PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

I

RECEIVED: November 9, 2007
ACCEPTED: December 11, 2007
PUBLISHED: December 27, 2007

Soft masses in superstring models with anomalous
U(1) symmetries

Claudio A. Scrucca

Institut de Théorie des Phénomeénes Physiques,
Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland

E-mail: claudio.scrucca@epfl.ch

ABSTRACT: We analyze the general structure of soft scalar masses emerging in superstring
models involving anomalous U(1) symmetries, with the aim of characterizing more system-
atically the circumstances under which they can happen to be flavor universal. We consider
both heterotic orbifold and intersecting brane models, possibly with several anomalous and
non-anomalous spontaneously broken U(1) symmetries. The hidden sector is assumed to
consist of the universal dilaton, Kéahler class and complex structure moduli, which are
supposed to break supersymmetry, and a minimal set of Higgs fields which compensate
the Fayet-Iliopoulos terms. We leave the superpotential that is supposed to stabilize the
hidden sector fields unspecified, but we carefully take into account the relations implied by
gauge invariance and the constraints required for the existence of a metastable vacuum with
vanishing cosmological constant. The results are parametrized in terms of a constrained
Goldstino direction, suitably defined effective modular weights, and the U(1) charges and
shifts. We show that the effect induced by vector multiplets strongly depends on the func-
tional form of the Kéahler potential for the Higgs fields. We find in particular that whenever
these are charged matter fields, like in heterotic models, the effect is non-trivial, whereas
when they are shifting moduli fields, like in certain intersecting brane models, the effect
may vanish.
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1. Introduction

Superstring models represent a very appealing possibility for the microscopic framework
underlying supersymmetric extensions of the standard model. In this respect, a crucial
question concerns the way in which spontaneous supersymmetry breaking is realized. The
standard paradigm is that this breaking occurs in a hidden sector and is then transmitted
only through suppressed gravitational interactions to the visible sector containing the su-
persymmetric extension of the standard model [[]-[] (see also [{—[]). Since the scale of
supersymmetry breaking must be much lower than the Planck scale, it is possible to study
the problem within a low-energy effective supergravity description. The structure of the
soft supersymmetry breaking terms depends however on the structure of certain higher-
dimensional operators, as well as on the direction of supersymmetry breaking. A particu-
larly important issue is the flavor structure of the soft scalar masses. For phenomenological
reasons, these should be nearly universal, or suitably aligned with the ordinary fermion
masses. It is then natural to explore how this could come about.



A natural candidate for the hidden sector of string models is that of the universal
neutral moduli fields, whose scalar Vacuum Expectation Values (VEV) control the strength
of the coupling and the geometry of the internal space [[]—[]. An interesting point about
this assumption is that the Kahler potentials for these moduli fields are determined by
dimensional reduction and are universal, at leading order in the weak-coupling and low-
energy expansions. They turn out to define constant curvature coset Kéahler manifolds of
the type G/H, where G is a group of global isometries and H is a local stability subgroup.
Moreover, also the couplings between matter fields and moduli fields, which control soft
scalar masses, have in general a special structure. More precisely, the leading higher-
dimensional operators that are relevant for these soft masses can be parametrized in terms
of certain effective modular weights for matter fields, which are constant in the simplest
cases but can in general depend on the moduli fields. The superpotential that could be
at the origin of the spontaneous breaking of supersymmetry is on the other hand less
understood. One can however leave it unspecified, and only assume that it produces a
scalar potential admitting a stationary point where the energy is approximately zero and
all the moduli are stabilized with a positive squared mass. The situation can then be
parametrized in terms of the Goldstino vector of auxiliary fields, which has a length that is
fixed by the condition of vanishing cosmological constant and a direction that can a priori
be arbitrary but will be constrained to certain cones by the metastability condition [L(]—[J].
The structure of soft terms can then be parametrized in terms of the Goldstino direction
and the effective modular weights.

An important additional ingredient, which occurs in essentially all known models and
can significantly change the situation, is the presence of additional U(1) gauge symmetries.
For phenomenological reasons, these must be spontaneously broken, with a sufficiently large
mass for the corresponding gauge bosons. A beautiful way to make this breaking natural
is provided by anomalies in these extra U(1) symmetries, which are also pretty endemic.
These anomalies are cancelled through the Green-Schwarz mechanism [[[3], which has a
slightly different form in different models, but rests on the same general structure. The
basic point is that one-loop effects do not only induce anomalies, but also corrections to the
Kahler potential, which force some of the moduli M?, which were neutral at the tree level,
to acquire at one-loop order a non-trivial behavior under the U(1) transformations, shifting
them by some constants d;,. This implies then a non-trivial gauge variation of the gauge-
kinetic functions depending on these moduli, which cancels the anomalies. This mechanism
implies the emergence of moduli-dependent Fayet-Iliopoulos terms, which act as a sources
for the D-term contribution to the scalar potential once these moduli are stabilized at
constant values [[[4]. In all known models, there exist however additional chiral multiplets
with appropriate U(1) charges that get VEV to approximately compensate such sources
in the D-term potential, in such a way that the main effect of the Fayet-Iliopoulos terms
is to break the U(1) symmetries and to preserve supersymmetry, rather than vice-versa.
In such a situation, the anomalous U(1) symmetries are necessarily non-linearly realized,
and the corresponding gauge bosons are massive. The Higgs fields are mostly a mixture of
the charged fields taking VEV, with a small contamination from the moduli that can be
neglected at leading order in d;,, and the squared mass of the U(1) vector bosons is of the



order of a loop factor times the Planck mass squared. Furthermore, also non-anomalous
U(1) factors can be forced to be broken, if the mentioned Higgs fields have non-vanishing
charges with respect to them. In fact, in minimal situations where there are as many Higgs
fields as U(1) symmetries, the VEV of the Higgs fields are entirely determined by the
various D-flatness conditions, which do or do not have moduli-dependent Fayet-Iliopoulos
source terms depending on whether the corresponding symmetry is anomalous or not.

It has been appreciated for already some time that the presence of vector multiplets
with masses below the Planck scale induces important additional effects mixing the visible
and the hidden sectors, if both the visible and the hidden sector fields have non-vanishing
charges [[L5, [[§]. In fact, they give a sizable additional contribution to the soft scalar masses
m?2, in spite of the fact that the auxiliary fields of these vector multiplets are suppressed
as D ~ mg /2MP2, /M‘Q/, and thus much smaller than the auxiliary fields of the hidden sector
chiral multiplets, which are of order F' ~ mg/,Mp. The reason is that if both the visible
and the hidden sector fields are charged, there is a contribution to m? that is proportional
to D, coming from the direct minimal renormalizable coupling to the vector multiplet, and
which is of the same size as the ordinary contribution proportional to F?/M2, coming from
non-renormalizable effective interactions with the hidden sector chiral multiplets induced
by gravity. This additional contribution can also be understood as coming from additional
operators that are induced in the low-energy effective theory for the light chiral multiplets
when integrating out the heavy vector multiplets, with D ~ F?2 /M‘Q/ In general this effect
cannot be neglected, and brings a dependence on the U(1) charges in the soft scalar masses.
This represents an additional potential source of flavor non-universality, since the charges
are not necessarily flavor universal, and the broken symmetries might even be related to
flavor physics. It is therefore important to study the structure of soft scalar masses in
the presence of such non-linearly realized U(1) symmetries, to determined how much these
change the situation with respect to the flavor problem.

