theories with only chiral multiplets and discuss the rigid version of the results of [2,
3]. In section 3 we present the case of N = 1 theories with both chiral and vector
multiplets, and describe the rigid version of the result of [5], generalized to non-Abelian
gauge groups. In section 4 we consider the case of N = 2 theories with only hyper
multiplets, formulated as particular cases of N = 1 theories with only chiral multiplets.
We derive the analogue of the result of [8] in the rigid limit and clarify how its emerges
when gravity is decoupled and which information is associated respectively to the minimal
and to the additional supersymmetries. In section 5 we consider the case of N = 2 theories
with only vector multiplets, formulated as particular cases of N = 1 theories with chiral
and vector multiplets. After recovering the rigid limit of the result of [9] in the Abelian
case, we study the non-Abelian case and derive a new result applying to this situation,
discussing again carefully which information comes from the minimal supersymmetry and
which from the additional one. In section 6, we finally consider the case of general N = 2



theories with both hyper and vector multiplets. We set up the logic of the study of the
metastability condition, and discuss the form that it is expected to take. Finally, in section
7 we present our conclusions.

2 N=1 models with chiral multiplets

Let us start by considering the simplest case of N = 1 theories with nc chiral multiplets
®’. The most general two-derivative Lagrangian is specified in terms of a real Kahler
potential K and a holomorphic superpotential W, and reads:

L= /d49 K(®,3) + /d29 W (®) + h.c. . (2.1)
In components, this gives

L= —gi;0,0'0"¢ —igi; ' (P17 + Tl ™) — Vs — Vip, (2.2)
where g;; = K;; defines a Kihler geometry for the scalar manifold [18] and?

Vs = g7 W;W;, (2.3)

Ve = %V,-Wj U+ hee. — iRijkﬂ/’il/’k"‘;j"‘zl_v (24)

The supersymmetry transformation laws are defined by the action of the supercharges
on the superfields and act as follows in components:

St =V2e FP +V2idole.

The auxiliary fields F* are given by
. o 1. .

The extension to supergravity is well known [19, 20] and does not present particularly
subtle features. In particular, any model of the above type can be consistently coupled
to gravity. The main new feature is that there appears a non-trivial U(1) bundle over
the scalar manifold, whose curvature is proportional to My 2 and the manifold becomes
Kahler-Hodge.

2.1 Supertrace

At a generic point in the scalar field space and for vanishing fermions, the auxiliary fields
simplify to

Fi=-W°. (2.8)

20ur conventions for the curvature are such that the non-vanishing components of the Riemann tensor
are given by R, 5.1 = K57 — gg’"KikgKﬂ;ﬂ and those of the Ricci tensor by Ri; = —gklRiJ-k;.



The mass matrix of the scalar fields is given by the following two blocks:

(m3)i = ViWpV;WE — R FERL, (2.9)

(md)ij = —ViV; Wy FF + TF Ve, (2.10)
The mass matrix of the fermions is instead

(may2)ij = ViWj. (2.11)
One easily computes

tr[md] = 2V, W, VW + 2 R;; F'F7 | (2.12)

tr[m3 o) = ViW; V' W7 . (2.13)
It follows that the supertrace of the mass matrix is given by [16]

str[m?] = tr[m3] — 2 tr[m%ﬂ]

=2R; F'F7. (2.14)

2.2 Metastability

The possible vacua of the theory correspond to points in the scalar manifold that satisfy
the stationarity condition Vg; = 0, which reads:

V,W; FI=0. (2.15)

On the vacuum 67" = v/2¢F*, and supersymmetry is spontaneously broken if some of
the auxiliary fields F* are non-vanishing. The order parameter is the norm of the vector of
auxiliary fields, which defines the scalar potential energy Vg = F'F;. In such a situation,
there is then a massless Goldstino fermion given by:

n=v2Ey. (2.16)

Indeed, the stationarity condition directly implies that this is a flat direction of the fermion
mass matrix:

my =0. (2.17)

The two would-be supersymmetric scalar partners of this fermionic mode, the sGoldstini,
generically have non-zero masses, but these are controlled by the process of supersymmetry
breaking, and cannot be affected by supersymmetric mass terms in the superpotential.
These modes are then particularly dangerous for the metastability of the vacuum. From
the form of the supersymmetry transformations, we see that they can be parametrized
by the two independent real linear combinations that one can form with the complex
Goldstino vector n¢ = v/2F*, namely:

por = EF¢' + Fd', o =iFi¢' —iF¢' . (2.18)

The masses of these two scalar modes can now be computed by evaluating the scalar mass
matrix along the directions ¢! = (F% F") and ¢! = (iF!,—iF"), and dividing by the



length of these vectors, which is 2F"F;. After using the stationarity condition to simplify
the results, one obtains:

m,, =RF'F, £ A. (2.19)

The first term involving the quantity R comes from the contribution of the Hermitian block
(m%)ij of the mass matrix, and it turns out that R is simply the holomorphic sectional
curvature of the scalar manifold in the complex plane defined by the Goldstino direction
F' of supersymmetry breaking:

Rijmn F'FIF™E™
(F*RFy)?

R=— (2.20)
The second term A corresponds instead to the contribution from the complex block (m3);,
and has a more complicated expression, which depends also on second and third derivatives
of the superpotential and is thus much more model-dependent. But happily, we see that
the average of the two masses is independent of A, and one thus finds the following result,
which defines an upper bound on the lowest mass eigenvalue:

m?, = %(miﬁr m?, ) =RF'F;. (2.21)
From this result, we conclude that a necessary condition for not having a tachyonic mode
is that the holomorphic sectional curvature R be positive.?

The above result is the rigid limit of the result obtained in [2, 3] for the supergravity
case. Introducing the gravitino mass mg/, and the Planck mass Mp, the cosmological
constant reads Vg = F'F; — 3m§ /QM]?, and the average sGoldstino mass is given by the
following formula in supergravity

mZ = RF'F; +2m3,, . (2.22)

We see that the main feature of this result, namely the dependence on the curvature R,
is also captured in the rigid limit, in which m3/, — 0 and Mp — oo. Gravitational
effects influence only quantitatively the result, and the metastability condition implies
now that the holomorphic sectional curvature R be larger than the negative critical value
-2 m§/2/(Vs + 3m§/2MP2,), which tends to 0 in the rigid limit.

The above necessary condition for metastability becomes also sufficient if for a given
Kéhler potential K one allows the superpotential W to be adjusted [6, 7]. Indeed, at
the stationary point one may tune W; to maximize the average sGoldstino mass, W;; to
make the other masses arbitrarily large, and W;j; to set the splitting between the two
sGoldstino masses to zero.

3In the limiting case of models based on a flat geometry, for which R vanishes, one generically finds
that one of the sGoldstini is tachyonic and the other not. The best thing that one may do is then to tune
the superpotential to make both of them massless, with vanishing A. One can then show that in such a
situation the sGoldstini are not only massless, but actually correspond to flat directions of the potential
and are identified with the so-called pseudo-moduli arising in these models. See [21] for a recent discussion.



3 N=1 models with chiral and vector multiplets

Let us consider next the most general case of N = 1 theories with nc chiral multiplets ®°
and ny vector multiplets VV#. The most general two-derivative Lagrangian is in this case
specified by a real Kéhler potential K, a holomorphic superpotential W, a holomorphic
gauge kinetic function f,;, some holomorphic Killing vectors X! and some real Fayet-
Iliopoulos constants &,, and reads:

L= /d49 [K(@, 3,V)+ gava] v /d29 [W(<1>) n ifab@) W“awg] Yhe.  (3.1)

The gauge transformations form a Lie group with structure constants f,,¢, and act as
follows on the superfields, with chiral multiplet parameters A%:

5. = A" X1 (D), (3.2)

5,V = —L (A%~ Ro) + % Lol (AP + AV + O(V). (3.3)

i
2
Gauge invariance of the Lagrangian imposes that the variation of the non-holomorphic
terms should be at most a Kihler transformation of the form A% f,+A%f,, where the f, are

some holomorphic functions, whereas the holomorphic terms should be strictly invariant.
This implies the following conditions:

X.K; — %Ka = fa, (3.4)
XiW; =0, (3.5)
X(ilbei = _2fa(bdfc)d7 (3 6)
£, = 0 whenever f;,.“ #0. (3.7)

These equations show that —%Ka can be identified with the real Killing potential for the
Killing vector X!, and the Fayet-Iliopoulos constants &, can be interpreted as coming from
the freedom of adding a constant to this potential for Abelian generators:
) i

X! = 3 9"V;K, , (3.8)
One also has to impose the equivariance condition on the Killing vectors, i.e. that the
operators 8, = X:0; + X[Jl@j satisfy the group algebra [0q, 0] = —f,,°0c. This guarantees
that the Killing potentials can be chosen to transform in the adjoint representation, so
that

)

gin[ian] = 1 fachC' (3.9)

In the Wess-Zumino gauge, the action simplifies to the following expression:
- /d49 [K(@,8) + (Ku(®, @) + &) V" +255(2, &) Xi (#) X (@)V°V

+ / d?6 [W(CP) + i fan(®) WWWQ} +h.c.. (3.10)



In components, this gives
1 1 . T
L=—-g;3D,¢'DV'e¢) — Zh“b Fﬁl,Fb“” + Zk“b FﬁyFb‘“’ —igiz " (lDW + L5 (b"%/}")

—hay XPX? + hc. + %habi Neghyi Bl 4 he. — Vi — Vi, (3.11)

%

where:
17 1 1.a
Vs = g7 Wil + < ' (Ka+ &) (Kp+ &)

1 L . '

1 i 7.7l L iz aybycy L e 13a,17Y
— Rt V'O 0+ 29 habiheas NN NN + S W hacihyay AT
—i [vihabj Wi AN & hcdhac,-hbdjwvwb] +he.. (3.12)
In these formulae, D, is the gauge covariant derivative acting as Dutbi = uqﬁi + AZX(Z,

Duwi = 8u1/1i +A,‘j(‘9jXé Y7 and D\ = 9, \* +fbc“AZ)\c, Fi, =0,A, -0, A7 + be“AZA,i
is the field-strength, whereas hy;, and kg, are the real and imaginary parts of fup.

The supersymmetry transformation laws involve not only the usual action of the su-
percharges, but also a compensating gauge transformation needed to preserve the Wess-
Zumino gauge choice, with superfield parameter given by A* = 2ifc"€Aj, + 202\, The
additional gauge transformation has no effect on the transformation laws of the compo-
nents of V¢, but gives some additional terms in those of the components of ®*. In partic-
ular, it turns the ordinary derivative appearing in 6 into a gauge-covariant derivative.
One finally finds

5¢' =V2eq),
St =V2eF' +V2i PPl e,
dA}, = ie oA —iX'o, €,

N =ie D* +o"e Iy, .

The auxiliary fields F* and D® are given by

. o 1. . 1 . .

F' = —g"W;+ B ik Pk + §gwhabj AN (3.17)
a _ _1 ab _ i abp  iycC

DY = 2h (Kb—l— fb) \/§h hpei V'A° + hec.. (3.18)

The extension to supergravity is again well known [22, 23] and presents in this case
a subtlety. It turns out that models of the above type can generically be coupled to
gravity only in the absence of Fayet-Iliopoulos terms, i.e. when &, = 0. This is due to the
fact that the accidental gauge-invariance of this term in rigid supersymmetry is spoiled
by gravitational effects. Similarly, there cannot be any non-trivial holomorphic function
appearing in gauge transformations of the Kéahler potential, once the superpotential is
assumed to be gauge invariant, and one needs f, = 0. A way out of this restriction arises
only if the theory admits an R-symmetry, which can be gauged and for which a Fayet-
Iliopoulos term is possible [24, 25]. For the rest, the main new feature is as before that there



appears a non-trivial U(1) bundle over the scalar manifold with curvature proportional to
My 2 and the manifold becomes Kéhler-Hodge. From now on, we shall restrict to models
that can emerge from a smooth rigid limit of the local case, although most of the results
that we shall derive in the remainder of this section have a more general validity. We
shall moreover not discuss the special possibility of gauging a U(1)r symmetry, and thus
require for simplicity that

fazo, fa:(). (3.19)

3.1 Supertrace

At a generic point in the scalar field space and for vanishing fermions and vector fields,
the auxiliary fields simplify to

Fi=-W¢, (3.20)
Do — —%h“be. (3.21)
The mass matrix of the scalar fields is given by the following two blocks:
(m3)i; = VWiV WE — Ry FRFL 4 B X i Xy + h®hgeihyay DD
+ %(VZ-XGJ- — 2h%hop; X5) D* + hec., (3.22)
(md)ij = —ViV;Wi F¥ — i X ,; Xy — %(Vihabj — 20 hgeihpg ) D*D°
+ 20 h*hap Xy D* + T Ve - (3.23)

The mass matrix of the fermions involves instead the following three blocks:

(m12)ij = ViWy, (3.24)
(m1y2)ab = habi F', (3.25)
(m1/2)ia = V2 Xai — \/Lihabi D (3.26)

Finally, the mass matrix of the vectors is
(m})ap = 2 X{, Xy - (3.27)
A straightforward computation gives

tr[md] = 2V,W,VWI + 2 R;; FIF7 + 2h% X X} + 2h%hgeihyf DY DC

+i(ViX!: — 2h*he, X1) D" + hc. (3.28)

tr[m3 o] = ViW;V' W + hh* hapihea; F'F) + 4% X X}
+ h%geihyf DODY — 2i h®hy; X D¢ + h.c. (3.29)
tr[m?] = 2h* X, X} . (3.30)

It follows that the supertrace of the mass matrix is given by [16]
str[m?] = tr[m3] — 2 tr[m%ﬂ] + 3tr[mi]

= 2(Ri; — h*R*hpihe;) FUF7 + i (Vi X! 4 2h"he X2) D* + hee..  (3.31)



Note that we did not need to fix a gauge for the ordinary gauge symmetry to perform
this computation, thanks to the fact that the unphysical would-be Goldstone scalars that
are eaten by the gauge fields correspond to flat directions of the scalar mass matrix. By
tracing over the whole m%, one does therefore not overcount these modes, since they come
with a vanishing value of the mass.