The effects on soft terms of a heavy vector field associated to an anomalous U(1)
symmetry were first explored in [[7—[[J), mostly within a simplified effective set up and as-
suming that supersymmetry breaking originates from gaugino condensation. The structure
of soft scalar masses in string models with anomalous U(1) factors, with a more general
supersymmetry breaking sector and no assumption on the origin of supersymmetry break-
ing, has instead been first studied in [0, P1] and in [2F-R4], with slightly different points
of view. However, in these papers it was implicitly assumed that the hidden sector super-
potential does not depend on the charged fields Higgsing the U(1) symmetries. We believe
that this is not appropriate, because the moduli fields participating in the Green-Schwarz
mechanism shift under gauge transformations, and a non-trivial superpotential leading to
generic F' auxiliary fields can be gauge-invariant only if it depends on holomorphic gauge-
invariant combinations of moduli fields and charged Higgs fields. In fact, in the minimal
case, the relative effect of the Higgs fields compared to the moduli fields in supersymmetry
breaking is completely fixed by gauge invariance. Subsequently, a proper computation of
the form of soft scalar masses in the presence of an arbitrary but gauge-invariant superpo-
tential has been performed in [2§], for the minimal situation involving a modulus field and
a matter Higgs field transforming respectively with a shift and a phase under an anoma-



lous U(1) symmetry. More recently, this analysis was generalized to include also additional
non-shifting moduli [2¢]. But a general and complete discussion of the detailed form of
the scalar masses in string models with possibly several broken U(1) symmetries and its
implications for the flavor problem is still missing.

The aim of this paper is to examine the structure of soft scalar masses in various kinds of
string models involving spontaneously broken U(1) symmetries, leaving the superpotential
that is supposed to stabilize the moduli unspecified, but paying attention to the constraints
implied by its gauge invariance. In our analysis, we will take into account the constraints
that are put on the Goldstino direction by the requirement that all the moduli fields
should be stabilized with a positive squared mass f]. We will also generalize previous
studies to cases involving several anomalous and non-anomalous U(1) symmetries, and
Higgs fields that are either matter fields with a canonical quadratic Kéhler potential or
moduli fields with a non-canonical Kéhler potential. Finally, we will examine more closely
the typical situations arising in heterotic and brane models. In heterotic orbifold models,
the stabilization of the dilaton modulus implies a Fayet-Iliopoulos term that is compensated
by a canonical charged matter Higgs fields. This leads unavoidably to a non-trivial D-term
contribution to soft scalar masses. In intersecting brane models, on the other hand, the
stabilization of the dilaton and complex structure moduli may or may not generate Fayet-
Iliopoulos terms, depending on whether the angles preserve or not some U(1) R-symmetry.
In the second case, the net Fayet-lliopoulos terms induced by the moduli fields are again
compensated by canonical charged matter Higgs fields, and the situation is very similar
to that of heterotic models. In the former case, on the other hand, one can interpret the
complex structure moduli as non-canonical shifting moduli Higgs fields compensating the
Fayet-Iliopoulos terms induced by the dilaton, and the situation is radically different. Most
importantly, there exist in this case situations where the D-term contribution to soft scalar
masses vanishes identically, as a consequence of the related functional forms of the Kéahler
potentials for the various involved moduli fields.

The paper is organized as follows. In section 2, we review some general results con-
cerning scalar masses in supergravity models. In section 3, we examine more specifically
the effects of heavy vector multiplets. In sections 4 and 5 we study the F- and D-term
contributions to soft scalar masses in models with U(1) symmetries broken at a high scale,
for general situations where the Fayet-Iliopoulos terms are approximately cancelled by the
VEV of a minimal set of Higgs fields with respectively a canonical and non-canonical Kéhler
potential. In section 6 we apply these general results to string models with a supersymme-
try breaking sector identified with the untwisted moduli sector, focusing in particular on
heterotic orbifolds and intersecting brane models. Finally, in section 7 we summarize our
conclusions.

2. Soft scalar masses in supergravity models

We will start by briefly reviewing some of the salient features of supergravity models
that will be needed for our analysis 27 -B1]. Let us consider more specifically a generic
supergravity theory involving some chiral multiplets Z” and some U(1) vector multiplets



Ve, Setting Mp = 1, the theory is specified by a real Kéhler and gauge-invariant function
G = K +In|W|?, depending on Z", Z" and V%, and a holomorphic gauge-invariant gauge-
kinetic function fu, depending on Z". Derivatives with respect to the fields Z7, Z" and
V% are denoted by lower indices r, ¥ and a, which are raised through the inverse of the
Kahler metric g, = G,5, and the inverse of the real part of the gauge kinetic function
hab = Re fab-

The U(1) gauge transformations are specified by holomorphic Killing vectors X,, gen-
erating isometries of the scalar manifold, with components X depending on the fields
Z". More precisely, the supergauge transformations of the chiral and vector superfields
are given by §Z" = A*X" and 6V% = —i (A, — A,). The function G must be invariant.
This implies that G, = —i X! G, = i X! Gy. Taking derivatives, one then also deduces
that X, = —iGg,, showing that G, represent Killing potentials. The function f,; must
instead have a gauge variation that matches possible residual quantum anomalies @ gp:
dfab = 1 A°Qupe. This implies that hgp = /2 XE Qupe-

The potential for the complex scalar fields of the chiral multiplets, which is the crucial
quantity controlling spontaneous supersymmetry breaking, has the following form:

1
V=ef <G7"Gr - 3) +5G"Ga (2.1)
The flatness condition of vanishing cosmological constant is that V = 0 on the vacuum,
and it implies:
T 1 -G a
—3+GGT+§e GG, =0. (2.2)
The stationarity conditions correspond to requiring that V,.V = 0, and read:

G+ G*V,Gy + e © [GWG“ + % (habr - habGr> G“Gb] ~0. (2.3)

The Hermitian block of the mass matrix for small fluctuations of the scalar fields
around the vacuum can be computed as m2, = V,. V3V, and is found to be B2, B3, 12

m72"§ = eG |:g7’s + ertngt— Rrgtﬂ GtGu:|

+ |:habGaers + (Gars -2 hbchab(rGCE) -2 Ga(er)> G* (24)

1
_5 <hab grs — 2 thhacrhde -2 hab(rGE) - hab GT’GS> GaGb:| .

The symmetric mass matrix for the vector fields has the form:
Mgb =2 grgGaerE . (2.5)
Finally, the gravitino mass is given by mg/,, = eG/2.
The auxiliary fields controlling supersymmetry breaking are determined by their equa-

tions of motion and are given by

F,=—e%?@G,, D,=-G,. (2.6)



These fields are however not independent from each other. A first kinematical relation
between them, which holds at any point of field space and represents a constraint due to
gravity, is implied by the gauge invariance of the function G. It reads:

X'f‘

D,=—-i1—%F,. (2.7)
mg/o

A second dynamical relation between them, which holds only at stationary points of V
and exists independently of gravity, comes from the stationarity conditions along the com-
plex partners of the would-be Goldstone directions. Indeed, contracting the stationarity
conditions with X" and taking the imaginary part, one deduces that [B4] (see also [Rg, [3]):

1 1
Gors FTF° + 3 [Mgb +2 (FF —m32 /2> hab} Db — 3 QupeDPD¢ = 0. (2.8)

Let us now subdivide the chiral multiplets Z" into visible sector multiplets Q¢ and
hidden sector multiplets X*. The visible sector multiplets Q® are distinguished by the fact
that all their components have vanishing VEV. This implies in particular that G, = 0,
Joi = 0 and V,G; = V;G, = 0 on the vacuum. We will furthermore focus on matter
fields in chiral representations of the visible gauge group that do not admit holomorphic
quadratic invariants. This implies that V,Gg = 0. We will also require that extra gauge
symmetries are at most linearly realized on them, so that G,, = 0 on the vacuum. Finally,
since the gauge kinetic function must be invariant under the visible gauge group, one also
has hgpe = 0. For the hidden sector multiplets X, on the other hand, we do not impose
any particular constraint for the moment.

The hidden sector fields can have a pretty generic dynamics. There are however two
strong requirements that must be imposed in order to get a satisfactory situation at a
certain stationary point. The first is the flatness condition of vanishing vacuum energy,
and implies a restriction on the length of the Goldstino vector:

- 1
gi F'F7 = 3m3 ), — 5D Da (2.9)

The second is the stability condition of positivity of the mass matrix for small fluctuations
around the vacuum. As shown in [[[q-[[J], a necessary condition for this to happen is
that the Hermitian block m% be positive along the direction G?, implying the constraint
m?j G'G7 > 0. This leads to the following condition, which restricts the direction of the
Goldstino vector [1J]:

Rijpg F'FTFPFT < 6mj )y + (Mgb — 2m3 5 hab + W Racihia; FF]> DeD® (2.10)

3 1 1
+ 5 372 Qabe DDYD° — 3 (habhcd -3 hab’fhcdk> DD DD

The additional vector fields have a mass matrix which is automatically positive definite
and by assumption entirely generated by the hidden sector fields. It takes the form:

M2 =2¢7G,;Gy;. (2.11)



The visible sector fields get soft masses through higher-dimensional operators mixing
them to the hidden sector fields. Under the assumptions made above, the non-trivial
Hermitian block of the scalar mass matrix takes the following form:

1 - 1
2
mozB = — (Ra,@pq — g gCVB gpq> Fqu — <Gaa,@ — g galg Ga>Da . (212)
One can rewrite this expression in an alternative form, which uses the parametrization
G = —31In(—/3) that is naturally suggested by the superconformal approach. With the

same assumptions as before, one can easily verify that at the vacuum the following relations
hold true:

1 3 —1v6
Ra,@p(j B g gCVB Ipg = _5 (Qaﬁpq - Qapg ng7> 5 (213)
1 3
Gaap = 39a8Ga = — 5 Qaag (2.14)
Plugging these expressions into eq. (R.12) one finds:
3 s _
2 ~ -0 _O. _
m s = 5[(90@)(1—9 7 Qs Q@n)Fqu—i—Qmﬁ D“} . (2.15)

This expression can also be obtained directly from the superconformal formulation. The
auxiliary field F' of the compensator chiral multiplet does not give any contribution !. The
auxiliary fields F* of the hidden sector chiral multiplets give the first term directly and
the second through their mixing with the auxiliary fields F'“ of the visible sector chiral
multiplets. The auxiliary fields D of the vector multiplets give the last term. Finally, the
overall factor is due to the Weyl rescaling associated to the gauge choice ¢ = /6.

The two equivalent expressions (R.19) and (R.19) for the soft masses are both useful,
in different respects. The form (R.19) exhibits an interpretation of the masses in terms of
Kahler geometry. It shows for instance that the F-term contribution vanishes for maximally
symmetric spaces of constant curvature scale equal to 2/3, corresponding to ”no-scale”
models [B], for which Rogpg = 1/3 903 9pg, and similary that the D-term contribution
vanishes whenever Gu;5 = 1/3 97 Go. The form (R.19) gives instead an interpretation of
the masses that is more physically connected to the rigid limit intuition. It shows that the
F-term contribution vanishes whenever the function 2 is separable into two distinct parts
describing the visible and the hidden sectors, corresponding to the so-called sequestered
situation [Bf], and similarly that the D-term contribution vanishes whenever the function
) does not contain any minimal coupling between the visible sector fields and the vector

fields.

3. Effects of heavy vector multiplets

The effect of vector multiplets relative to that of chiral multiplets substantially simplifies
whenever the mass eigenvalues of the vector fields are all much larger than the gravitino

Note that this is a consequence of the vanishing of the cosmological constant. In the presence of a
cosmological constant V', one would find a contribution —2€,5/QV or equivalently 2/3g,5V, which is
entirely due to the Weyl rescaling of the potential by the factor |¢|?, which for the Einstein frame is equal

to e26/3,



mass: M, > m3/;. We also assume that M, S 1, since the vectors are kept in the effective
theory below the Planck scale, and that m3,; < 1, in order for supersymmetry to help
explaining the hierarchy between the Fermi and the Planck scale. The above conditions
for the vector masses are usually verified for the vector fields associated to anomalous
U(1) symmetries with a Green-Schwarz mechanism in string models. We will therefore
focus on this situation of heavy vector fields from now on, and proceed to derive some
simple general results emerging in this limit. Most importantly, it turns out that the
vector auxiliary fields D® become small compared to the chiral auxiliary fields F?, and the
vector multiplet dynamics decouples from the supersymmetry breaking dynamics, which
is dominated by chiral multiplets, leaving only simple corrections. These corrections are
formally sub-leading, but they can nevertheless be relevant.

In the limit M, > mg3/,, the flatness condition (B-2) and the dynamical relation (P.§)
imply together that F ~ O(mg/2) and D ~ O(mg/Q/Mg), with:

D® ~ —2 M™% G5 FIFI (3.1)

The kinematical relation (R.7) implies then that the VEV of the scalar fields arrange in
such a way that their contributions to D® cancel each other at the leading order O(myg/5),
and leave only a subleading effect of order O(m3 /2 /M?) as implied by (B.1]). In other words,
we get following the approximate D-flatness conditions:

X'F;~0. (3.2)

In this situation, the flatness and stability constraints on the Goldstino vector of auxiliary
fields can be approximated as:

F'F;~3m3 ), (3.3)
and
Rigpq F'FVFPF? — M2, D“D® < 6m3 ) (3.4)
The soft masses can in turn be rewritten in the form:

M2 5~ 9o M3 — RogpgFPFT = Guos D (3.5)

afp

Whenever the vector fields are much heavier that the gravitino, as in the above situa-
tion, one can actually account for their leading-order effect in a much simpler way. Indeed,
the scale of gauge symmetry breaking is then much higher than the scale of supersymmetry
breaking. One can then first integrate out the heavy vector multiplets to define a simpler
effective theory with only chiral multiplets, which can be used to describe supersymmetry
breaking. The vector multiplets can be integrated out directly at the level of superfields. In
doing so, one can neglect terms with supercovariant derivatives, and freeze the supercon-
formal compensator to ® = e%/%. The relevant equation of motion of the vector superfield
in terms of the chiral superfield is then simply that G, ~ 0. One must then choose a su-

persymmetric gauge. It is convenient to impose for this the gauge-fixing condition G, ~ 0,



where the dependence on the vector superfields is now discarded, which corresponds to an
approximate unitary gauge. This allows to consistently assume that the superfields V¢ are
small and to make an expansion of the action in powers of V¢, to linearize the problem.
At leading order in V%, the equations of motion yields then [[[2]:

Ve~ 2 MG, (3.6)

Taking the D component of this expression, where Mgb is treated as a number and Gj is
taken to depend only the chiral superfields, one recovers then the dynamical relation (@)
One can also plug back the solution (@) into the quadratic approximation to the V%-
dependent terms in G, namely AG = G,V + M(fb/él VeVt to deduce the form of the
leading order correction that is induced by the heavy vector fields on the dynamics of the
light chiral multiplets:

AG ~ —M~%q,Gy . (3.7)

It is straightforward to compute what is the corresponding correction to the Kéahler curva-
ture tensor. One finds:

ARgjpg ~ —2M > (Gaz‘j Gipg + Gaig Gbpj> ) (3.8)

AR, gi; ~ =2 M "G .5 Gy . (3.9)
Using these expressions, as well as the relation (B.1]), we can then interpret the leading
corrections depending on D? in egs. (B.4) and (B.H) as emerging from the corrections to
the curvature tensors in the terms depending on F*.