3.2 Metastability

The possible vacua of the theory correspond to points in the scalar manifold that satisfy
the stationarity condition Vg; = 0, which implies

VW, FI + %hab,-D“Db +iXuD* = 0. (3.32)

By contracting this relation with the Killing vectors X! and taking the imaginary part,
and using (3.5) and its derivative as well as (3.9), one also finds the following relation
between the values of the F* and D? auxiliary fields:

iViXa; F'F7 — X, Xy D" + % foplkae DPDC=0. (3.33)
By further contraction with D®, this also implies iViXaJ—D“FiFj — XfaXb)i De*Db = 0.
This formula shows in particular that if the F* vanish then also the D% vanish, under
the assumption that there are neither Fayet-Iliopoulos terms nor non-trivial Kéhler trans-
formation functions associated to gauge transformations. Indeed, in such a situation the
first term vanishes, and the equation implies that either D® or X! should vanish. But
X! = 0 implies also D, = 0, whenever the total non-holomorphic term in the Lagrangian
is strictly gauge invariant, since in that case D, = —i X! K.

On the vacuum one has 61" = v/2eF* and dA® = ieD?, and supersymmetry is spon-
taneously broken if at least some of the auxiliary fields F? or D® are non-vanishing. The
order parameter is the norm of the vector of auxiliary fields, which defines the scalar po-
tential energy Vg = F'F; + %D“Da. In such a situation, there is then a massless Goldstino
given by

n = V2Fp' +iD A" . (3.34)

Indeed, the stationarity condition and the gauge invariance of the superpotential imply
that this is a flat direction of the fermion mass matrix:

my, =0. (3.35)

As before, the would-be supersymmetric partners of this fermionic mode, the sGoldstini,
have masses that are controlled by the process of supersymmetry breaking. They are then
particularly dangerous for the metastability of the vacuum. From the form of the super-
symmetry transformations, we see that in this case these modes are linear combinations
of both scalars and vectors. However, since the vector components cannot get negative
square masses, the relevant thing to look at is the projection onto the scalar field space.
One then gets the same two independent real linear combinations as before, corresponding
to the projection of the complex Goldstino vector 7' = v/2F":

o =Fi¢' + ', o_ =iF;¢' —iF¢ . (3.36)

10



The masses of these two scalar modes can now be computed as before, by evaluating the
scalar mass matrix along the directions ¢} = (F?, F*) and ¢! = (iF’, —iF"), and dividing
by the length of these vectors, which is 2F"F;. After using the stationarity condition as
well as the various constraints imposed by gauge invariance to simplify the results, one
obtains

(D*D,)? 9o DD,

U MP A 3.37

5 - 1
m}, = RF'F,+ SD"D, + 1 T

The first four terms involving the quantities R, S, T and M? come from the contribution
of the Hermitian block (m3);; of the mass matrix. It turns out that R is as before the
holomorphic sectional curvature in the complex plane defined by the Goldstino direction
F', whereas S and T and similar objects defined out of the derivatives of hyp, and M? is
related to the mass of the vector fields:

R _Rz'jmvz Fi g; mEn (3.38)
ed _ipInanbd
-t rrD
T habihc(i’ij)ﬁ;Dch , (3.40)
2X! X,; D*DP
M? = W . (3.41)

The quantity A corresponds instead to the contribution from the complex block (mg)i]—,
and has again a more complicated and model-dependent expression. But as before, we see
that the average of the two masses is independent of A, and one thus finds the following
result, which defines an upper bound on the lowest mass eigenvalue:

1, (D*D,)? 12D Da

1, , ) _
—(m¢++m¢7):RFZF¢+SD“Da+ZT FE O,

2

m?, = (3.42)
From this, we conclude that a necessary condition for not having a tachyonic mode is that
the holomorphic sectional curvature R be larger than a certain negative-definite value
controlled by the data of the gauge sector.

In this case, there is an additional feature concerning scalar fields that has to be con-
sidered. Indeed, on the vacuum one has 5g¢i = A\?X', and some of the gauge symmetries
may be spontaneously broken if some of the components of X’ are non-vanishing. The
order parameters are the eigenvalues of the matrix of scalar products of the Killing vec-
tors, which defines the gauge boson mass matrix (m%)ab =2X (iaXb)i. In such a situation,
there are thus also other complex directions of special relevance, namely those defined by
the Killing vectors X¢. These are related to the would-be Goldstone modes that are eaten
by the massive vector fields when the gauge symmetry is spontaneously broken, which are
given by the following real combinations:

Oq = Xai(bi + Xai(lgi . (343)
Along these unphysical directions, the scalar mass matrix has vanishing value:

m2 =0. (3.44)
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One may then wonder what happens along the conjugate directions defined by

pa = iXai¢' —iXad' . (3.45)
These generically have non-vanishing masses,

m>, #0. (3.46)

These informations all directly follow from the gauge invariance of the scalar potential.
This implies that X!V;Vs + XZVJ—VS = 0, and can be checked to be a consequence of
gauge invariance conditions listed previously plus the equivariance condition. Taking
then a further derivative and going to a stationary point, one immediately deduces that
(m2) ki X: + (m3)k;X, = 0, which is the statement that the would-be Goldstone boson
o, 1s massless.

At this point, one may wonder whether one could perhaps get some other relevant
metastability conditions by looking at the complex partners p, of the would-be Goldstone
modes, which are a priory physical scalar fields. In the limit of unbroken supersymmetry,
these modes have the same masses as the vector bosons. Upon supersymmetry breaking,
they however split, and if the scale of supersymmetry breaking is much larger than that of
gauge symmetry breaking, this splitting may become larger than the average mass of the
multiplet and give rise to tachyons. A priori, there is no obstruction against making the
gauge symmetry breaking scale much larger than the scale of supersymmetry breaking,
thereby avoiding that some of these states become tachyonic. However, in such a limit the
effect of the gauging on the sGoldstino masses gets suppressed, and the potential benefits
from the presence of the vector multiplets disappear. A careful study may then perhaps
unravel a limitation on how much one may increase the sGoldstino masses through a
gauging, coming from the danger that these other states p, become tachyonic. However,
we have not been able to find any simple result along this line of reasoning. We thus
refrain from reporting here the rather complicated expression for the mass matrix of the
fields pg, which consists of the mass matrix of the vectors plus a series of terms that involve
various tensors built out of X’ and its derivatives contracted with the auxiliary fields F*
and D°.

As a final remark on this issue, let us note that F* is orthogonal to X!, as a con-
sequence of the gauge invariance of the superpotential. This means that the sGoldstini
w4+ and the above complex partners of the would-be Goldstones p, actually probe the
scalar mass matrix in two different sectors, the former orthogonal to X! and the latter
parallel to X!. Moreover, in the absence of supersymmetry breaking, these two sec-
tor are disentangled: the former describes the light chiral multiplets and the latter the
heavy vector multiplets. However, it should also be noted that there is no guarantee
that the would-be Goldstone modes o, and their complex partners p, represent inde-
pendent modes. Indeed, the number of linearly independent vectors in each of the two
sets of ¢! = (X2, X?) and pl = (iX%, —iX?) equals the rank of the matrix of the scalar
products within each set, which coincides with the symmetric gauge bosons mass matrix
297X (iaX g) = (m?)4. On the other hand, the total number of linearly independent vectors
in the full set containing both the ol and the p! may be lower, because some of the ol
may be linear combinations of the p! and vice versa. It is given by the rank of a twice
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bigger matrix with diagonal blocks given by 2g;; X (ian) = (m?)q and off-diagonal blocks
given by 2g,-5X[Z;1Xg] = —if D., which is also equal to twice the rank of the Hermitian
matrix 2¢;;X éXg = (m%)ab —if . D.. Indeed, the existence of a complex null vector o® for
this matrix implies that X!v® = X9 = 0, and for each such null vector there are thus
two linear relations between the p, and the o, along the real directions Re v® and Im v*:
Rev%p, = —Imv%o, and Im v*p, = Rev®0,. In such a situation, two combinations of the
pa are then unphysical would-be Goldstone modes too.

The result derived above for the average sGoldstino mass represents the rigid limit
of the one derived in [5], generalized to arbitrary non-Abelian gauge groups. In terms
of the gravitino mass m3/,, and the Planck mass Mp, the cosmological constant reads
Vo = F'F; + %D“Da — 3m§/2M§, and the averaged sGoldstino mass is

2 _ ppif - 1, (D"D,)? DD,
m@—RF2E+(S+MP )DaDa—i_ZTTF‘Z FZ—F’Z
+2m3 ;. (3.47)

+ (M2 —4m§/2)

We again see that the main feature of this result, namely the dependence on the curvatures
R, S, T and on the mass M?, is also captured in the rigid limit, in which ms s2 — 0 and
Mp — co. As before, gravitational effects influence only quantitatively the result.

In this case the necessary condition for metastability does not become sufficient even
if for a given Kéhler potential K one allows the superpotential W to be adjusted. Indeed,
the restriction of gauge invariance of W implies that W; X¢ = 0, Wi; X, J = —&-Xng and
Wiijf = —28(,-X5Wj)k — a,-an[;Wk. This shows that at the stationary point W;, Wi,
and W, cannot be freely tuned along the complex directions associated to the Killing
vectors X¢. The real modes corresponding to these directions are the would-be Goldstone
modes o, and their complex partners p,. The masses of the latter can therefore not be
adjusted through their F-term part depending on W and represent a left-over danger,
whenever they are physical. These masses have however also a D-term part depending on
the Killing potentials K, and tend to the vector bosons masses in the supersymmetric
limit. This suggests that if one could somehow also allow the Killing potential K, to be
adjusted, the metastability condition would become once again effectively sufficient. The
extent to which one can imagine to do that is however clearly restricted, since K, on the
contrary of W, does have some relation to the geometry defined by K.

4 N=2 models with hyper multiplets

Let us now consider the simplest case of N = 2 theories with ny hyper multiplets H*.
This is a particular case of N = 1 theory with ng = 2ny chiral multiplets Q“, with the
particularity that it admits a second supersymmetry. The most general two-derivative
Lagrangian is specified by a real Kahler potential K and a holomorphic superpotential
W, and in N = 1 superspace it takes the usual form

L= /d40K(Q,Q) +/d29 W(Q) + h.c.. (4.1)

The existence of a second supersymmetry mixing different NV = 1 superfields implies strong
additional restrictions on K and W. To derive these restrictions, we shall follow [13] and
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construct systematically the most general form of the second supersymmetry.

The general form of the second non-manifest supersymmetry transformation can be
parametrized as follows with a general complex function N*, a holomorphic function X*
and a phase s [13, 26, 27]:

5Q" — %D2 (M@, Q)@ + ) ) —2i(s +5) X"(Q)é0. (4.2)

In order for this to correctly satisfy an NV = 1 supersymmetry subalgebra, more precisely
[31,32]62“ = —2i(é10"€y — é20"€1)0,Q", one needs to impose some restrictions on the
functions N* and X*. A straightforward computation shows that the required conditions
are the following:

0N O,N” = —6 | 050,N"OrN" — 950, N"9sN" = 0 (4.3)
8wXu8{)Nw - 8{;(8@N“Xw) - (%&UN“X“’ - 0,

Let us now check under what circumstances the Lagrangian (4.1) is left invariant by
a second supersymmetry of this general allowed form. One finds that this is the case
provided that

VulNy + VyN, =0, Vu(VuN,) =0, Vg(VuN,) =0, (4.5)
X" =isVUN'W,, K, X"+ Kz X"=f+f.
In these equations, we have used the Kéahler metric to raise and lower indices, and f

denotes an arbitrary holomorphic function of the chiral multiplets.

In order to clarify the geometrical meaning of the above restrictions, let us introduce
the following notation:

Quo = VN, . (4.7)

In terms of this quantity, the constraints (4.5) for the invariance of the action imply
that €., should be antisymmetric, covariantly constant and holomorphic. Moreover, the
first constraint (4.3) from the closure of the algebra implies a further constraint on the
contraction of €2, with its conjugate, while the second of (4.3) is automatically satisfied
as a consequence of the holomorphicity of £2,,. One thus finds:

Qs = s Vs = 0, Vg =0, (4.8)
Qn Q" — gt

v

It then follows that the Kéhler manifold admits three complex structures, constructed out
of Q. as

0 Qv 0 Qv 0% 0
JHWe, = V), (gAY, = . Y, Y=Y |, @10
(% (Q 0) e P R e T RS

which are covariantly constant and satisfy the quaternions algebra:

Vo () =0, (4.11)
(I (T, = =667 + 2v=(J*)Y,, . (4.12)
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This means that the Kéhler manifold must actually be Hyper-Kéhler [28, 29].

Notice that the transformation functions N* are implicitly determined by the quantity
Qe specifying the quaternionic structure. Indeed, compatibly with all the properties listed
above, one can write:

N = —QW(K, + f,), KaN*= Kug". (4.13)

The arbitrary holomorphic functions f, and g* = —Q"" f, reflect the ambiguities related
to Kéhler transformations of K and in the definition of N“.

Concerning the superpotential, we see that the basic object controlling its structure is
the holomorphic vector defined by (4.6):

X* = i5Q"W, . (4.14)

The constraints (4.6) from the invariance of the action imply, upon taking some derivatives,
that X™ is holomorphic and satisfies the Killing equation, whereas the condition (4.4)
coming from the closure of the algebra implies that it also satisfies a further Killing-like
equation involving Q%

V@Xu - 0, VuX;, + V{)Xu - 0, (415)
Qe XY — QU VXY =0. (4.16)

This shows that X" must actually be a triholomorphic Killing vector of the Hyper-Kéahler
manifold, meaning that the Lie derivative along it of any of the three complex structures
J* must vanish:

(Lxo g% =0. (4.17)

For x = 3, this is simply the statement in the first of the relations (4.15) that it is holomor-
phic with respect to the complex structure that is already manifest from the beginning,
whereas for = 1,2 it amounts to the additional relation (4.16), which guarantees that it
is also holomorphic with respect to the two additional complex structures.

Since XV is a triholomorphic Killing vector, it admits three different real Killing
potentials P?, one for each complex structure J* (no sum over z):

XY = (Y, vVpT, (4.18)

Notice that the Killing potentials P* are only defined modulo constants, which are here
irrelevant. In complex coordinates one then finds X* = Q% VP P! = iQu .V P? = {V*P3.
We see that —P3 corresponds to the standard real Killing potential for X seen as holo-
morphic with respect to J2. In addition, one may however also use P' and P2 to form a
complex Killing potential

pP= —%(P1+ iP?), (4.19)
which has the property of being holomorphic with respect to J3:
VzP=0. (4.20)
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We may then write X% = iV*P3 but also X% = iQ"P,. Comparing with (4.14), we
see that the superpotential can be identified with this holomorphic Killing potential [30],
times the phase s:

W =sP. (4.21)

Note that the phase s cannot be trivially eliminated by rescaling X* and P, because only
a real rescaling of these quantities preserves their defining properties.