It is now important to observe that the corrections induced by the heavy vector mul-
tiplets in eqs. (B-4) and (B.§) are in principle both significant. In fact, we will now see
in somewhat more detail that in string models, where the squared masses Mgb are in-
duced by Higgs fields and the symmetry breaking scale is around the Planck scale, that is
M2, ~ O(1), all the terms in egs. (B:4) and (B) are of the same order of magnitude, as
far as the scaling with dimensionfull quantities is concerned. The only particularity of the
terms induced through the vector multiplets is that they are proportional to the charges of
the involved fields. These can happen to be small, if they reflect a non-minimal coupling

induced at a subleading order in perturbation theory.

4. Models with canonical Higgs fields

Let us consider first the case of U(1) symmetries that are realized through rephasings on
the matter fields Q“ and some gauge symmetry breaking fields H* with charges g, and
Qza, and through shifts d;, on the supersymmetry breaking fields M? This means that
the Killing vectors have components that are given by X$ = 1 ¢..Q%, XF = i gz H" and
X! = —i6;,. For simplicity, we shall assume that &;, < 1, as it turns out to be in most
of the known string models, and evaluate all the formulae at leading order in d;,. In
such a situation, the would-be goldstone bosons that are absorbed by the gauge vectors are



essentially linear combinations of the fields H*, with only a small admixture of the fields M?.
We will consider the minimal situation where the number of gauge symmetry breaking fields
H? with non-zero charges ¢, is equal to the number of U(1) vector fields V. The charge
matrix g, is then a square matrix that can be inverted, the inverse charge matrix ¢, being
defined to satisfy the identities ? 3", ¢ziqay = 0zy and >, q(wq;b1 = 0g. We emphasize
here that the shifts d;, can be pretty arbitrary. The only restriction that we shall impose
is that they are not all zero, the non-vanishing ones setting the gauge symmetry breaking
scales. This means that there can be an arbitrary but non-zero number of anomalous U(1)
symmetries and an arbitrary number of non-anomalous U(1) symmetries.

For concreteness, let us take as starting point the following general form of the Kéahler

potential defining the effective supergravity Lagrangian, with a canonical term for the
Higgs fields:

K = K(MZ + MZ _ Z(Siava> + Z}?$i <MZ + MZ - Zéiava> H%ZQQxaV“Hx
+2 Kea (M - Zémva) 0P EateaV Q0 4 m

The superpotential is instead left to be a generic gauge-invariant holomorphic function of
the shifting moduli M* and the charged Higgs fields H?:

W= W(Mi + ) Giady, In H$> +.... (4.2)
a,x
The dots in the above expressions denote possible additional terms that are of higher order
in the fields Q%, whose VEV are vanishing by assumption, and in the fields H*, whose
VEV will turn out to be small.

Our aim is to compute the total contribution to soft scalar masses of the chiral multi-
plets of the visible sector, due to both the F*, F* and the D* auxiliary fields of chiral and
vector multiplets of the hidden sector. This computation was first done in 23, P, in the
context of heterotic orbifold models with a single anomalous U(1), and generalized to type
I models with several U(1)’s in [24]. In the following, we shall present a more general com-
putation, which is valid for an arbitrary number of anomalous and non-anomalous U(1)’s,
an arbitrary number of shifting and non-shifting moduli, and a generic supersymmetry
breaking dynamics compatible with gauge invariance. We will first do the computation
along the lines of [J-PR4], but paying attention to the consistency constraints put by
gauge invariance of the superpotential. We will then also show how the same result can
be obtained in a simpler way by integrating out the heavy vector multiplets directly at the
superfield level, along the lines of [2, P4].

On the vacuum, and at leading order in §;4, the non-trivial components of the Kahler
metric in the visible and hidden sectors are given by:

Joa = Koa; 9= Kij + kam \H*?, gz = Koz, Gui=KumH". (4.3)
X

2In this section, we shall make sums over indices of type a and x explicit, to avoid confusions.

,10,



Since the off-diagonal terms are small, it is possible to find simple expressions also for the
various blocks of the inverse of the metric, at leading order in H*. One finds

9 =gan: 97=95' 6T =gm. 9= 9u G - (4.4)
k

The tensor quantities that enter the formula for the soft masses can be easily evaluated.

At leading order in d;,, one finds Raapg = gaa OpOgIn (Ka@) and Ggaa = Jaa Gaa- The soft

masses take therefore the form:

mzzxo? = —Jaa |:8p8q ln <Kaae_k/3> Fqu + Z QaaDa:| . (45)

Our main task is now to compute the D%’s in terms of the F%’s, after exploiting the fact
that in the minimal situation under consideration, gauge invariance completely fixes the
VEV of the Higgs scalar fields H® and the corresponding auxiliary fields F* in terms of
the VEV of the moduli fields M? and the corresponding auxiliary fields F.

4.1 Relation between auxiliary fields

The vector auxiliary fields can be computed through the relation D, = —G, and take the
following form:

D, :Zélmkk_zq:vagmf|Hx|2- (46)
k T
The mass matrix Mgb of the vectors fields is given by
Mé%b = 2Zgi55ia 5jb+QZQmQmegmi‘ ’Hx’2 (47)
,] T

Assuming that the VEV of the fields M* are of order O(1), and recalling that the shifts &;,
are of the order of a loop factor, and thus small but not tiny, we see from the first term in
the above expression that one indeed naturally gets the situation M 317 > mg /2 described
in section 3.

At the stationary point of the potential, the VEV that the D,’s actually develop depend
quadratically on the auxiliary fields of all the non-trivially transforming chiral multiplets,
and are given by the relation (B.1]), which becomes now:

D" =—-2> M2 (Gbij FUFT 4 Gz FPF® + Gz F'F® + Gy F”‘“F7> . (4.8)

b
Neglecting terms of order O(8;4|H®|?), the coefficients appearing in this expression are
found to be G5 = >, ¢ubKazij H[* =31, 066 Kkijs Gooz = @upKaz and Goyi = qupKoziH”.

Substituting these expressions into eq. ({.§), completing the squares and using also the
expressions ([.J), one can rewrite the result as:

D =23 M [(Z o | H”|? <me'j - Rmmlkxmikxxj> = b f(z‘jk> F'F
b z k

+ ) Gab Gz F"”F*} , (4.9)
x
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where
F® = F® 4 ¢*%g., F* . (4.10)

The VEV of the fields H* are related to the VEV of the fields M*. Indeed, since the
auxiliary fields D, must obtain a small VEV of O(m2 /2 /M2), the terms of O(mg3) in
the expression (f.) must cancel out. This leading order approximate D-flatness condition
D, ~ 0 implies that >, Qea 9oz |HE|? ~ >k Oka Kj. The VEV of the H*’s are then
completely determined in terms of the VEV of the M*’s. Indeed, multiplying this equation
by q;al and summing then over a, one extracts:

H®| ~ g2 %0, | (4.11)

where

N\ 1/2
— ( > 5kaqa3}[(k> . (4.12)
k,a

The mass of the vector fields (J.7) is dominated by the second term. The mass matrix and
its inverse can then be approximately written as:

M, =2 Z Qoalapy, M 2% ~ Z qa}lqb;l v, “. (4.13)

The values of the auxiliary fields F,, are similarly related to the values of the auxiliary
fields F;. Indeed, according to eq. (R.7), the D,’s can also be written as linear combinations
of the F;’s and F,’s: D, = —1i (Xa””Fx + XUIka)/mg,/Q, and the approximate D-flatness
conditions D, ~ 0 imply thus also the approximate relations (B.J), which in our case read
Y owzaH " Fy ~ > 0o F). Multiplying this equation by q;al, summing over a and using
the relation (fl.11]), one deduces then that the F, are completely determined in terms of
the F;:

Fo= 020" Oatd Fie - (4.14)
k,a

It is now straightforward to derive the values of the auxiliary fields with upper indices,
by using the inverse metric ([.4). Since F is suppressed by a factor of order O(H®) with
respect to F}, it is enough to keep O(H?®) terms only in F?, and neglect them in F*. The
non-vanishing off-diagonal component ¢/ is thus relevant only in the computation of F*,
and after using g7 = —g"® ¢ g;z, one finds F* = ¢*%(F; — ¢g7g;zF;) and F' = g F;. This
implies then the simple relation F* = ¢*® F;. Finally, using the relation (B.14), we see that
gauge invariance forces the F*’s to be linear combinations of the F'’s:

Fm = gxxl/2 - Z 5kaan1Kk*F] (415)
k,a

The above results on the relation between the auxiliary fields of the Higgs fields and those of
the supersymmetry breaking fields are most conveniently summarized through the relation

- 12 —



between F?/H?* and F'. This can be easily deduced from the already mentioned relation
F% = ¢ (F;,; - gijgl-:sz), after using eqs. (f.11) and (.14). The result takes the following

simple form:
F* _ P ‘
77 =il (Kml ; 5kcqc;Kk> F'. (4.16)
,C

We can now come back to the problem of evaluating eq. (.9). Using the above re-
sults (1), (E13) and ({ELH) for [H®|, M2 and F®, one obtains:

anm |:_ < lKa:m] K;p;p2kl‘l‘lk$$j>

+ <Z(5kbqu1vx Kigk = Y kbl Ot v K K21>]FZFJ (4.17)
kb kLbe

Recalling the expression () for v, this result can finally be rewritten in the very simple
form

Z Gok 9;0;1n (f(ml > 5kcqc;f%’k> F'FI. (4.18)
k,c

The above result can in fact be derived in a much simpler way by integrating out the
heavy vector fields at the superfield level, along the lines of [B7, and [R5, B6]. In the
limit where M, > mg3/o, supercovariant derivatives can be neglected and the equations of
motion are entirely controlled by the Kéhler potential. To start with, it is convenient to
define the following new gauge-invariant combinations of chiral and vector fields:

Qla - Qa eXp { Z qa’dqaxl ln H:B}

M" = M + Z (smqm1 In H”, (4.19)

=Vi4+ Zq (lon —|—lnH$>

These allow to rewrite the Kéhler potential and the superpotential with one less type of
fields, namely without any H,. In fact, this procedure can actually be interpreted as a
gauge-fixing corresponding to setting H, = 1, with the choice A* =i ¢, In H® for the
superfield gauge parameter. The Kahler potential can then be rewritten as

K = R’(M/z + M Z‘Siavla> + Z f(xf <M/z‘ + M Z(Siavla> ezaqmvla
a xT a
- 3 i (M 0 D) Qe g o0
(6% a
and the superpotential as

W = W(M”’) .. (4.21)
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The superfield equations of motion for V'® are now easily computed by taking a derivative
of K with respect to V', At leading order in d;,, and ignoring the visible sector fields, one
finds:

ZQmaKmf (MIZ + M/Z> 621’ G V't _ Zékakk (M/l + M/Z) ) (422)
x k

Notice that we could neglect the dependence on V'® in all the brackets. This is a radical
simplification, which is crucial to be able to algebraically solve for V', The solution for
V' is finally obtained by using the inverse charge matrix ¢;,!. One finds:

Ve =3 galin (K S breas K) . (4.23)
T k,c

Having found the solution of the superfield equation of motion for V'¢, it is now trivial to
deduce the value of its D'® auxiliary component in terms of the auxiliary fields F*. Taking
the D-component of ({.23), one reproduces indeed the result (f.1§):

D=7 qg; 0;0;In <Rmml > ket Kk> FiFT, (4.24)
z k,c
4.2 Structure of the soft masses

The soft masses of the visible fields are given by the expressions ([.§) and (f.1§), and have

the following rather simple and compact structure:
M2s = —gaa 0;0; [m <Kwe_K/3> +) " oalss In (R’;; > 5kcq;;f(kﬂ FIFT. (4.25)
a,r k,c

The expression ([l.25) represents the result we were aiming at. It shows that the results
of B3, generalize in a pretty simple way to more general situations involving several
U(1) symmetries, which can be either anomalous or non-anomalous, with equally many
gauge symmetry breaking fields, and an arbitrary set of moduli fields, which can either
shift or not shift under gauge transformations.

The physical soft masses can be obtained by rescaling the above expression by the
metric g.g, which appears as a non-trivial wave-function factor in the kinetic term. The
result can then be rewritten in the following suggestive form:

mtzx = m%a - Z qOéaqa_J:l <m%x - m124x> ) (426)

a,r

where
me, = —3i351n<[(aaef(/3> F'F7
m, = —3i351n<R$$e_k/3>FiFj, (4.27)

my, = —8i851n<2qcm1f(cek/3> F'F7,
c
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The first term is the usual F-term contribution. The second term isolates a general part of
the D-term contribution that has the same form as for non-anomalous U(1) symmetries, and
consists in a linear combination of the F-term masses of the Higgs fields suitably weighted
by their charges. Finally, the third contributions encodes essentially the non-trivial effects
due to the fact that some U(1) symmetries are anomalous, with some supersymmetry
breaking fields transforming non-trivially under them.

One can also compute the form of the flatness and stability constraints (B.9) and (B.4).
The effects of chiral multiplets correspond to the unique term in (B.J) and the first term
in (@) In the case treated here, one should in principle include the effects of both the M*®
and the H” fields. However, the terms involving F** are negligible with respect to the terms
involving F?, meaning that that the effect of the H” fields can be neglected. The effects
of the fields V' have already been neglected in (B.3) but lead to the potentially sizable
second term in (B.4). This term can be computed by using the result (.1§), and can then
be reexpressed as a correction to the effective curvature for the fields M*. However, it also
turns out to be negligible, essentially because the ”charges” induced for the moduli fields
are only of order O(d;,) and thus small. In the end, the flatness and stability constraints

can be written in terms of the metric and the curvature of the moduli space simply as:

gi; F'F7 ~ 3m§/2 , (4.28)
Rijpg F'FIFPFT S 6 (4.29)

The physical components of the Goldstino directions can be obtained by suitably rescal-
ing the auxiliary fields by the square root of the metric, which appears in front of their

kinetic terms.

Notice finally that the rescaling procedure needed to switch to canonical scalar and
auxiliary fields corresponds geometrically to switching to normal coordinates around the
vacuum point. It is then natural to rewrite the above results in this local frame, whose
indices will be denoted with capital letters. This is done simply by defining Q% = e%Q*,
M = eiIMi7 HX = ele‘, and VA = eaAV“, with the help of the vielbeins e, eil, ef
and ed. In this new basis the metrics are trivial: 9aB = %aB 917 = 015> Ixv = Oxy
and hap = d4p. The physical soft scalar masses are then given in terms of the rescaled

auxiliary fields F! = eiI F' by

1 - i
maa = 3017~ Raary + > aaadax (RXXIJ - Sxxu)] F'F7, (4.30)
AX

and the flatness and stability conditions by

7 7~ 3m , .
Spy FTF7 ~3m3 4.31
Ryjpg F'F/FPFQ < 6mj,, (4.32)

,15,



where qaA = Gaar 4XA = Qza and
RIjPQ = e’jejje’;;.e% <Rz‘qu — Krskipsqur> s
Raqry = €j¢;9;051n Kaa) ;

Ryxry = €7¢)0;0;n (ffm (4.33)
Sxx1; = €€’ 9;0;In (Z%qc;&) .