Having constructed the most general model that is invariant under both the usual and
the extra supersymmetries, we may now compute the commutator of such transformations
and check that it closes only on-shell and with a non-trivial central charge related to the
Killing vector X*“. Indeed, the superfield equations of motion read D?K,, — 4W, = 0 and
thanks to the properties of the tensor Q% they imply that D?N® +4is X" = 0. Using this
equation, one then easily verifies that [d;, SQ]QU = —2i(5€169 — s€169) X ¥, whose right-hand
side is of the form

5.Q" = aX"(®). (4.22)

This central charge transformation corresponds to a global symmetry of the theory. In-
deed, 6K = X"K, + X*Ky; = f+ f and 6. W = X"W, = isX"Qu, X" = 0, as a
consequence of the second of (4.6) and the first of (4.8). It follows that the Lagrangian
(4.1) is invariant.

It is worth emphasizing that it is possible to consider alternative versions of the second
supersymmetry transformations, which look different but yield the same on-shell transfor-
mations. For instance, as explained in [26] one may add to the transformation (4.2) the
trivial transformation 6;Q% = %Q“”(Dsz —4sP,)éf, which is a symmetry of the on-shell
theory since Q" is antisymmetric and the parenthesis is proportional to the equations of
motion of Q¥. One then obtains Q" = %D2(]\7“§§) — 215X "€f.

Before going on, let us summarize some important features of Hyper-Kéhler manifolds
that will be relevant in the following. First, notice that the properties (4.8) imply that
Q“u-)(‘)[SQE’t] = 0 and that the Christoffel symbols are entirely determined in terms of Q%
and its conjugate:

Iy = —Q";060%, . (4.23)

From this expression one may compute the Ricci tensor and show that it identically
vanishes, due to the above properties of Q%_:

Ry =0. (4.24)

Finally, the integrability condition associated to the differential constraint (4.8) implies
that the Riemann tensor, which is also completely determined by Q%; and its conjugate,
satisfies the following algebraic constraint:

Q% Rygsi = 0. (4.25)
Using (4.9), this also implies

Rm‘;sf = _QﬁuQn%Rsﬁmf = QﬁuQ%Qqup{Rpﬁmq . (4'26)
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Let us also quote for later reference the following important property of the triholo-
morphic Killing vector X, which follows from egs. (4.15) and (4.16):

VuX*=0. (4.27)

To sum up, we see that in order to get an N = 2 model, the geometry must be Hyper-
Kahler and the superpotential must be given by the holomorphic Killing potential defining
a triholomorphic Killing vector associated to a central charge:

L= /d40 K(Q,Q) + /d20 sP(Q) +h.c.. (4.28)
The component Lagrangian reads

L = —9us 0uq"0"T — igus X" (X" + TLITX) — Vs — Vi, (4.29)
where:

Vs = guo X" X" (4.30)

Vg = %s Quw Vo X" x*x" + h.c. — iijs{Xquﬁﬁifa (4.31)

The first supersymmetry transformations are specified by the usual action of the su-
percharges on the superfields and act as follows on component fields:

dq" =V2ex", (4.32)
XY = V2e F" +V2i Jg“e. (4.33)

The value of the auxiliary fields F“ is
FU=i5Q" X" + %P?t X*x". (4.34)

The action of the second supersymmetry is obtained by computing the components of the
superfield expression (4.2). One finds:

oqh = —V2QU EXY, (4.35)
Oxt = V2EFU4+v2T0% EXx' + V2i %, 9q7¢. (4.36)
The quantity F is found to be given by

FU = QU (F7 + (s + 5) PP — s T% x°x!) = —isX". (4.37)

N =

The extension to supergravity is described in [14, 15]. It turns out that there is no
obstruction in coupling a model of the above type to gravity. The main new feature is
that there appears a non-trivial SU(2) bundle over the scalar manifold with curvature
proportional to M52, and the manifold becomes Quaternionic-Kihler. In this setting, the
fact that the scalar potential depends on a Killing vector can be understood as coming
from a gauging, of the type described in [31] and involving the graviphoton Ag. To see
how it works, it is convenient to rewrite X in terms of some new X with dimension 1
rather than 2, by introducing some mass scale p and defining X% = v2uXy. One may
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further promote the mass scale p to a complex mass parameter including the arbitrary
phase s appearing in the supersymmetry transformations laws, L% = —isyu, and write:

X" =v2is XyI°. (4.38)

Correspondingly, one may rewrite the Killing potentials as P? = /2i5 P(“;CLO, in such a
way that P = /2i5 PyL°. For simplicity, we set from now on s = i, corresponding to L°
real, but it is clear that an arbitrary s and a complex LY can be easily restored. We then
see that the Lagrangian obtained above coincides with the one that emerges by taking
a suitable rigid limit of NV = 2 supergravity coupled to hyper multiplets with a gauging
of the central charge by the graviphoton Ag, whose action involves X{. The non-trivial
superpotential of the rigid theory, which is the generalization of the mass terms for the
hyper multiplets that are allowed already in renormalizable theories, is obtained in the
double scaling limit in which the Planck scale is sent to infinity and the graviphoton
coupling to zero, but in such a way that their product gives rise to a finite mass scale.

Notice finally that the scalar potential can be rewritten in a more familiar way by
switching to general real coordinates: 2gu5X6‘Xg = gUVXg Xé/ . One gets then the same
result as in [14, 15], namely:

Vs = guv XY LOXY IO (4.39)

4.1 Supertrace

At a generic point in the scalar field space and for vanishing fermions, the auxiliary fields
simplify to

F* = Q" X". (4.40)
The corresponding hatted quantities similarly simplify to

Fu=QuF" = —X". (4.41)
The mass matrix of the scalar fields is given by

(m3)us = VX"V Xy — Rypsi FPF? (4.42)

(md)uw = — Ryt @y 7 F™ 4 T Ve (4.43)

The mass matrix of the fermions is instead

(m1/2)ur = = Quw Ve X (4.44)
Recalling that Hyper-Kéahler manifolds are Ricci-flat, one easily computes

tr[m3] = 2V, X V"X, (4.45)

tr[mi ] = V. X'V'X, . (4.46)

It follows that the supertrace of the mass matrix vanishes [13]:

str[m?] = tr[m3] — 2 tr[m%/z]
. (4.47)

This result also follows directly from (2.14) and the fact that Hyper-Kahler manifolds are
Ricci-flat.
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4.2 Metastability

The possible vacua of the theory correspond to points in the scalar manifold that satisfy
the stationarity condition Vg, = 0. This reads:

Quuw Vo XVFY =0. (4.48)

On the vacuum one has dy" = /2eF* and 51/1“ = ﬂéﬁ’ “ and the first and second
supersymmetries are spontaneously broken respectively if some of the auxiliary fields F“ or
some of the F'" are non-vanishing. The order parameters are the norms of the two vectors
formed out of these two types of quantities. Since FUF, = FUF,, these two norms actually
coincide and both define the scalar potential energy, in two equivalent ways emphasizing
the two supersymmetries: Vg = FYF, = F vF,. In such a situation, there are then two
massless Goldstini given by:

n=V2EX", i=V2E.X". (4.49)

Indeed, the stationarity condition implies that these are both flat directions of the fermion
mass matrix:

my =0, my=0. (4.50)

In this case the two supersymmetries can only be broken simultaneously. This is due to the
fact that the conditions that F* and ™ vanish are equivalent, since they are related by
the invertible relation (4.41). From the structure of the supersymmetry transformations,
we see that the four would-be supersymmetric scalar partners of these fermionic modes,
the sGoldstini, can be parametrized by the four independent real linear combinations that
one can form with the two complex Goldstino vectors n% = v/2F% and 7% = \/§F v,

or = F,q" + Faq", o_ =iF,q" —iFyq", (4.51)
Or = Fuq" + Faq®, ¢_ =iF,q" —iFaq”. (4.52)

The masses of these four scalar modes can now be computed by evaluating the scalar
mass matrix along the directions ¥ = (F*, F%), U = (iF¥, —iF%), 3 = (F™, F™) and
oY = (ZF“, —iﬁﬂ), and dividing by the length of these vectors, which is 2F*F,, = 215“1%“
Notice that F“ and F* are orthogonal, FuF, = 0, and should thus lead to two independent
informations.

Viewing the theory as an N = 1 theory with F breaking, the first pair of masses is
given by eq. (2.19), with R given by (2.20). The constraints imposed by the fact that the
geometry is Hyper-Kéahler do not substantially simplify neither the stationarity condition
nor the form of the curvature at a stationary point, and one still has:

R = generically non-zero . (4.53)

Coming back to the N = 2 picture, one may compute more explicitly all the four
masses. After using the stationarity condition to simplify the results, one obtains:

. = (RE£Rp)F'Fy, (4.54)
. =(R+Rp)F"F,. (4.55)

19



The terms involving the quantity R and R come from the contributions of the Hermitian
block (m?);7 of the mass matrix, whereas the terms involving Ra and R correspond to
the contributions from the complex block (m3);;. In this case, these quantities are all
related to sectional curvatures, and one finds

R, FUFUFF*
R — — _uvst —— , (4.56)
(FYFy)
R, FUFORs Ft
Rp = ——uuste_— h.c., 4.57
A 2(FTy)? +h.c (4.57)
R PR
R - UvVSt - 458
Ry PUEORE
R — uvst - 459
A (FF,)? (4.59)
It then follows that
1 _
m?o = §(m?0+ + m?oi) =RF"F,, (4.60)
M2 = %(mfb+ +m% ) = RF'F,. (4.61)

This represents exactly the same type of information as in the case of N = 1 theories with
chiral multiplets, but once for each supersymmetry.

The crucial sharpening in the necessary conditions for metastability comes now when
one takes into account that the scalar manifold is not only Kéahler but actually Hyper-
Kahler. From (4.26) it follows indeed that:

R=—Rr=—R. (4.62)

The four sGoldstino masses then simplify to:

m?,. = (R+ Rp)F"F,, (4.63)
m% =0, m} =-2RF"F,. (4.64)

This finally leads to the following results:

mismg = m?b+ =0, (4.65)
2 _ 1, 9 2 2
mSD trip = g (m¢+ + m4p7 + m¢7) =0. (466)

The first of these implies that there is always a massless mode, which can be interpreted
as the Goldstone boson of the spontaneously broken central charge symmetry. The second
implies instead that there generically occurs at least one tachyonic mode.

The above results can be made more transparent by switching to more general real
coordinates and exploiting the SU(2) symmetry rotating the three complex structures
(J* )UV. More precisely, the four sGoldstini can be organized as a singlet cpg = XY plus
a triplet U = (JZ)UVX V' so that modulo irrelevant factors cpg = cﬁg and cp? = gpg,
oy =Y, of = @Y. One then has m2,
of the spontaneously broken central charge symmetry, and ) max = 0, corresponding to

= 0, corresponding again to the Goldstone mode
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an SU(2) invariant sum rule on the masses of the remaining triplet of sGoldstini. More
precisely, one finds:

m>, =0, (4.67)
m?, =—2R, F'F,, (4.68)

where R, denotes the holomorphic sectional curvature defined by the complex structure
(J*)Y,, and the direction XU:

_ RyyunXY(J°X)V XM (JTX)N

R, =
(XK Xg)?

(4.69)

Indeed, one easily verifies that Ry = —%(R + Rp), Ry = —%(R — Ra) and R3 = R.
Moreover, the result (4.66) is now seen to descend directly from the integrability condition
of the covariant constancy of the three complex structures, which reads Qw[uRv]ﬁ)sf =0
and implies the following sum rule:

Zme =0. (4.70)

Summarizing, besides the N = 1 information on two of the sGoldstini, which implies

that m?pl + mi2 = 2R F"F,, there is a further information on the other two sGoldstini

2
®o

ing to the Goldstone mode associated to the spontaneous breaking of the central charge

coming from the second supersymmetry and which implies that m% = 0, correspond-
symmetry, and my, = -2 R F uF,. It follows that one of the sGoldstini always has a non-
positive square mass, independently of the sign of R. It should be emphasized that the
N = 1 metastability condition is recovered through the average of the sGoldstino masses
associated to the first and second non-canonical complex structures, and not through the
sGoldstino mass associated to the third canonical complex structure, which has instead
the opposite sign.

The above results are the rigid limit of the results obtained in [8] for the supergravity
case. The cosmological constant reads Vg = F“F,, — 3m§ /2M}% and the relevant combina-
tion of sGoldstino masses is

- - 16
Mt = =2 Mp™ FFy + 5 mi o (4.71)

We see again that the main features of this result are also captured in the rigid limit, in
which m3/, — 0 and Mp — oo. Gravitational effects influence only quantitatively the
result. For the triplet sGoldstino, the first term partly arises from the fact that in the
local case the scalar manifold is Quaternionic-Kéhler, rather than Hyper-Kéhler, and the
sum rule (4.70) is deformed due to the SU(2) curvature of order M 2 characterizing these
manifolds. The singlet sGoldstino, on the other hand, is unphysical in the local case, the
corresponding degree of freedom being eaten by the graviphoton. But in the limit defined
by the double scaling in which Mp — oo and g — 0 with gMp — finite, this becomes
the physical massless Goldstone boson of the spontaneously broken central charge global
symmetry. This clarifies the rigid limit interpretation of the result of [8]. It also allows to
check their structure and their normalization by comparing them with the corresponding
result found here. By doing so, one verifies in particular that the sectional curvatures
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must appear with opposite signs in the N = 1 and the N = 2 sGoldstino masses. This
is related to the sum rule Ry + Ry = —R3 + O(My 2) holding on the three holomorphic
sectional curvatures. One however also sees that the N = 2 result of [8] must be wrong by
a factor of 2 in its dependence on the curvature, whereas the sign is correct. We believe
it may simply miss an overall factor of 2 in its normalization, which we have included in
(4.71).

In this case it is not clear to what extent the necessary condition for metastability
could be made sufficient by allowing a tuning. Indeed, from the N = 1 perspective the
superpotential W is not arbitrary but rather related to an isometry of the geometry defined
by K. This substantially restricts the freedom to adjust it.

5 N=2 models with vector multiplets

Let us continue by considering the case of N = 2 theories with ny vector multiplets
Ve, This is a particular case of N = 1 theory with ng = ny chiral multiplets ®° plus
ny = ny vector multiplets V. The most general two-derivative Lagrangian is specified
by a real Kéhler potential K, a holomorphic superpotential W, a holomorphic gauge
kinetic function f,;, some holomorphic Killing vectors X’ and some real Fayet-Iliopoulos
constants &,, and in N = 1 superspace it reads

L= /d49 [K(cp, 3,V)+ gava] + /d20 [W(@) + ifab(@) Waawg] the. (5.1)

The existence of a second supersymmetry mixing different N = 1 superfields implies
further strong restrictions on K, W, f,, and X!. To work out these restrictions, we follow
again the logic of [13], with some additional ingredients taken from [32] (see also [33]) to
obtain the most general allowed superpotential, and also some generalization to make the
formulation covariant under general field reparametrizations.