,C
4.3 Basic moduli

Let us now illustrate the general result derived above in the particular case where the
supersymmetry breaking fields are a set of universal string moduli, each spanning a dis-
tinct one-dimensional Kéahler manifold, which in the low-energy limit has the form of an
SU(1,1)/U(1) coset space. In general, all these moduli can shift under the U(1) sym-
metries, with arbitrary but small shifts d;,. The Kahler potential has then the following
structure:

K=-) cln (Mi + M=) 5mva> . (4.34)

i
Applying eqs. (4.33), one easily finds:

2

Rijpg = EéleQ7 (4.35)

2 trx P 1 trxtix (4.36)

S XI1J — )
XXI1J cr (ZKtKX) 1J /—C[CJ (ZKtKX)Q

in terms of the following quantities, proportional to the inverse of the VEV of the moduli

fields through a particular linear combination of their shift parameters:

trx = Z@aqa}lci (M + Mi)_l .
a

(4.37)
The quantities R,g;7 and Ry 77 represent the unspecified mixed components of the
curvature corresponding to the direct mixing between matter and Higgs fields with moduli
fields. These generically depend on the VEV of the moduli fields, but there exist also special
situation where they are constant. For instance, if K.q = [, (M P M — > 5mV“)nM
and K,z = []; (ZMZ + M — > 5mV“)n“, with constant modular weights ny; and ng;,
like in modular-invariant heterotic models, then one finds simply R, ;7 = —nard;; and
Ry 17 = —nxr0;7. On the other hand, the quantity Sy ;7 has a fixed dependence on
the moduli fields, which is non-trivial as soon as several fields shift under U(1) symmetries.
In the particular case of models with a single anomalous U(1) and a single shifting modulus
M?Y, one has however t;x = tox do;r and one finds thus a constant result given by Sxx1i =
Co ! 017> independently of the values of the shift and the charges.
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5. Models with non-canonical Higgs fields

Let us consider next the case of U(1) symmetries that are realized through rephasings on
the matter fields Q¢ and through shifts 7., and J;, on the gauge symmetry breaking fields
M? and on the supersymmetry breaking fields M*. This means that the components of
the Killing vectors defining the action of the U(1) symmetries are given by X& = i ¢, Q%,
X% = —ing and X! = —id;,. For simplicity, we shall again assume for the moment that
dia < 1, and evaluate all the formulae at leading order in the parameters §;,. But we
will instead work exactly in the quantities 7,,. In this situation, the would-be goldstone
bosons that are absorbed by the gauge vectors are mostly linear combinations of the fields
M?, with only a small mixture of the fields M?. We will also consider again the minimal
situation where the number of gauge symmetry breaking fields M?* with non-zero shifts
Nza 1S equal to the number of U(1) vector fields V. The shift matrix 7,, is then a square
matrix that admits an inverse 7,,}.

In this case, we will take as starting point the following general form of the Kéhler
potential, with an unspecified non-canonical term for the Higgs fields:

K = K(M + M — Zémva> + f(<M”C + M* — anV“>
+> Koa (Mi +M= 5iava> QeXatdodV Qe 4 (5.1)

The superpotential is instead left to be a generic gauge-invariant holomorphic function of
the shifting moduli M* and M?*:

W = W(Mi =Y Sialla Mx> +.en (5.2)

The dots denote as before possible additional terms which are of higher order in the fields
and can therefore be neglected.
On the vacuum, the Kéhler metric is in this case block-diagonal, and the soft masses

take the same form as before:
M8 = —Jaa [@ﬁq In <Kaae_f(/3> FPFT + Z qaaD“} . (5.3)
a

Our main task is again to compute the D%s in terms of the F%’s, after exploiting the fact
that in the minimal situation under consideration, gauge invariance completely fixes the
VEV of M* and F” in terms of the VEV of M* and F".

5.1 Relation between auxiliary fields

The vector auxiliary fields is determined by the relation D, = —G, and takes in this case

the following form:

D, = Z 5ka Rk + ana kx . (54)
k T
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The mass matrix M 3&; of the vectors fields is given by
Mc%b =2 Z 5ia5jb sz +2 Z NzaTlyb kﬂ:y . (55)
0, Ty

At the stationary point of the potential, the VEV that the D, actually develop are
given by the relation (B.1)):

D% = —2 Z M 2ab (Gbﬁ FUFI 4 Gy FxFy> . (5.6)
b

One easily calculates Gy = — > 5kaA(Mj and Gy = — ), nzbkzxgj- Substituting these
expressions into eq. (b.6), one finds:

D=2y M [Z S Kihe FPFT + " 11 Ko FJCFy] , (5.7)
b k z

Before proceeding, we shall now make the following further mild assumptions concern-
ing the form of the Kahler potential of the Higgs fields:
K" = diagonal , (5.8)
R-///(R-/)Z > K/,/(K/)Q ) (5.9)
These assumptions are not strictly necessary, but they simplify the computation enough
to be able to carry it out in general.
The VEV of the M?* are related to the VEV of the M?. Indeed, the approximate
D-flatness conditions Dy, ~ 0 imply that 3" nza Kz =~ — 3} 0ra K. Thanks to (F.4), one

can then formally extract the value of the Higgs fields in terms of the inverse function K. inv
of the function K,. One finds:

M® + M* ~ K™ (v2), (5.10)

where now

R
vx:<—25kan;x1Kk> . (5.11)

k,a

As a consequence of (B.9), the mass of the vector fields (b.F) is again dominated by the
second term. The mass matrix and its inverse can then be approximately written as:

. 1 .
2 —2ab -1, —1 f—1
M3 ~2 Ex NeaNab Koz, M P ~ 5 Ew Doz Mow Koz - (5.12)
The values of the auxiliary fields F,, are similarly related to the values of the auxiliary

fields F;. Indeed, the approximate relation (B.J) implies that Y nzaFy ~ — > OkaLk-
One deduces then that:

Fy=— Z 6ka77a_x1Fk . (513)
k,a
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In this case, it is trivial to derive the values of the auxiliary fields with upper indices, since
the fields M* and M* do not mix in the Kéhler potential. One simply has F* = ¢** [}
and F' = giij. This implies then that

F* = =K' Spanay KigF7 . (5.14)
k,a
Finally, the above expression can also be rewritten in a more illuminating form. Indeed,
by the definition of the inverse function appearing in (p.1() one has (f(;m’)’ = K1 and
thus:
F* = 9; K™ (-Z 5kcng;kk> F'. (5.15)
k,c

We can now evaluate eq. (5.4). Using the above results (b.1(), (f.13) and (f.14) for
M?® + M?®, M2 and F®, one obtains:

D= [Z Sk Koz Kz + > Okt Ot Kvzw Kt Kz Ku} F'F7. (5.16)
P kb k,lb,c

Recalling the expression (b.11) for v, and noticing that by the definition of the inverse

function appearing in (5.10) one has (K*) = K.} and (K!"™)"” = —K,,z K2, this result

xrT xT

can finally be rewritten simply as
D == .t 00 K™ (-Z 5kcn;;f(k> FiF7, (5.17)
T k,c