The general form of the second supersymmetry can be parametrized in terms of two
holomorphic functions f and L% plus some complex constants m?, and takes the following

form:*
6B = V2ifi (D) eW?, (5.2)
OV = —V2i(LY(®) — i f,"LY(®)VC + O(V?) + V8im®0%)é 0 + h.c.. (5.3)

In order for this to correctly satisfy an N = 1 supersymmetry subalgebra, more pre-
cisely [81,82]@i = —21'(610“?2 - €20’“é1)8u@i and [81,52]‘/& = —21'(610“?2 - €20“é1)8uV“,
one needs to impose some relation between the functions f¢ and L% A straightforward
computation shows that one just needs to require that:

fioLb = 8h, fio;L* = 6. (5.4)

The invariance of the action defined by (5.1) under this second supersymmetry is
instead guaranteed by the following constraints, where M, and f, denote arbitrary holo-

4The transformation (5.3) implies that 6W® = Lg eDLA(®) +V2PLU(P) e+ O(V) +4m® e
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morphic functions and e, some complex constants:

i i i Lo 76 1y
Jab = —ifq O; My = —ify O; M, , faKi‘VZO - §fabLb - %Ma = fa, (5.5)
Wifi=V2(eq +ifwm®), X.= fif,lL¢, (5.6)
€ay€q,mP = 0 whenever f,% # 0, ifoafp. LS = —fy,SM, . (5.7)

To find out the geometrical meaning of the above constraints, we need first of all to
interpret the meaning of the holomorphic functions L* appearing in the transformation
laws and the holomorphic functions M, parametrizing the constraints put by the invariance
of the action. Concerning L%, it is natural to think of them as representing a general
reparametrization of the original fields ®'. One can then define the Jacobian matrix of
this transformation:

fla — VZL(I X (5-8)

The constraints (5.4) from the closure of the algebra then imply that this Jacobian matrix
is invertible and that the functions f: are given by the inverse of this matrix:

fo=( - (5.9)
Concerning M,, we may similarly introduce the matrix

hai = ViM,g , (5.10)
and denote its inverse by

R = (hh) (5.11)

The two constraints (5.5) coming from the invariance of the action then imply the following
relations for the gauge kinetic function f,; and the Kéhler metric g;;, where hy, denotes
the real part of fg:

fab = —ifshiy = —ifihia (5.12)
gi = han f{'f7 . (5.13)
We now observe that the first of the relations (5.5) can be rewritten in terms of L® and
M, as fuq = —iOM,/OL* = —idM, /0L, and implies thus that modulo some irrelevant

constants the functions M, must be the gradients with respect to the functions L® of some
holomorphic function M:

M = holomorphic prepotential . (5.14)

In other words, this means that the index a in M, can be interpreted as the derivative with
respect to L?. It finally follows that the Kéhler potential and the gauge kinetic function
are both determined by the prepotential M and read:

K= 5 (Mol = L*Ma) + O(V) = 5 (M e )o L = (Le™)" M), (5.15)
Jab = —iMap - (5.16)
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This is the statement that the geometry is Special-Kahler [34, 9, 35, 36], with L* and M,
playing the roles of the electric and magnetic components of the symplectic sections.

Concerning the superpotential, the constraints (5.6) and (5.7) from the invariance of
the action imply that it is restricted to be a linear combination of the electric and magnetic
sections L% and M, corresponding to Abelian factors, with complex coefficients e, and

m®:

W =V2(eqL* + m*M,) . (5.17)

This superpotential for the N = 1 chiral superfields ®?, which is linear in the sections,
represents the N = 2 completion of the possibility of having a linear Fayet-Iliopoulos
term for the N = 1 vector superfields V% More precisely, the term linear in L% is
trivially invariant on its own, thanks to the fact that the natural partners of the vector
superfields V' under the second supersymmetry are the sections L%, in the sense that
SL* = \2iéeW®. On the other hand, the term in M, is non-trivially invariant, and its
variation 5Ma = —2¢ fabWb is canceled by the extra variation of the vector kinetic term
induced by the explicit shift in Swa proportional to the coefficients m?®.

We see that the well-known symplectic structure of N = 2 theories with only vector
multiplets emerges quite naturally from this framework. Moreover, one automatically finds
a coordinate-covariant formulation, along the lines of [37, 38]. For vanishing non-Abelian
gauge couplings and vanishing Fayet-Iliopoulos parameters, the theory is invariant under
a duality symmetry acting as symplectic transformations on the sections (L%, M,).

At this point, one may check that the two supersymmetries commute, meaning that
there is no central charge in this case: [6;,02]®" = 0, [61,02]V® = 0. This means that the
full supersymmetry algebra closes off-shell.

The form of the gauge transformations leaving the action invariant is fixed by the
expression (5.6) that the Killing vector must take:’

550" = fif, “APLC, (5.18)
0,V = —5 (A" =A%) + %fbc“(Ab + AV +O(V?). (5.19)
This means that the sections L* must transform in the adjoint representation of the gauge
group: 6L = be“AbLC. The properties (5.7) then guarantee that the Lagrangian is gauge
invariant. Indeed, the invariance of the Kéhler potential requires that dM, = — fbaCAch.
But since 6M, = M_y40L%, this implies the constraint Mg bedLC = —fu."M., which
coincides with the second of (5.7). The invariance of the gauge kinetic term further
requires that df,, = 2ifc(ade)dAc. But since df, = —iMg0L®, this implies that
M pe CdeLd = -2 fc(;le)d. It is however straightforward to check that this relation auto-
matically follows from the former constraint, by taking a further derivative. Finally, the
invariance of the superpotential implies that it should vanish in the non-Abelian directions,
corresponding to the first condition in (5.7).

Before going on, let us summarize some important results concerning Special-Kéhler
geometry. The basic objects characterizing such a geometry are the sections L* and the

®One also has 6;W* = f; *A°We.
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following holomorphic symmetric tensor, which is related to the third derivative of the
prepotential M [39, 40]:

1 a C
Cijk = 5 Mave f{ [} 15 (5.20)

Indeed, the Christoffel symbols and the Riemann tensor are found to be given by the
following expressions:

k= 0ififa —iCam [ Il (5.21)
Rippg = _Cipkcqu- (5.22)
From (5.21) one then deduces the following basic relation underlying Special-Kahler geom-

etry, out of which the expression (5.22) for the Riemann tensor emerges as the integrability
condition:

Viff§ =iCijuf*. (5.23)
From this it also follows that:

ViCir = 0. (5.24)
One also easily finds

hapi = —Z'C'ijkfgfzf, (5.25)
Vihabj — 2 haeihhyg; = =iV Cia fE £} (5.26)

In addition to the above restrictions posed by the geometry, there are also a number of
relations descending from the fact that the sections describing the scalar fields transform
in the adjoint representation and the Killing vectors X! are rigidly fixed and given by
the second of eq. (5.6). Since the Kahler potential is strictly invariant, the real Killing
potentials associated to these Killing vectors are determined by K, = —2i X! K; = 2iXIK 2

i

in such a way that X! = 3 g7V ;K,. Using the second of (5.7) and its derivative, one then
finds the following two equivalent expressions:

KCL = fabc(Lch + EbMC)
= 2 hoq fr AP L . (5.27)

From the expressions (5.6) and (5.27) one then derives the following identities:
XL =0, X[*= —% FioK,, K L®=0, K,L*=0. (5.28)

The equivariance condition reads

1

95X, X} = K. (5.29)
Moreover, as a consequence of the identity Myp. CdeLd = -2 fc(éiMb)d implied by the
transformation properties of the gauge kinetic function, one finds the following cyclic
identity:

X hpes + Xiheai + Xehapi = 0. (5.30)
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Notice finally that using (5.23) one deduces that V;Xo; = Jid fC ( fabdhdc + X hbck) and
using then (5.30) and the fact that f ,° . = 0, one arrives at the following identity:

ViXi = —2XFh%hg . (5.31)

To summarize, the Lagrangian takes the following general form, after choosing the
Wess-Zumino gauge:

£:/d49 K(<I>,<I>)+(Ka(<I>,<I>)+£a)V“+29i3—(<I>,<I>)XZ(¢) X} (P )Vavb}

1

/d2 (®) + m*My(®)) — 1 Mab(®) W“QWS} +h.c.. (5.32)

One may now verify more explicitly that this is invariant under the second supersymmetry,
by retaining only terms at most linear in the vector multiplets in egs. (5.2) and (5.3). In
components, this gives

S | 1 ~ o iTE G T
L= ~gig Dy D' — Zhay Fy, ' + Shap Ffy ™ — igis o (P07 + T DT G7)

—%hub ACDA 4 hoe — =

ﬁcijk ffE XY ), +he. — Vs — Vi, (5.33)

where:
Ve = 26 g + ifucm) (@ — ifua) + § Bt €0) (Kt &), (534)
Vi = %[\/5@ Cijif™ ((ea = ifarm” )"0 + (80 — ifar™”) f FIA"X°)
+VB(Rai + 1Ok ST (Kt £)) 0] + .
Ry (VORI 4 FLE TR ANAN 2k FLui AN
+H(N2’Cﬂd + 2 CitmClin I ) £2 fi b pT XNOAP
+ CormCiin S T FERA I | 4 hc.. (5.35)

The first supersymmetry transformation laws involve not only the usual action of
the supercharge, but also a compensating gauge transformation with superfield parameter
A* = 22’90“€Aﬁ+292€5\“ needed to preserve the Wess-Zumino gauge choice. The additional
gauge transformation turns the ordinary derivative appearing in §¢* into a gauge-covariant
derivative, and one finds

5" = V2eq)t, (5.36)
ot =V2e FP +V2i PP e, (5.37)
6AS =iea A" — X0, €, (5.38)
A" =ie D" + o"e Iy, . (5.39)
The auxiliary fields F? and D® are given by
—VE F(q — i fayi?) + STk 6T + SO PR NN, (5.40)
a 1 a 1 a %

D" = =g h(Ky+ &) = = Cige " [N + . (5.41)
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The second supersymmetry transformation laws similarly involve not only (5.2), (5.3),
but also a gauge transformation with superfield parameter A* = —/89eéL® — 292f2-“€¢i,
needed to preserve the Wess-Zumino gauge. The extra gauge transformation shifts the
D auxiliary field appearing in 09" by h® K}, and one finds
8¢Z = \/Eéfé)‘a ) ( )
0" = V2EF + V20, fou! (eX") + 0"V e fLFy, (5.43)
0AY = —iéo, fo +ifMio, €, (5.44)
ONY = ie D + V2i fAIDSE. (5.45)

The quantities Fi and D® appearing in these expressions are found to be given by

Az_Lz a ab :L
Fi= a0+ hE) = o

D* = —2i (f2F" + V8im® — % KfiyT) = 2i h® (e, — i frem®) + ferm. . (5.47)

f(Kq — &) + ferm. (5.46)

It is clear from the form of these expressions that the vectors (A%, fa1)") are doublets
of the SU(2)g automorphism group of the N = 2 supersymmetry algebra. In particular,
the second supersymmetry transformation can be obtained by supplementing the first
supersymmetry transformation with the non-trivial element of the center Zs of SU(2)g,
acting as (A%, fa') — (—f**, A\%). The above transformation laws, derived by using
an N = 1 superfield approach, agree with those derived in a component approach in
[41, 42, 43, 44] by imposing the above Z; invariance, in the special case where f = 7.

The extension to supergravity was developed in [34, 35, 14, 15]. It presents again some
subtleties related to those terms in the action that were not genuinely but accidentally
invariant. More precisely, it turns out that models of the above type can be consistently
coupled to gravity only if the coefficients of the Fayet-Iliopoulos terms and the electric
and magnetic linear superpotentials satisfy some restrictions. Again, this is due to the
fact that the trivial invariance of such terms in the rigid limit is spoiled by gravitational
effects. The main new feature is that there appears a non-trivial U(1) bundle over the
scalar manifold with curvature proportional to My 2 and the manifold becomes Special-
Kahler-Hodge. To spell out more precisely the restrictions that need to be imposed on
the N = 2 Fayet-Iliopoulos terms, let us set the complex magnetic constants to 0:

m*=0. (5.48)

Let us furthermore parametrize the real Fayet-Iliopoulos constants &, and the complex
electric constants e, in terms of a triplet of real constants Py:

P! = 2Re(e,), P?=2Im(e,), P*= %ga. (5.49)

It is quite common to introduce also a similar notation for the non-Abelian part of the
Killing potential, which is however not a constant but a real function of the scalar fields,
and behaves as a singlet:

Po— —%Ka. (5.50)

5For the inclusion of magnetic gaugings, see [45, 46, 47].
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The statement is then that in supergravity the triplet of constants P must satisfy a
non-trivial equivariance condition, and are thus constrained. More precisely, there is a
non-trivial effect coming from an SU(2) curvature, which is of order My 2 and is thus
a genuine supergravity effect. For Abelian factors, however, this is the only term that
arises, and one then obtains a constraint that is independent of My 2 and survives in the
rigid limit. This constraint on N = 2 theories is the analogue of the constraint on N =1
theories that the Fayet-Iliopoulos term can arise only under the very special circumstance
that it is associated to a gauged U(1)r symmetry, and it reads

€V PYPE = ). (5.51)

This means that when interpreted as trivectors, the P7 for the various values of a must
all be parallel. The general solution to this equivariance condition is then parametrized
in terms of a single trivector P*, whose direction defines a definite U(1)g subgroup of
SU(2) g, and some real coefficients pg:

PY = p,P". (5.52)

Notice that in terms of the original coefficients, this restriction implies that besides having
the £, real, one needs also the e, to have all the same phase z. We shall here allow for non-
zero &,, contrarily to what we did in the N = 1 case, since as soon as P* is not zero, we
are in the peculiar situation where a U(1)r symmetry is gauged when gravity is switched
on. From now on, we will then restrict to theories of this type, admitting a consistent
coupling to gravity, whereas we shall discard to other more peculiar possibility of gauging
the whole SU(2)g. In this situation, the superpotential takes the form W = /2 z|e,|L?
and as a result it satisfies the following relation, descending from (5.23):

VZ'W]' = iZ2Cijka . (553)

Notice finally that one can reshuffle the scalar potential (5.34) as follows. For the
F-term part, we get 2h%e,é), = %h“b(Palel + P2P?). For the D-term part, three types
of terms arise. First, we see from (5.28) that %h“bKaKb = %ginél_}“Xng = %h“ngPg.