The above result can again be derived in a much simpler way by integrating out the
heavy vector fields at the superfield level. To do so, we define the following new gauge-

invariant combinations of chiral and vector fields:

Q/a = Q%exp { Z qaa77a_x1 Mx} )

T,a

M = M = biat; M®, (5.18)
x,a

Ve == ) (Ml‘ + M*‘) .
X
These combinations of fields allow to rewrite the theory with one less type of fields, without
any M'®. This procedure can as before be interpreted as a gauge fixing corresponding to

setting M'* = 0, with the choice A® = —i " n,t M* for the superfield gauge parameter.
The Kahler potential can then be rewritten as

K = R’(M"’ + M- 5iav'“> - R’(—Z nmv'a>

+> Kaa <M’i + M- 5mv/a> ) e2ataaV il (5.19)
(7 a
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and the superpotential as
W= W(M”‘) +.o.. (5.20)

The superfield equations of motion for V'® are now easily computed by taking a derivative
with respect to V'®. At leading order in the shift parameters d;,, one finds just:

Z nxa}?x <_Z nxbvlb> = - Z 5kakk (M” + Mll) . (521)
T b k
From this one easily extracts the following solution for V¢
Ve ==t K (—Z kel Kk> . (5.22)
T k,c
Taking the D-component of (5.23), one finally recovers eq. (5.17):
D' == gt 0,0; KM (-Z kel Kk> F''F7 (5.23)
T k,c
5.2 Structure of soft masses

The soft masses of the visible fields are in this case given by the formulae (5.3) and (5.17),
and have the following structure:

m2s = —Joa 0;0; [ln (Kaae_k/3> - Z GoaTlpy KV (—Z 5kc77c_$1f(k>} FiFT. (5.24)
a,r k,c

The expression (p.24) represents the generalization of ([L.25) to the case where the Higgs
fields have an arbitrary Kahler potential but do not directly mix to the moduli fields.
Taking K (z) = €, so that K™ (y) = In(y), one recovers the situation of previous section
in the particular case K,; = 1, after identifying H* = eM” and ¢uq = —7za. Eq. (.24)
shows that in the situation where the Higgs fields have a non-canonical Kéhler potential,
the D-term contribution to soft masses has a functional dependence that is determined by
the inverse function of the first derivative of this potential. This can in particular happen
to vanish if the functional form of the Ké&hler potential for the Higgs fields is related to
that of the moduli fields.

The physical soft masses, obtained by rescaling the above expression by the metric
Jaa, can be rewritten in the form:

mi = m%’a + Z qaan;ml <m%’m - m,24:v> ’ (525)

a,x

where now

m3, = —0;0;In (K(mek/?’)FiFj,
m%, = —0;0; K™ <e—f</3> F'FT, (5.26)

m?, = —0;0; K™ (-Z ncmlf?cek/f‘) F'F,
C
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The first term is the usual F-term contribution. The second term isolates as before a
general part of the D term contribution consisting of a linear combination of generalized
F-term masses of the Higgs fields suitably weighted by their charges. Finally, the third
contributions encodes the non-trivial effects related to anomalies.

The flatness and stability constraints (B.J) and (B.4) are as before dominated by the
moduli fields. The effects of the Higgs fields and of the vector fields are again small as a
consequence of the assumption that the shift vectors §;, of the supersymmetry breaking
fields are small. In the end, the flatness and stability constraints read thus simply:

9 F'F7 >~ 3m3 ), (5.27)

Rijpg F'FIFPFT S 6 (5.28)

As before, the physical components of the Goldstino direction are obtained by rescal-

ing the auxiliary fields by the square root of the metric, and the flatness and stability
constraints are unchanged.

In the frame of normal coordinates around the vacuum, corresponding to canonically

normalized fields, the physical soft scalar masses can also be written as
1 B _
m2ao’4 = 3 017 — Raars + Z QaAUA}< SXXIJ:| F'F/ ) (5.29)
AX
and the flatness and stability conditions read
Spy FIF7 = 3m3 )y, (5.30)
Ryjpg FTFIFPF? < 6my),, (5.31)
where gaa = qaa, 11xA = Naq and

RIJPQ = eéejjez];e% <Kiqu — Krskipsqur> ,
Roary = 6365j 9;0;In <Kaa> ) (5.32)
Sxxrj = efrejj 0,05 R’;“(—Z 5kc77¢_xlf(k> .

k,c

5.3 Basic moduli

Let us finally see what happens in the particular case where the supersymmetry breaking
fields and the gauge symmetry breaking fields both belong to a set of universal string
moduli, each spanning an SU(1,1)/U(1) manifold. In general, all the supersymmetry
breaking and gauge symmetry breaking fields can shift under the U(1) symmetries, with
shifts d;, and 7;4. The Kéahler potential has the following structure:

K=-Y ¢h (Mi + M- Zawva> , (5.33)

i

K=-Y ¢ <Mm + M=) nmva> . (5.34)

T
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In this interesting situation, the approximations done to derive eq. (f.29) are unfortunately
not valid. In particular, one has K”/(K')? ~ K”/(K')?, in conflict with (5.9). As a
consequence, it is not possible to neglect terms with higher powers of d;,, and one has
to do an algebraically exact computation. This is feasible, thanks to the simple form of
the Kahler potential, but unfortunately only a case by case analysis seems to be possible.
Notice nevertheless that applying eqgs. (5.33), one would find:

2
Rijpg = C_I6IJPQa (5.35)

2cx trx 2c¢cx trixtyx
Sye, 7= — 574 : 5.36
XXI1J cr (thKX)2 1J \/m (ZKtKX)s ( )

in terms of the quantities
_ i iy —1
= Y bt ) @31
a

The quantity Sy ;7 has again a fixed dependence on the moduli fields. This is non-trivial
when several supersymmetry breaking fields shift under U(1) symmetries. But whenever
there is a single shifting modulus MY breaking supersymmetry and being stabilized inde-
pendently, one has t7x = tox dor and the result vanishes: Sy g;7 = 0. This suggests that
in this case there is no D-term effect in the soft masses.

For any fixed number of supersymmetry and gauge symmetry breaking fields with
Kihler potential given by (f.33) and (M), it is possible to compute the exact expression
for the D-term contribution to soft masses in a rather straightforward way, by using the

method of integrating out the vector multiplets at the superfield level. In the presence
of a single supersymmetry breaking field M? with non-trivial shifts &y, the equations of
motions of the vector superfields imply that >, Y3,V'® = M0+ M| in terms of the square
matrix Yzq = doq + (co/cz) Dy dob nb;lnm. The solution of this linear system of equations
takes then the simple form V' = (> Y1) (M" + M"). This result implies that the
corresponding D® vanish, and shows that there is indeed no effect in this particular case.
It should also be noted that in this case the VEV of the Higgs scalar fields and their
auxiliary partners cannot be neglected and contribute on the same footing as the moduli
fields to the vacuum energy and the moduli soft masses, and thus to the flatness and
stability conditions. In other words, one must in this case include in the set of multiplets
contributing to supersymmetry breaking also the Higgs multiplets, and since the VEV of
these multiplets are determined in terms of the VEV of the other moduli multiplets, a
special restriction on the Goldstino direction arises.