Next, %h“bga&, = %h“ng’Pg’. Finally, from the second of (5.27) and the fact that &, is

non-vanishing only for Abelian factors, it follows that %h“bKa&, = (. The scalar potential
can then be rewritten in the following form, which reproduces that of [14, 15]:

Vs = LouXiL'X]L" + LI PI Py

= Sh(POPY + PIPY). (5.54)

5.1 Supertrace

At a generic point in the scalar field space and for vanishing fermions and vector fields,
the auxiliary fields simplify to

F'= —\/2 flag,, (5.55)
Do — —%h“b(Kb—k &). (5.56)
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The corresponding hatted quantities similarly simplify to

Fi= %f; (D* + h™K,) = %f"“(m— ) =F' + E (5.57)

D% = —/2i fOF" = 2i h%ey,. (5.58)

The mass matrix of the scalar fields is given by

(mg)ij = — R (2 FEEL 4 fffngan) + h X 45 X

+ %(viXaj — 2h%hgy; X5) D + hec., (5.59)
(md)ij = %Vz’Cjkl (222FFF + frfyD*D") — h** X4 Xy

+ 2ih" hap Xejy D® + TV, (5.60)

The mass matrix of the fermions reads instead

(m1y2)ij = —i2*Ciju F* (5.61)
(m12)ab = —iCijku;fg Fk, (5.62)
(m1/2)ia = V2 Xai — \/%Cijkfc{fé“ Db, (5.63)

Finally, the mass matrix of the vectors is

(m¥)ab = 2 X, Xy - (5.64)
A straightforward computation gives

tr[ml] = 2 Ri; (2F'F7 + fif] D°D®) + 2 X, X} — 4i hPhop; XLD®* + hee.  (5.65)

tr[m? 5] = Rij (2F'F7 + fof] D*D) + 4 h® X i X} — 2i h%hpe; XD + hc.,  (5.66)

tr[m?] = 2h* X, X} . (5.67)
It follows that the supertrace of the mass matrix vanishes [13]:

str[m?] = tr[m3] — 2 tr[m%ﬂ] + 3tr[mi]

=0. (5.68)

This result also follows directly from (3.31) and the properties that the Christoffel sym-
bols are related to the derivative of the gauge kinetic function, the Ricci tensor to the
contraction between two of these, and finally that the trace of the charge matrix satisfies
the property (5.31).

5.2 Metastability

The possible vacua of the theory correspond to points in the scalar manifold that satisfy
the stationarity condition Vg; = 0, which implies

—%Cijk(z 2FIFF 4 fifF DODY) 4 iX,D* = 0 (5.69)
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The relation (3.33) between the values of the F* and D auxiliary fields can be simplified
a bit by using the fact that fF; vanishes for non-Abelian generators. One finds

iXE s fEFEFTFT — X7 Xy, D + % Forlkae DPDE = 0. (5.70)

On the vacuum, one has 01" = V2eFt, A% = ieD®, 5yp' = 2eF", A% = iéD®, and
the first and second supersymmetries are spontaneously broken respectively if some of the
auxiliary fields F*, D® or some of the 2 ‘ D% are non-vanishing. The order parameters
are given by the norms of the two vectors built out of these two sets of quantities. Since
I:”F’Z = %D“Da and %f)“ﬁa = F'F;, these two norms actually coincide and define again in
two equivalent ways, emphasizing the two supersymmetries, the scalar potential energy:
Vg = F'F; + %D“Da =F ‘F; + %f?“f)a. In such a situation, there are then two massless
Goldstini, associated to the two independent supersymmetries and given by:

n = V2EW +iD N, ) = V2E 4+ iD A, (5.71)

In fact, one can verify that the stationarity condition and the gauge invariance of the
superpotential imply that these are always flat directions of the fermion mass matrix:

my =0, myz=0. (5.72)

In the situation under consideration, the two supersymmetries can only be broken simul-
taneously.” The sGoldstini are in this case linear combinations of scalars and vectors, but
the relevant thing to look at is the projection along the scalar field space. One then gets
four independent real linear combinations, corresponding to the projection of the complex
Goldstino vectors ' = v2F' and 7' = V2"

o =FE¢l+ Fo', o =iFdt —iF¢, (5.73)
or = Fip'+ Fyd’, ¢ = iF¢’ —iFg’. (5.74

The masses of these four scalar modes can now be computed by evaluating the scalar
mass matrix along the directions ol = (F' F?), oL = (iF', —iF"), ¢, = (F' F") and
ol = (zﬁ’l, —iﬁ’z), and dividing by the length of these vectors, which is 2F*F; for the first
two and 213”1?’2 for the last two, with F'F; # I:”ﬁ’z Notice however that F® and EF" are in
general not orthogonal, and do thus not necessarily lead to two independent informations.
More precisely, one has Fi= Fj + F”Z,

case and orthogonal to F*, whereas FHZ is non-vanishing whenever there are N = 1 Fayet-

where Fj is non-vanishing only in the non-Abelian

Iliopoulos terms for some Abelian factors and is parallel to F* whenever the alignment
condition on the N = 2 Fayet-Iliopoulos terms is satisfied.

Viewing the theory as an N = 1 theory with I’ and D breaking, the first pair of masses
is given by eq. (3.37), with R, S, T and M? given by eqs (3.38), (3.39), (3.40) and (3.41).

"The result (5.72) actually holds true even in more general situations where the Fayet-Iliopoulos terms
are not aligned and magnetic superpotentials are considered. In such a situation, partial supersymmetry
breaking is known to be possible [48] (see also [49, 50]). But in that case F* and F** turn out to be parallel
on the vacuum, and there is thus only one independent massless Goldstino. In models compatible with
gravity, on the other hand, partial supersymmetry breaking requires also the presence of hyper multiplets,
whose presence can modify the alignment consistency condition [51, 52].
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But the constraints imposed by the fact that the geometry is Special-Kéahler do in this case
substantially simplify both the stationarity condition and the form of the curvatures, and
there emerges a relation between the quantities R, S, T and M? evaluated at a stationary
point. This relations can be derived by solving for C;;iF° JF¥ in the stationarity condition
(5.69) and taking its square norm. One then sees that the mixed terms drop out thanks
to the properties implied by gauge invariance on the prepotential, and one deduces that

(D*D,)? L DD,

MR (5.75)

RWE:%T

Coming back to the N = 2 picture, one may compute more explicitly all the four

masses and simplify them by using the stationarity condition. To emphasize the important
aspects of the results, we shall study separately the Abelian and non-Abelian cases.

Abelian case

Consider first Abelian gauge groups. In this case X! = 0and K, = 0. One then has
Fy = =% AP} +iP2) and F; = L f*P3, so that F'F; = $h*(P}P} + P?P?) and
FiF; = Lhab p3p3.

For simplicity, let us first study the situation where all the parallel Fayet-Iliopoulos
parameters are rotated in the plane where e, # 0 but &, = 0. This implies that F* # 0
but F" =0. As a consequence, only the first pair of sGoldstino directions is well defined,
whereas the second pair is not. The first two sGoldstino masses are easily found to be
given by:

) C_
m,, = RF'F;£A. (5.76)
In this expression, the quantity R originates from the contribution from the Hermitian

block (m2);; of the mass matrix, whereas A encodes the contribution coming from the
off-diagonal block (m3);;. The former corresponds to a sectional curvature:

Rigmn FFIF™F"

R=— (FF)? (5.77)
It then follows that
miz%(mi++m?p) = RF'F;. (5.78)

This result represents the informations associated to the first supersymmetry, to which a
non-degenerate sGoldstino can be associated.

At this point, a sharp simplification does however occur when taking into account the
form (5.22) implied for the Riemann tensor by the fact that the geometry is not only
Kahler but actually Special-Kéahler. Indeed, we see that at a stationary point satisfying
the stationarity condition Cjj; F° iFk = 0, the sectional curvature R actually vanishes. This
corresponds to eq. (5.75) applied to the present case:

R=0. (5.79)
The two sGoldstino masses then simplify to

m2, =+A. (5.80)
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It finally follows that

m2 =0. (5.81)

Let us now consider the more general situation where e, # 0 and &, # 0, where F" # 0
and # (0. In this more general situation, both pairs of sGoldstini are well defined.
However, we do not expect to get any additional information, since all the &, can be set
to zero by an overall SU(2) transformation, and we known that Vg is SU(2) invariant.
Nevertheless, it is instructive to see how it works in this case. The four sGoldstino masses
are found to be of the following form:

m2, =2RFF;+2R F'E+ A, (5.82)
m%, =2RFF+ 2R F'F+A. (5.83)

In these expressions, the quantities R, R’ and R originate from the Hermitian block
(m?)i7 of the mass matrix, whereas A and A encode the contributions coming from the
off-diagonal blocks (m%)u As usual, only the former have simple expressions, which are

Rijmn FIFIF™F"

R—=— _ 5.84
Ry FIFTE™ FT
R =-2m"__ _ (5.85)
(FRFy)(FUF)
A Rz'*mﬁ Flﬁjﬁmﬁ’ﬁ
R=-Tt- . (5.86)
(FkE)2

Note that compared to the treatment of N = 1 theories with F' and D breaking of section
3, the quantities R, R’A and R introduced here correspond to the quantities R, S and T,
whereas F'F; and F ‘[ correspond to F'F; and %D“Da. Using the relation (5.75), we
then see that the terms R F'F;, S DD, and T (D*D,)*/(4 F'F;) in eq. (3.37) become
respectively R F'F;, 2R'F'F; and R F'F;, and there is some simplification in the masses
of the first pair of sGoldstini, whereas the mass of the new second pair of sGoldstini takes
a similar expression with hatted and unhatted quantities exchanged. For the average of
each pair of masses, one finds

md =g (md, +m? ) = 2RF'F, + 2R F'F, (5.87)
md =g (md, +md ) = 2REF'F, + 2R F'F;. (5.88)

These results represent the informations associated to the two supersymmetries. In the
case of aligned Fayet-Iliopoulos terms, however, these two expressions should coincide
and represent the same information, since F* and F are proportional to each other:
Fi = iz(ps/\/p} + P3)F".

The crucial simplification comes again from the form (5.22) of the Riemann tensor in
Special-Kéhler geometry. First, the stationarity condition reads Cj ;i F' IFk = 52Ciij i fk
and leads to a relation between R and R, which is just eq. (5.75) applied to the present
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case. In addition, the alignment condition implies that F’ iF7 = —22FFT and leads to a
relation between R’ and R or R. The two relations are:

R(F'F)? = R(F'F)* = —R(F'F)(F'F}) . (5.89)
The expressions for the four sGoldstino masses then simplify to

m2, =+A, (5.90)

m3, = +A. (5.91)
It finally follows that

m? =0, (5.92)
2
m} = (5.93)
As expected, these two results coincide and it is clear that they represent the same in-
formation, since they are defined out of the two complex directions F? and F*, which are

parallel. There is thus really only one SU(2)-invariant information, stating that:

m2 iy =0. (5.94)

@inv

The above result represents the rigid limit of the result obtained in [9] for the super-
gravity case (see also [10] for a derivation of the same result in the language of [15]). The
cosmological constant reads Vg = F'F; + %D“Da — 3m§ /QMI% and the average sGoldstino
mass is

2 iy = 2 M2 (F'Fy + D°D,) + 6m (5.95)

@inv

Again, we see that the main feature of this result, namely the fact that it is independent
of the curvature, is also captured in the rigid limit, in which m3/,, — 0 and Mp — oo.
Gravitational effects influence only quantitatively the result, making it negative instead
of zero in the case of positive cosmological constant.

Non-Abelian case

Consider next non-Abelian gauge groups. In this case X! £ 0 and K, # 0. Then
F, = —\/%ff(Pal +iP2?) and F; = \/i?ff(Pj’ + P?), so that F'F; = $h"(P} P} + P2P?) and
FiF, = h (P3P + POPY).

As before, let us consider first the case where all the parallel Fayet-Iliopoulos terms
are in the plane corresponding to e, # 0 and &, = 0. One then has F* # 0 and Fi £ 0,
but whereas the first is truly generic the second is in fact related to the Killing vectors,
Fi=— \%X iL% and this brings up some substantial simplifications. In such a situation, all
the four sGoldstini are well defined and their masses are found to be given by the following
expressions, after using the stationarity conditions and all the relations descending from
gauge invariance:

- s PR

ms, =2RF'F;+2R F'F,+ M°—— + A, (5.96)
FiF;

m3, =0. (5.97)
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In these expressions, the quantities R, R’ and M? emerge from the contribution of the
diagonal block (m3);; of the mass matrix, whereas A encodes the contribution from the
off-diagonal block (m%)w The quantities R, R’ and M?, together with the quantity R
introduced for later use, are given by:

o Rign FUEIFET 5.9
N (F*E),)2 ' '
R/— _RijmﬁFiFijﬁﬁ (5 99)

(FREy) (FLR)
fo— - Bgmn EEVETE (5.100)
(ERF,)2 ’ '
Xk Xy, fOFLEET
M2 =2 b’ifgfj : (5.101)
FLE,

Note that compared to the treatment of N = 1 theories with F' and D breaking of section
3, the quantities R, R, R and M2 correspond to the quantities R, S, T and M?2, whereas
FF; and F'F} correspond to F'F, and %D“Da. Using the relation (5.75), we then see that
the terms R F'F;, S D*D,, T (D*D,)?/(4 F'F;) and M?D®D,,/F'F; in eq. (3.37) become
respectively R F'F;, ZR’Fiﬁi, RF'F; — MQFZI%Z/FJFJ and 2M2Fi1§i/Fij, and there is
some simplification in the masses of the first pair of sGoldstini. Concerning the second
pair of sGoldstini, we now observe that they can actually be identified with particular
real linear combinations of the would-be Goldstone modes o, = X4;¢0" + Xo7¢7, and their
conjugates p, = iXai#' — iXq;¢7. Indeed, since L*X: = 0 and L®X] = —\/51*%’7, one has
$yr = —v2Re L%, = —v/2Im L%, and $_ = —v2Re L%p, = v/2Im L%0,. We moreover
see that due to the fact that X!L® = 0, we are in the situation where, as explained at
the end of section 3, the Goldstone modes in the directions Re L% and Im L® are linearly
related to their conjugates in these directions. As a result, both ¢4 and ¢_ correspond to
unphysical would-be Goldstone modes o4 and o_. This explains why they have vanishing
masses, and also tells us that this information should be discarded. Taking the average of
the first pair of sGoldstino masses, one is finally left with the following information:

2 _ L1/ o 2\ _ i 7 ;i o 2
mg = 5(mg, +m ) =2RF'F+2R F'F;+ M FIE,

(5.102)

Once again, the special form (5.22) taken by the Riemann tensor implies some relations
among the quantities R, R’, R and M?. More precisely, the stationarity condition implies
that C’iijij = ZQC’iijij + ﬁi?}’(mngj and leads to a relation between R, R and
M?, which is just eq. (5.75) applied to the present case:

R(F'F)? = R(F'F;)* + M2F'F,. (5.103)

The expressions of the masses of the first pair of sGoldstini can then be recast in the
following form:

LA (5.104)



This finally yields:

2 _ 1, 9 2\ _opl i A(Fiﬁi)Q 2Fi1%i
my =5 (m}, +m} ) =2R F'F+2R FIF, +3M FIE, (5.105)

This result corresponds to the information related to the first supersymmetry. We have
seen that it can be obtained by simplifying the corresponding expression obtained in
section 3 for N = 1 theories with F' and D breaking. There is instead no useful information
related to the second supersymmetry, because the corresponding sGoldstini coincide with
unphysical would-be Goldstone modes. Notice that in the limiting situations where F* # 0
but £ = 0, the above positive-definite result for the average masses goes to zero. One is
then back to a situation that is similar to the one arising in the Abelian case.

As before, one may now consider the more general situation with e, # 0 and &, # 0,
where F* # 0 and Fi # 0. As for the Abelian case, we do not expect to get any new
information with this generalization, because all the £, can be set to zero through an
overall SU(2) transformation, provided the N = 2 Fayet-Iliopoulos terms are aligned. It
is nevertheless instructive to work out the results also in this more general situation. In
this case, we shall however not redo a detailed comparison with the N = 1 perspective, and
rather work out the results in a manifestly SU(2) invariant way, in order to gain insight
on how the information behaves under SU(2). Using the notation (5.49) and (5.50), the
four sGoldstino masses are found to be given by:

2 ! pal PO A(PGOP3)2 2Pa0Ptg
m :RP Pa—l—Rﬁ—l—fiM g x:l:A, (5106)
i Pbz ps Pz p;
Pa3P3
2 _ a 2
m‘ﬁi - Pa3Pa3 + PQOP(? mgpi ) (5107)
where
R szquéﬁfgfg paz pba pc0 pdo (5 108)
(PRI |
R Riquféfg gf'[fi] PaOPbOPCOPdO
R=- ooy : (5.109)
2 Xi X;; P20 P
M? = ==t (5.110)

We see that (5.106) is simply the SU(2) invariant completion of (5.104), and therefore
represents the correct generalization of the information. On the other hand, (5.107) is not
SU(2) invariant and does not represent any additional information. The reason is that
when &, # 0, the two directions F" and F' are no-longer orthogonal. The most appropriate
way to proceed is then to subtract from Flits projection F”Z along F*, and look at the
direction F'}. But this direction is nothing but the complex would-be Goldstone direction
XiL corresponding to the unphysical modes 0, = —v2Re L%, = —v2Im L%, and
o_ = —/2Re L%, = v2Im L%,, which lead to vanishing masses. This shows that
(5.107) represents in fact the same information as (5.106), but diluted along an unphysical
direction. So once again the only useful information comes from the first pair of sGoldstini,
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and reads:

(POPD? o PR

2 2 _ ! 0 p0 >
(m@++m@7)—RPa Pa‘i‘RPTPI;C PbeI;,C

1
5 (5.111)

mg

One may wonder whether it is possible to get this SU(2)-invariant information in a
more transparent way, by somehow reorganizing the four sGoldstini according to their
SU(2) transformation properties, as in the case of the hyper multiplets. To answer this
question, notice first that in this case, contrarily to the case involving only hypers, the
Lagrangian is not SU(2)-invariant, unless one promotes the Fayet-Iliopoulos constants Py
to triplet spurions. The transformation properties of the sGoldstini are then determined
by the dependence of the Goldstino directions on the singlets P? and the triplets PZ.
Notice in this respect that we have defined the two Goldstino directions in terms of
Fi o fio(P! — iP?) and F' o fi(P% 4+ P3). But one could have equivalently used also
the other two quantities fiD® < fi*(PY — P3) and fiD®  fi¢(P! + iP2); these would
have given the same information in the above analysis, as a consequence of the alignment
of the triplets P¥ and the relation of the singlets P? to would-be Goldstone modes. Then,
considering all these four complex directions on equal footing one might equally well switch
to the linear combinations fi@P? and fi@PZ? which are clearly a singlet and a triplet of
SU(2). Notice however that due to the alignment condition P = p, P, the latter three
vectors differ only by their normalization, and define thus the same direction. In this way
one recovers just two independent complex directions, which are both SU(2) invariant,
and the masses of the corresponding pairs of real sGoldstini are respectively given by 040
and m2 + A, with m?, given by eq. (5.111).

The above result is new. It shows that the situation improves when generalizing the
gauging from Abelian to non-Abelian. Tachyons do no longer necessarily appear, because
those states that were giving rise to them in the Abelian case receive an additional positive
definite contribution to their mass in the non-Abelian case. Note however that when
P? = 0 one gets P) = 0 at stationary points, by the reasoning after (3.33). It is thus
necessary to switch on at least some of the PY to achieve metastability. Another case
where the result (5.111) vanishes identically is when the prepotential is quadratic, since
in that case R’ and R vanish due to the vanishing of the curvature and M? vanishes due
to eq. (5.70) contracted with D* and the constancy of the gauge kinetic function. This
is compatible with what happens in the rigid limit of the examples constructed in [10],
where for Mp — oo the geometry becomes flat and the scalar masses tend to zero.

We expect that to obtain the generalization of this result to supergravity, one should
proceed exactly along the same lines and compute the average mass of the first pair of
sGoldstini. But as usual, the supergravity result can differ from the rigid one derived
here only by quantitative effects, suppressed by inverse powers of the Planck scale. One
should then be left with some freedom to keep the value of the average mass positive
also in the presence of gravity. Concerning the second pair of sGoldstini, we believe that
they are again associated to two would-be Goldstone modes, and do therefore not yield
any further information. Indeed, the relevant direction in group space is changed from
L% to LA, with A = 0,a and involves now also the graviphoton direction, but the crucial
property X:L% = 0 simply generalizes to XQLA = 0. As a result, it remains true also
in supergravity that these two modes are both massless but unphysical. We have verified
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this statement in the explicit examples constructed in [10], where there is always a pair
of would-be Goldstone modes forming a complex scalar field.

In this case too it is unclear to what extent the necessary condition for metastability
could be made sufficient by allowing a tuning. Indeed, for a given geometry associated to
K the only things one may change are the Killing potentials defining the gauge symmetries.
But these are not arbitrary functions, and can therefore be adjusted only in a limited way.

6 N=2 models with hyper and vector multiplets

Let us finally consider the most general case of N = 2 theories with nyg hyper multiplets
H* and ny vector multiplets V¢, This is a particular case of N = 1 theory containing
nc = 2ny +ny chiral multiplets Q* and ®° plus ny = ny vector multiplets V. The most
general two-derivative Lagrangian is specified by a real Kahler potential K, a holomorphic
superpotential W, a holomorphic gauge kinetic function f,;, some triholomorphic and

holomorphic Killing vectors X* and X, and some real Fayet-Iliopoulos constants &,, all

a’
subject to strong restrictions required for the existence of a second supersymmetry. We
shall not derive in full detail these restrictions, because they emerge essentially in the
same way as in the cases involving only hyper and vector multiplets, discussed in sections
4 and 5. Moreover we shall restrict from the beginning to theories where the superpotential
involves only an electric term and no magnetic term. In N = 1 superspace, the Lagrangian

is then found to take the following form:

L= /d49 [K7(Q.Q.V) + KV (@,8,V) + £,V (6.1)
+ /d29 [SP(Q) +V2e,LY(®) + V2i P, (Q)L*(®) — i b (P) W“O‘Wab] +h.c..
Besides the normal coupling between hyper and vector multiplets, which involves the real
Killing potentials —%Kf associated to the Killing vectors XY, there is also an additional
coupling which involves the holomorphic Killing potentials P, admitted by the X/ due to
the fact that they are triholomorphic. These extra couplings are required by the second
supersymmetry, and generalize the well-known couplings arising already in the minimal
theory based on a flat geometry between the pair of chiral multiplets forming each hyper
multiplet and the adjoint scalar contained in each vector multiplet. The self-interaction
of hyper multiplets, which represents the generalization of the hyper multiplet mass terms
in the flat case, are again described by a triholomorphic Killing vector X% = v/2i5 X% LY,
and the associated holomorphic Killing potential P = v/2i5 PyL°.

The above Lagrangian is invariant under a second supersymmetry, which acts on the
N =1 superfields in the following way:

Q" = —%Q“”[ﬁ [(Ku(Q., Q) + 2i X0 (Q,Q)V* + O(V?)) (¢0 + €0)]

—2i[(s+8) X"(Q) + V2i X3(Q,Q)L*(P)] 6, (6.2)
6B = V2ifi (D)W, (6.3)
OV = —v2i(LY®) — i f,"LY(®)V + O(V?))éf + h.c. . (6.4)
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The full N = 2 supersymmetry algebra closes only on-shell, by using the equations of
motion of the superfields Q“ describing the hyper multiplets, and there is a central charged
acting on the latter:

6.Q" = aX"(Q), (6.5)
5. =0,
5V =0.

One may again use alternative forms of the supersymmetry transformations, which
are equivalent on-shell for the Q“. For instance, one may add to (6.2) the trivial trans-
formation 6,Q" = 1QW[D?(K, + 2iXV® + O(V?)) — 4sP, — 4V/2iP,, L%)é6, which is a
symmetry of the on-shell theory since the parenthesis is proportional to the equations of
motion of Q". This gives 0Q" = —3QD?[(K, + 2i XV + O(V?))é)] — 2i5X 0.

The gauge transformations are defined by the triholomorphic Killing vector X} for
Q", and take the same fixed form as before for ® and V¢, corresponding to the adjoint

representation:
5,Q% = A° XY, (6.8)
5,8 = [y AL, (6.9)
GV = 50" = R4 (AT ROV OV, 1)

The Killing vectors are related to the Killing potentials in the usual way, both in the
hyper and in the vector multiplet sectors:

X! = %giﬂ’ijaV, Xt = %guﬁv@Kf. (6.11)

The equivariance conditions following from the fact that these Killing vectors X’ and X*
are holomorphic take the usual form:

T .
gin[Zan] = Zfachcv7 guT)X[qéXg] - ZfachcH- (612)

In addition, there is an other equivariance condition emerging in the hyper multiplet
sector, due to the fact that X} is actually triholomorphic. More precisely, exploiting the
fact that it is also holomorphic with respect to the two extra complex structures yields
the following extra complex condition, involving the holomorphic Killing potential P.:

Quo X" XY = if,, P.. (6.13)

We see that this condition is actually crucial to guarantee the gauge invariance of the term
in the superpotential that mixes hyper and vector multiplets. Finally, global central charge
invariance of the minimal gauge coupling K,V ® and gauge invariance of the superpotential
P = /2i5PyL° for hyper multiplets impose two further constraints, one real and one
complex, which read:

g X XY =0, QXX =0. (6.14)

These conditions ensure the compatibility between the local gauge symmetry and the
global central charge symmetry, which are independent.
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In the Wess-Zumino gauge, the action can be expanded at quadratic order in the vector
superfields and simplifies to the following expression:

L— /d49 [K7(Q.Q) + K (@,8) + (KI'(Q.Q) + K) (@,8) + &)V
+2 (9u(Q Q) XLQXE(Q) + 9i(®, 8) X (#) X](®)) VoV
+/d29 [SP(Q) +V2(iP,(Q) + eq) L*(®) — !

7 Ma(2) W“awg] +he.. (6.15)
We see now that much as the real constants £, correspond to the ambiguity in the real

Killing potentials Kf , the complex constants e, correspond to the ambiguity in the holo-
morphic Killing potentials P,, for Abelian factors. Moreover, one may now verify more
explicitly the invariance of the couplings between hyper and vector multiplets, by keeping
terms with up to one vector multiplet in egs. (6.2)-(6.4). In components, one finds:

L= —gus Duq“Dﬂqﬁ _ gijD“qbiD“(J_Sj _ lhab F:LLVFbuV + lk‘ Fa Fromv

~igus X“ (DX° + T% DY) — igig ' (D97 + Ty, ¢mw")——h A*PA" + hec.

—écijk FE X FE, 4 hie. — Ve — Vi (6.16)
where:
Vs = Guo(sX¥+ V2i XYL (5X"— V2i XTL") + 2h (P, — ieq) (Py + i)
FL PRI KY 4+ €) (K K+ &), (6.17)
Vi = %[z Qs Vo (X + V2 XPLY) XX — VB Qo X2 FIX"0 + VB XA

— VR fr (P — iea) W' — (P + iea) fi FIAX°)
+V8(Xai + —Cijkfgfkb(Kzf{+ Ky + éb))wiA“} + h.c.
iRmt XXX = R (G0 T8+ FLf TN 215 L AR
t3 [(ivicjkl +2 Cikmcjlnfgnfnc) FRfLipI NN
o+ CormCiin [ SR 4 .. (6.18)

To determine the first supersymmetry transformation laws in components, one has
as usual to take into account the need for a compensating gauge transformation to stay
in the Wess-Zumino gauge, with parameter A* = 2ifg/'€A}, + 20%\*. The additional
gauge transformation turns the ordinary derivatives appearing in dx“ and 4" into gauge-
covariant derivatives, and one finds

5q¢" = V2ex", (6.19)
5X" = V2e F" + V2i Pq"e, (6.20)
St =V2er)t, (6.21)
Y =V2e F' +V2i Do e, (6.22)
6AS =ieo A" —iX0,E, (6.23)
A" =ie D* + d"e I, , (6.24)
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The auxiliary fields F*, F' and D® are given by

= i@ (5 X7~ iVAXLY) + STy (6.25)

F' = V31 f(Py + i60) + 5 i 070" + 5 Cn fFE AN (6.26)
1 1 - :

D = —Eh“b(KlfI+ K+ &) — NG Ciiu IO fEWIA + hec.. (6.27)

To determine the second supersymmetry transformation laws, one has to similarly supple-
ment the transformations (6.2)—(6.4) with a compensating gauge transformation to stay
in the Wess-Zumino gauge, with parameter A® = —/80eL® — 202f2-“é1[)i. The additional
gauge transformation shifts the F' auxiliary field appearing in dx* by —v/2iP?L® and the
D auxiliary field appearing in 09" by h* K}, and one finds
8(]“ — _\/iﬁuﬁéxvy
OX" = V2ZEF" + V2T i exX"x' + V2i Q' Dge,
0" = V2& fiN,
oYt = V2EF' + V20, fiyI (eN) + o™V e fiF,
0AY = —iéo, fo +iffio, €,
oA = e D + V2i fAIDSE.

The quantities £, F* and D* are found to be given by

FU = Q" (F'+ (s + 5)P°+V2i(L*— L) P} - %Fg’f Y = —i5X " —V2XUL,(6.34)
n U a a U Fia

F :EfG(D +thl§/):%f (KY — KH—¢,) + ferm. (6.35)
D = —V2i(feF — % O fop'l) = =2 h (P, — iey) + ferm. . (6.36)

The extension to supergravity can be found in [34, 35, 14, 15]. It turns again out that
models of the above type can be consistently coupled to gravity only if the coefficients
of the Fayet-Iliopoulos terms and the part of the superpotential linear in the sections
satisfy some restrictions. The main new feature is that there appears a non-trivial SU(2)
bundle over the hyper multiplet scalar manifold and a non-trivial U(1) bundle over the
vector multiplet scalar manifold, with curvatures proportional to M52, and the full scalar
manifold becomes the product of a Quaternionic-Kéhler manifold and a Special-Kéahler-
Hodge manifold. To spell out more precisely the restrictions that need to be imposed on
the N = 2 Fayet-Iliopoulos terms, we proceed as before and relabel the various Killing
potentials in a more appropriate way, by defining a triplet of new potentials P¥ as follows:

. . 1
Py = —2Im(Py—ieq), Pi =2Re(Pa—ieq), Py =3(Kl+6), (6.37)
One may also introduce as before the notation
1
0 1%
Pl =—3K,; . (6.38)

a

The triplet of functions P must satisfy a non-trivial equivariance condition, and are thus
constrained. As before, there is a non-trivial effect coming from the curvature of the
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SU(2), which is of order My 2 and is thus a genuine supergravity effect. For Abelian
factors under which no hyper multiplet is charged, however, this is the only term that
arises, and one then obtains a constraint that is independent of My 2 and survives thus
in the rigid limit. This constraint takes the form (5.51), whose solution is (5.52). For
non-Abelian factors, on the other hand, the gravitational deformation of the equivariance
condition is smooth and can be safely discarded in the rigid limit. One is then left with
the equivariance conditions (6.12)—(6.14). Notice finally that the superpotential does no
longer display the special property (5.53), because it now involves also the non-Abelian
sections.

Notice finally that it is possible to reshuffle the scalar potential (6.17) by proceeding in
the following way, with manipulations that are similar to those used in [53, 54] to discuss
truncations of N = 2 to N = 1 supergravity theories. From now on we set again s = i
for simplicity. For the F-term part from the hyper multiplets, we start by rewriting it as
QQHGXXX};LAIZB, with a new index A = 0,a comprising both the Killing vector defining
the central charge global symmetry and the Killing vectors defining the gauge symmetry.
Since this ranges over at least two values, both the symmetric and the antisymmetric parts
of gquXXX% contribute. For the symmetric part, we may proceed as in the case with only
hypers, and switch to general real coordinates by rewriting gngg‘AX%) = %gUVXXXg,
which gives 2¢g,3 (“AX};)LAEB = gUVXXXgLAEB. For ‘ghe antisymmetric part, the
equivariance relations (6.12) and (6.14) imply g X[ Xy = § WK and g X[EXY =0,
and therefore 2g,s &X&LAEB = % achCHL“Eb = —%h“bKC‘L/K{I. Putting everything
together, we see that the F-term part coming from the hyper multiplets finally gives
2gm—,XXXgLAEB = gUVXXXgLAEB — ih“bK;/KlfI. For the F-term part of the vectors,
we get instead 2h% (P, — ie,) (P, + iey) = $h®(PIP} + P2P?). Finally for the D-term
part it is convenient to consider separately the three types of terms that arise respectively
from hyper multiplets, from vector multiplets and from their interference. For the vector
multiplet part, we have as before éh“bK;/f(g/ = %gij— ;E“XZLI’ = %h“bPSPI?. For the
hyper multiplet part, we get %h‘lb(Kf—l— ﬁa)(KbH—l— &) = %h“bPé)’Pg’. Finally, for the mixed
part we get %h“bK;/ (K + &) = %h“bK;/ KH. Collecting the above results for the three
terms in (6.17), we see that the interference terms involving h®KY Klf{ cancel out, and
the scalar potential can finally be rewritten in the following form:

Vs = guv XYLAXELE + %ginéE“XbLb + %h“bePg”
= guv XYTAXELE + S0 (PYR) + PLFY) (6.39)

Notice also that the equivariance conditions (6.12)—(6.14) can be rewritten in the following
more compact form:

o 1
i9i7X[a X}, = Efabcpcov Jf?vX[[,{xX‘é] = faf P& (6.40)

Here f Ag denote the structure constants of the group G x U(1) defined by the gauge
group G and the U(1) central charge symmetry, such that f,, are the structure constants

of the gauge group and f,, = f.;0 = 0. This rewriting reflects once again the fact that

the superpotential for the hyper multiplets comes in supergravity from a gauging of the

0

4> Which is then treated on equal footing with the

central charge by the graviphoton A
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other gauge fields Ajj. It also shows that in order for the graviphoton gauging to leave a
remnant in the rigid limit, it must be associated to a factorized U(1).

6.1 Supertrace

At a generic point in the scalar field space and for vanishing fermions and vector fields,
the auxiliary fields simplify to

F* =204 X414, (6.41)
F' = V2 f(P, +ie,), (6.42)
D® = —h(KE+ KY +6). (6.43)

The corresponding hatted quantities similarly simplify to

FU = QU (FP+V2i(LA~LYPY) = —V2 X4 L4, (6.44)

i U pifma  pabpV U T,V H

F'= —f"(D MK, ) = — K —K ' '—¢&), 6.45
ﬁfa( + b ) \/gf ( a a € ) ( )

D = —V2i foF* = —2 (P, — iey) . (6.46)

The mass matrix of the scalar fields is given by

(md)us = 2V XY LAV X g LB + 20, Quh ™ X2 X}

— Ry FPF" + h™ X (0, X5 + %VUX@D“ +h.c., (6.47)
(md)iy = — Ry (F*F' + fE & fLFLF ™ + 5 fi DD + 2 £ f2 X5 X
+ 1 X i Xoy + 5 (ViXag = 20 hai Xo) D + hec, (6.48)

(m3)ur = 2V Xas LAXE 2 — V2i Qus X5 Cog f7 FE FPF

+ h® X 0 X7 + ih"hay Xew D (6.49)
(M)uv = —2 Rysyi XALAXGLE + V2 Qu Vo X3 fAF — h X 0o Xyy + Th,Vire, (6.50)
(mg)ij = %vicﬂd (2 fEF3FIFT + fE fiD* D) + V2i Qs X5 Cijp f* P

— h® X 0i Xyj + 2ih* hap X ejy D* + T Vi (6.51)
(M3)ui = V2 Qs (Vo XS fEF + i X5C; 5 f1FF) — h* X 00 Xoi + 1 B*hapi Xeu D*. (6.52)

The mass matrix of the fermions is instead

(M1/2)uw = —V2 Quw Vo X4 LA, (6.53)
(my2)ij = —iCyjy, fEFOFT, (6.54)
(m1jo)ay = —iCijufif] F* (6.55)
(m1/2)ia = V2 Xai — \/iicijkfgfzf D", (6.56)
(m1/2)ui = —V2Qu X3 f1, (6.57)
(m1/2)ua = V2Xau (6.58)
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Finally, the mass matrix of the vectors is
(mP)ab = 2 (Xt Xpyu + X{o Xpyi) - (6.59)
A straightforward computation gives:

tr[m§] = 4V X4LAV "X, LP + 2 Ry (FIF7+ fi fo fl fLFP F4 fi f] D DP)

+ 2% (5 Xy Xp + Xoi X)) — 4ih* R XD + h.c. (6.60)

trim? 5] = 2Vu X4 LAV Xy LP + Ry (F'F7+ fi fa [y [y FPFO+ fofiD* DY)
+ 47 (2 Xou X + Xai XP) — 20 h®hype; XL D + hec. (6.61)
tr[mi] = 2h% (X X + Xui X)) - (6.62)

It follows that the supertrace of the mass matrix vanishes [13]:
str[m?] = tr[m3] — 2 tr[m%ﬂ] + 3tr[m?]
=0. (6.63)

This result also follows directly from (3.31) and the properties that the Christoffel symbols
are related to the derivative of the gauge kinetic function, the special form of the Ricci
tensor and finally that the trace of the charge matrix satisfies the generalization V, X} =0
of (4.27) in the hyper multiplet sector and (5.31) in the vector multiplet sector.

6.2 Metastability

The possible vacua of the theory correspond to points in the scalar manifold that satisfy
the stationarity conditions Vg, = Vg; = 0, which imply

V2 (Vo X LAFY + XY fAFY) + X0, D* =0, (6.64)
—% k(2 fLFAFRFOy f1fF DODY) — V2 QX2 fAF" + 11X D* = 0 (6.65)

The relation (3.33) between the values of the F*, F* and D® auxiliary fields, becomes
i(VuXao FUF 4 (X hoer fLFE + fol 5 f3) F'F7)
_ - 1
— (X Xpyut X, Xyi) D° + 5 fop"hiae D*D° = 0. (6.66)

On the vacuum, one has dx* = V2eF", §' = 2eF!, A\ = ieD® and similarly

u = \2eFU, §yt = \/2eE, GA* = ieD®, and the first and second supersymmetries are
spontaneously broken respectively if some of the auxiliary fields F*, F*, D® or some of the
F, Fi. D% are non-vanishing. The order parameters are the norms of the vectors defined
by these two sets of quantities. Thanks to the identities FUuE, = FuF, + %K “VKf ,
I:”]*%’ = 1D‘”D 1K“VKH and 1ﬁ“ﬁa = F'F}, these two norms do actually as before
coincide, and deﬁne in two equivalent ways related to the two Supersymmetrles the scalar
potential energy: Vg = F“F, + F'F; + 1D“Da = F“F + FiF, + 1D“D In such a

43



situation, there are then as usual two massless Goldstini, associated to the two independent
supersymmetries and given by:

N = V2EX" + VIEA +iD A, 1) = V2EX" + V2E 4 iDg\, (6.67)
With a bit of work one can verify that the stationarity conditions and the various identities

related to gauge invariance imply that these are always flat directions of the fermion mass
matrix:

my =0, myz=0. (6.68)

In the situation under consideration, the two supersymmetries may again only be broken
simultaneously.® As before, the sGoldstini are linear combinations of scalars and vectors,
but what is relevant is their projection along the scalar field space. One then gets four
independent real linear combinations, corresponding to the projection of the complex
Goldstino vectors n? = (v2F*, v2F?) and 7’ = (ﬂﬁ“, \/513”)

oy = Fuq" + Fi¢' + Fud" + F¢", o = iF,q" +iF¢" — iFq" — il¢', (6.69)
Or = Fuq" + Fid' 4+ E3q® + F5¢', ¢ = iFuq" +iFyd' — iFyq® — iFyg’ . (6.70)

The masses of these four scalar modes can now be computed by evaluating the scalar
mass matrix along the directions ¢§ = (F“, F!, F% F"), ¢© = (iF"iF' —iF" —iF"),
@9 = (F“,Fi,}%ﬂ,}?ﬁ) and ¢° = (iﬁ’“,iﬁ’i,—iﬁ’ﬂ, —zfﬂ), and dividing by the length of
these vectors, which is 2(F“F, + F'F;) for the first two and 2(F“ﬁu + FZ}%,) for the last
two.

One may at this point proceed in computing more explicitly the above sGoldstino
masses and trying to simplify them as much as possible, in order to extract some infor-
mation that has a simple-enough form to be useful. We will not attempt to do this here,
but hope to examine this problem elsewhere, now that it has been set up in full detail
within N = 2 rigid supersymmetry. We again expect only one SU(2)-invariant infor-
mation, generalizing those found for situations involving only hyper multiplets or only
vector multiplets. It is however not entirely obvious how to proceed to extract such an
information within the N = 1 superspace formalism used in this paper, where the SU(2)
symmetry is not manifest. In particular, the way the four sGoldstini must be combined
to yield this SU(2)-invariant information cannot be easily determined a priori, and as a
matter of fact it looks different in the two subcases involving respectively only hyper or
only vector multiplets. We believe that to clarify this issue it might be useful to compare
with a manifestly SU(2)-covariant formalism, like for instance the on-shell approach of
[14, 15].

7 Conclusion

In this work, we have performed a general study of the conditions under which vacua
breaking spontaneously supersymmetry may be at least metastable, in the context of

8See [65] for a recent systematic discussion on the conditions under which one may have partial super-
symmetry breaking. As explained in previous section, at stationary points with such a partial supersym-
metry breaking, the two Goldstini must become degenerate and represent only one massless Goldstone
fermion.
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general N = 2 non-linear sigma-models. To do so we have relied on a construction of
these models based on N = 1 superspace, which allows to emphasize their peculiarities as
special cases of N = 1 non-linear sigma-models. We have then systematically applied to
these models the strategy of looking at the masses of the scalar modes belonging to the
Goldstino would-be multiplet, which are the most dangerous modes for metastability.

We have been able to reproduce the two known no-go theorems available in the su-
pergravity context, concerning theories with only hyper multiplets [8] and only Abelian
vector multiplets [9]. We have then clarified the origin of these sharp results, taking the
perspective that such theories are particular cases of N = 1 theories involving only chiral
multiplets, where supersymmetry breaking is controlled only by F' auxiliary fields. We
have then studied in quite some detail the case of theories with only vector multiplets but
with general non-Abelian gaugings, giving evidence that no obstruction against achieving
metastability subsists in this case. From the N = 1 perspective, these are special classes
of theories involving chiral multiplets in the adjoint representation and vector multiplets,
where supersymmetry breaking is controlled not only by F' auxiliary fields but also by
D auxiliary fields. Finally, we have set up the study of general theories involving both
hyper and vector multiplets, although we did not present any simple general result in this
case. From the NV = 1 point of view, these are particular cases of theories involving chiral
multiplets both in the adjoint representation and in more general representation, as well
as vector multiplet, where the process of supersymmetry breaking is controlled both by F
and D auxiliary fields. We think that the effect of the latter should generically allow for
metastable supersymmetry breaking vacua, since for general N = 1 theories it is known
to systematically improve the situation compared to the effect of the former.

We believe that the results derived in this paper should be useful to address the general
question of what are the mandatory ingredients to obtain metastable de Sitter vacua in
N = 2 supergravity theories. The results that we have obtained in the analysis of the
corresponding problem in the rigid limit suggest that the only necessary ingredient is that
from the N = 1 perspective supersymmetry breaking should receive not only F-type but
also D-type contributions. This requires either non-Abelian gauge groups, or charged
hyper multiplets, or both of these ingredients.

Concerning the implications of the necessary conditions for metastable supersymmetry
breaking for potentially realistic string models, one should keep in mind that these are
described by N = 1 effective theories, but with a hidden sector that displays many features
of N = 2 or even N = 4 models. As a result, applying the N = 1 constraints is too
optimistic, whereas applying N = 2 or even N = 4 constraints is too restrictive. One may
then try to consider the intermediate framework of N = 1 theories obtained by truncations
of N =2 or N = 4 supersymmetries. In this kind of truncations, the projection getting rid
of the additional supersymmetries also eliminates the corresponding additional sGoldstini
and the resulting implications on metastability. As a result, one should get conditions
that are stronger but have the same form as those for general N = 1 theories. These
should account for the possibility of starting from an unstable supersymmetry breaking
vacuum and getting a metastable one by a truncation, where the tachyonic sGoldstini
are projected out. For instance, it has been recently shown in [56] that the metastable
N = 2 de Sitter vacua of [10] can be obtained by truncations of the unstable N = 4 de
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Sitter vacua of [57, 58], which can themselves be related to truncations of the unstable
N = 8 de Sitter vacua discussed in [59]. It should be similarly possible to construct stable
N =1 de Sitter vacua by truncating unstable N = 2 de Sitter vacua. Since a detailed
general description of this kind of truncations is available [53, 54], it would be interesting
to perform a general study of the metastability conditions in this case.

During the completion of this work, the interesting paper [60] appeared, which explores
the possibility of constructing a low-energy effective description of N = 2 theories below
the supersymmetry breaking scale in terms of constrained superfields, containing only the
two Goldstini and no other light state. It was found that under the assumption of an
SU(2)r symmetry, such an effective theory does not exist. This fact was interpreted as
signaling the impossibility of achieving metastable supersymmetry breaking in such N = 2
theories. This is compatible with what we found in this paper for theories involving only
hyper multiplets or only vector multiplets without N = 2 Fayet-Iliopoulos terms, where
some of the sGoldstini are unavoidably massless or tachyonic. We believe that the algebraic
obstruction uncovered in [60] should correspond to the physical obstruction studied here
against achieving a positive mass squared for all the sGoldstini, since whenever one of the
sGoldstini is tachyonic one clearly cannot define a sensible low-energy effective theory for
just the Goldstini. It would be very interesting to make this connection more precise and
try to exploit it to study more efficiently the most general case of N = 2 theories involving
both hyper and vector multiplets as well as SU(2) g-breaking Fayet-Iliopoulos terms.

Acknowledgements

This work was partly supported by the Swiss National Science Foundation. We thank
L. Alvarez-Gaumé, 1. Antoniadis, M. Buican, G. Dall’Agata, S. Ferrara, M. Gémez-Reino
and J. Louis for useful discussions.

References
[1] A. E. Nelson and N. Seiberg, R symmetry breaking versus supersymmetry breaking, Nucl.
Phys. B 416 (1994) 46 [arXiv:hep-ph/9309299].

[2] M. Gémez-Reino and C. A. Scrucca, Locally stable non-supersymmetric Minkowski vacua in
supergravity, JHEP 0605 (2006) 015 [hep-th/0602246].

[3] M. Gémez-Reino and C. A. Scrucca, Constraints for the existence of flat and stable non-
supersymmetric vacua in supergravity, JHEP 0609 (2006) 008 [hep-th/0606273].

[4] F. Denef and M. R. Douglas, Distributions of nonsupersymmetric fluz vacua, JHEP 0503
(2005) 061 [arXiv:hep-th/0411183].

[6] M. Gémez-Reino and C. A. Scrucca, Metastable supergravity vacua with F and D supersym-
metry breaking, JHEP 0708 (2007) 091 [arXiv:0706.2785 [hep-th]].

[6] L. Covi et al., de Sitter vacua in no-scale supergravities and Calabi- Yau string models, JHEP
0806 (2008) 057 [arXiv:0804.1073 [hep-th]].

[7] L. Covi et al., Constraints on modular inflation in supergravity and string theory, JHEP 0808
(2008) 055 [arXiv:0805.3290 [hep-th]].

46



(8]

[24]

[25]

[26]

[27]
[28]

M. Gémez-Reino, J. Louis and C. A. Scrucca, No metastable de Sitter vacua in N=2 super-
gravity with only hypermultiplets, JHEP 0902 (2009) 003 [arXiv:0812.0884 [hep-th]].

E. Cremmer et al., Vector multiplets coupled to N=2 supergravity: superhiggs effect, flat
potentials and geometric structure, Nucl. Phys. B 250 (1985) 385.

P. Fre, M. Trigiante and A. Van Proeyen, Stable de Sitter vacua from N = 2 supergravity,
Class. Quant. Grav. 19 (2002) 4167 [arXiv:hep-th/0205119].

0. Ogetbil, Stable de Sitter vacua in 4 dimensional supergravity originating from 5 dimensions,
Phys. Rev. D 78 (2008) 105001 [arXiv:0809.0544 [hep-th]].

G. Dall’Agata, M. Gémez-Reino, J. Louis and C. A. Scrucca, work in progress.

C. M. Hull, A. Karlhede, U. Lindstrom and M. Rocek, Nonlinear sigma models and their
gauging in and out of superspace, Nucl. Phys. B 266 (1986) 1.

R. D’Auria, S. Ferrara, and P. Fre, Special and quaternionic isometries: gemeral couplings in
N=2 supergravity and the scalar potential, Nucl. Phys. B359 (1991) 705.

L. Andrianopoli et al., N = 2 supergravity and N = 2 super Yang-Mills theory on general
scalar manifolds: symplectic covariance, gaugings and the momentum map, J. Geom. Phys.

23 (1997) 111 [arXiv:hep-th/9605032].

M. T. Grisaru, M. Rocek and A. Karlhede, The superhiggs effect in superspace, Phys. Lett. B
120 (1983) 110.

J. Wess and J. Bagger, Supersymmetry and supergravity, Princeton University Press, Prince-
ton, USA (1982).

B. Zumino, Supersymmetry and Kahler manifolds, Phys. Lett. B 87 (1979) 203.

E. Cremmer et al., Spontaneous symmetry breaking and higgs effect in supergravity without
cosmological constant, Nucl. Phys. B 147 (1979) 105;

E. Witten and J. Bagger, Quantization of Newton’s constant in certain supergravity theories,
Phys. Lett. B 115 (1982) 202

S. Ray, Some properties of meta-stable supersymmetry-breaking vacua in Wess-Zumino mod-

els, Phys. Lett. B 642 (2006) 137 [arXiv:hep-th/0607172].

E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Coupling supersymmetric Yang-
Mills theories to supergravity, Phys. Lett. B 116 (1982) 231;

E. Cremmer, S. Ferrara, .. Girardello and A. Van Proeyen, Yang-Mills theories with local
supersymmetry: Lagrangian, transformation laws and superhiggs effect, Nucl. Phys. B 212
(1983) 413.

R. Barbieri, S. Ferrara, D. V. Nanopoulos and K. S. Stelle, Supergravity, R invariance and
spontaneous supersymmetry breaking, Phys. Lett. B 113 (1982) 219.

S. Ferrara, L. Girardello, T. Kugo and A. Van Proeyen, Relation between different auxiliary
field formulations of N=1 supergravity coupled to matter, Nucl. Phys. B 223 (1983) 191.

J. Bagger and C. Xiong, N = 2 nonlinear sigma models in N = 1 superspace: four and five
dimensions, arXiv:hep-th/0601165.

S. M. Kuzenko, N = 2 supersymmetric sigma-models and duality, arXiv:0910.5771 [hep-th].

L. Alvarez-Gaumé and D. Z. Freedman, Geometrical structure and ultraviolet finiteness in the
supersymmetric sigma model, Commun. Math. Phys. 80 (1981) 443.

47



[29]
[30]

[31]

J. Bagger and E. Witten, Matter couplings in N=2 supergravity Nucl. Phys. B 222 (1983) 1.

L. Alvarez-Gaumé and D. Z. Freedman, Potentials For The Supersymmetric Nonlinear Sigma
Model, Commun. Math. Phys. 91 (1983) 87.

C. K. Zachos, N=2 supergravity theory with a gauged central charge Phys. Lett. B 76 (1978)
329.

I. Antoniadis, J. P. Derendinger and T. Maillard, Nonlinear N=2 Supersymmetry, effective
actions and moduli stabilization, Nucl. Phys. B 808 (2009) 53 [arXiv:0804.1738 [hep-th]].

N. Ambrosetti, I. Antoniadis, J. P. Derendinger and P. Tziveloglou, Nonlinear supersymmetry,
brane-bulk interactions and super-Higgs without gravity, arXiv:0911.5212 [hep-th].

B. de Wit and A. Van Proeyen, Potentials and symmetries of general gauged N=2 supergravity:
Yang-Mills models, Nucl. Phys. B 245 (1984) 89.

B. de Wit, P. G. Lauwers, and A. Van Proeyen, Lagrangians of N=2 supergravity - matter
systems, Nucl. Phys. B255 (1985) 569.

A. Strominger, Special geometry, Commun. Math. Phys. 133 (1990) 163.

A. Ceresole, R. D’Auria and S. Ferrara, On the geometry of moduli space of vacua in N=2
supersymmetric Yang-Mills theory, Phys. Lett. B 339 (1994) 71 [arXiv:hep-th/9408036].

A. Ceresole, R. D’Auria, S. Ferrara and A. Van Proeyen, Duality transformations in supersym-
metric Yang-Mills theories coupled to supergravity, Nucl. Phys. B 444 (1995) 92 [arXiv:hep-
th/9502072].

L. Castellani, R. D’Auria and S. Ferrara, Special Kdhler geometry: an intrinsic formulation
of N=2 space-time supersymmetry, Phys. Lett. B 241 (1990) 57.

L. Castellani, R. D’Auria and S. Ferrara, Special geometry without special coordinates Class.
Quant. Grav. 7 (1990) 1767.

K. Fujiwara, H. Itoyama and M. Sakaguchi, Supersymmetric U(N) gauge model and partial
breaking of N = 2 supersymmetry, Prog. Theor. Phys. 113 (2005) 429 [arXiv:hep-th/0409060].

K. Fujiwara, H. Itoyama and M. Sakaguchi, Partial breaking of N = 2 supersymmetry and of
gauge symmetry in the U(N) gauge model Nucl. Phys. B 723 (2005) 33 [arXiv:hep-th/0503113].

K. Fujiwara, H. Itoyama and M. Sakaguchi, Supersymmetric U(N) gauge model and partial
breaking of N = 2 supersymmetry, Prog. Theor. Phys. Suppl. 164 (2007) 125 [arXiv:hep-
th/0602267].

K. Fujiwara and H. Itoyama, Spontaneous partial breaking of N=2 supersymmetry, Adv. Stud.
Pure Math. 55 (2009) 223.

J. Louis and A. Micu, Type II theories compactified on Calabi-Yau threefolds in the presence
of background fluxes, Nucl. Phys. B 635 (2002) 395 [arXiv:hep-th/0202168].

G. Dall’Agata, R. D’Auria, L. Sommovigo and S. Vaula, D = 4, N = 2 gauged supergravity
in the presence of tensor multiplets, Nucl. Phys. B 682, 243 (2004) [arXiv:hep-th/0312210].

B. de Wit, H. Samtleben and M. Trigiante, Magnetic charges in local field theory, JHEP 0509,
016 (2005) [arXiv:hep-th/0507289].

I. Antoniadis, H. Partouche and T. R. Taylor, Spontaneous breaking of N=2 global supersym-
metry, Phys. Lett. B 372 (1996) 83 [arXiv:hep-th/9512006].

E. A. Ivanov and B. M. Zupnik, Modified N = 2 supersymmetry and Fayet-Iliopoulos terms,
Phys. Atom. Nucl. 62 (1999) 1043 [Yad. Fiz. 62 (1999) 1110] [arXiv:hep-th/9710236].

48



[50]

[51]

[52]

[53]

[54]

J. Marsano, H. Ooguri, Y. Ookouchi and C. S. Park, Metastable vacua in perturbed Seiberg-
Witten theories, part 2: Fayet-Iliopoulos terms and Kdahler normal coordinates, Nucl. Phys.
B 798 (2008) 17 [arXiv:0712.3305 [hep-th]].

S. Ferrara, L. Girardello and M. Porrati, Minimal Higgs branch for the breaking of half of the
supersymmetries in N=2 supergravity, Phys. Lett. B 366 (1996) 155 [arXiv:hep-th/9510074].

S. Ferrara, L. Girardello and M. Porrati, Spontaneous breaking of N=2 to N=1 in rigid and
local supersymmetric theories, Phys. Lett. B 376 (1996) 275 [arXiv:hep-th/9512180].

L. Andrianopoli, R. D’Auria and S. Ferrara, Supersymmetry reduction of N-extended super-
gravities in four dimensions, JHEP 0203 (2002) 025 [arXiv:hep-th/0110277].

L. Andrianopoli, R. D’Auria and S. Ferrara, Consistent reduction of N = 2 - N = 1
four dimensional supergravity coupled to matter, Nucl. Phys. B 628 (2002) 387 [arXiv:hep-
th/0112192).

J. Louis, P. Smyth and H. Triendl, Spontaneous N=2 to N=1 supersymmetry breaking in
supergravity and Type II string theory, JHEP 1002 (2010) 103 [arXiv:0911.5077 [hep-th]].

D. Roest and J. Rosseel, De Sitter in Extended Supergravity, Phys. Lett. B 685 (2010) 201
[arXiv:0912.4440 [hep-th]].

M. de Roo, D. B. Westra and S. Panda, De Sitter solutions in N = 4 matter coupled super-
gravity, JHEP 0302 (2003) 003 [arXiv:hep-th/0212216].

M. de Roo, D. B. Westra, S. Panda and M. Trigiante, Potential and mass-matriz in gauged
N = 4 supergravity, JHEP 0311 (2003) 022 [arXiv:hep-th/0310187].

R. Kallosh, A. D. Linde, S. Prokushkin and M. Shmakova, Gauged supergravities, de Sitter
space and cosmology, Phys. Rev. D 65, 105016 (2002) [arXiv:hep-th/0110089].

I. Antoniadis and M. Buican, Goldstinos, supercurrents and metastable SUSY breaking in
N=2 supersymmetric gauge theories, arXiv:1005.3012 [hep-th)].

49