6. Toroidal string models

Let us now study more in detail what happens in the simplest string models, based on
a toroidal compactification geometry with some discrete orbifold or orientifold projection,
under the assumption that the supersymmetry breaking sector is identified with the sec-
tor of the untwisted moduli. These include the dilaton S, the Kéahler class and complex

— 22 —



structure moduli 7} and Uy, and the Wilson line moduli Z,. The scalar fields of the corre-
sponding chiral multiplets control respectively the string coupling, the size and the shape
of the compactification geometry, and the structure of the gauge bundle. The Kéahler po-
tential of such moduli is determined, at leading order in the weak-coupling and low-energy
expansions, by a simple dimensional reduction of the minimal ten-dimensional supergravity
theory. On a torus, the moduli space would be the product of an SU(1,1)/U(1) factor,
parametrized by S, and an SO(6,6 + r)/(SO(6) x SO(6 + r)) factor, r being the rank
of the gauge group, parametrized by the T,., Us and Z,. The discrete projection defin-
ing the model preserves the first factor but reduces the second factor to a submanifold.
This is in general a coset Kéhler manifold which cannot be completely factorized. More
precisely, it consists of up to 6 basic dimensions spanning SU(1,1)/ U(1,1) submanifolds,
associated with the universal Kéhler class and complex structure moduli 7, and U, and
a variable number of additional dimensions, associated with additional model-dependent
moduli, which enhanced the product of these basic factors to a larger and more symmetric
manifold. For simplicity, we will assume that only the basic ”diagonal” moduli associated
with the SU(1,1)/ U(1) submanifolds participate to supersymmetry breaking, whereas the
additional "non-diagonal” moduli enhancing the scalar manifold do not have a relevant
breaking effect. This assumption is not expected to represent a severe limitation, because
the latter are associated with additional isometries, which suggest that it should be possi-
ble to rephrase in an equivalent way effects due to off-diagonal moduli as a effects due to
diagonal moduli 3.

Ignoring for the moment vector fields, the Kéahler potential for the moduli sector has
the following simple and separable structure, at leading order in the low-energy and week-

coupling expansions [B9-[H]:
f(:—ln<s+S> —Zln<Tr+Tr> —Zln<U3+Us>. (6.1)

The flatness condition implies that the rescaled auxiliary fields can be parametrized in
terms of a Goldstino angle 8, controlling the relative importance of the dilaton S and the
geometric moduli 7, and Uy, some spherical parameters O, and Oy, satisfying the constraint
3,02+ 3> 6% =1 and parametrizing the relative importance of the different geometric

moduli, as well as some arbitrary phases v, v, and 7, (the bars denote flat indices) [§]:

FS = /30 sin@mss , (6.2)
FTr =30, cos 0 ms s,
FUs — /30, ¢ cos0mgs . (6.3)

The stability condition implies further restrictions on the parameters § and ©,. More

3This is certainly true for the masses of the moduli themselves, and the off-diagonal fields do not allow
to alleviate the flatness and stability conditions arising for the basic moduli @] It is generically expected
to hold true also for the soft masses, provided however that the isometry group of the moduli space survives
as a global symmetry for the whole scalar manifold, including the matter fields.
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precisely, it reads

1
int 6 o4 o4 o= 6.4
sin +(Z 25> ) s (6.4)

Notice that the quantity z = Y ©%+4>"_ 0% is maximal when one of the O, ; is equal to 1
and all the other 0, and minimal when all the O, 5 are equal to 1//n, where n is the total
number of geometric moduli. So z € [1/n,1], and small and large values of z correspond
respectively to very democratic and antidemocratic distributions of the breaking among
the geometric moduli. It is straightforward to see that the condition (.4) can be satisfied
for some 6 only if z < 1/2. This means that the breaking must be distributed over the
various geometric moduli in a sufficiently democratic way, in order to increase their weight
compared to the dilaton in the condition. Thus, one finds the necessary condition

1
Z:@;*+§S:@§s§. (6.5)

When this condition is satisfied, that is z < 1/2, the range of Goldstino angles satisfying
the bound is given by § € [6_,0,], where 6+ = arccos[(14 /(1 —22)/3)/(1+ z)]l/Q. For
z ~ 1/2, there is only one critical value 6y ~ arcsin (37/2). For z < 1/2, there are distinct
minimal and maximal values #_ and 6, departing monotonically from the critical value
0p. For z ~ 1/3, these reach the values _ ~ 0 and 6, ~ 7/4. For smaller z < 1/3, the
minimal value stays unchanged, §_ ~ 0, whereas the maximal value saturates at the the
absolute upper bound 6, ~ arcsin (3*1/ 4). In any case, the Goldstino angle must therefore
certainly satisfy the following bound:
0<sin2f < . (6.6)
- V3
The above results show that none of the moduli is allowed to dominate supersymmetry
breaking on its own [L0] (see also [12]). In particular, dilaton domination is excluded. On
the other hand, it is conceivable that the 3 or more of the geometric moduli may dominate.
In the presence of heavy vector fields associated to broken U(1) symmetries, some or
all of the moduli may acquire a small shift transformation law. A small VEV for D is then
generated. Its effect on the vacuum energy and the moduli masses can be neglected, and
the above results concerning the Goldstino direction remain approximately valid. On the
other hand, this small D gives significant effects on the soft terms of all the charged fields,
whose form depends on the details of the models.

6.1 Heterotic models

Let us first study the case of heterotic orbifold models [, f4]. In these models, there
can be only one anomalous U(1) symmetry, and the Green-Schwarz mechanism involves
only S and not 7). or Us. The Higgs fields are always charged matter fields H* and have a
canonical Kahler potential.

— 24 —



The situation is of the type discussed in section 4, and the general form of the Kéhler
potential is given by eq. (.1). The potential of the moduli has the simple form:

K= —1n<5+5— Z(M/“) - Zln(Tr +Tr> - Zm(m + Us> . (6.7)

The couplings between the moduli fields and the matter and Higgs fields also have in this
case a simple structure and depend on constant modular weights nqa., nas and ng., ngs,
representing the charges of the matter field @), and the Higgs field H* with respect to the
U(1) isometry transformations associated to the moduli 7., U, [AH, [G):

Kos =[] (Tr + Tr>nm 11 <Us + Us> " , (6.8)

T

Ko =] (Tr + T)n 11 (US + US> - (6.9)

T

Notice that the corresponding mixed components of the Riemann tensor are given simply
by Ragrj = —Nai0i7 and Ry ;7 = —Nyi 055, and are thus field-independent and diagonal.

This leads to a very simple structure for the F-term contribution to soft terms [].

The expression for the physically normalized soft scalar masses can be obtained by
applying the general results derived in section 4. One finds the following very simple result

m2 3 .
m?;;z = |:1 + Ng COS2 9:| - Z qaaQaml |:nm COS2 0+3 Sln2 9:| ) (610)
a,x

in terms of the total modular weights

N = 3 (Znar@i + Znas@§> : (6.11)
ng =3 (an@i + aneﬁ) . (6.12)

In the particular case where a single anomalous U(1) is present, without any extra non-
anomalous U(1), eq. (b.10) simplifies to

2
néa =1+ <na - q—amc) cos?0 — 332 gin2¢ . (6.13)
m Az 4z

3/2

The formula (f.13) shows that the soft scalar masses are universal for an arbitrary 6
only if both the modular weights n, and the U(1) charges ¢, are universal. In the dilaton
domination limit # — /2, it is enough that the charges g, are universal. This situation

“The expression () differs from the one derived in @7@] by the coefficient and the dependence on
the Goldstino angle of the last term, which plays an important role for the issue of flavor universality. This
can be traced back to the fact that the expression obtained by applying eq. () for the values of the
auxiliary components of the Higgs fields differs from the one used in , E, @], where the dependence on
H? implied by gauge invariance in the superpotential stabilizing S was not taken into account.
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is however excluded by metastability considerations. On the other hand, in the geometric
moduli domination limit # — 0, it is enough that the combination n, — qo/qz 1y, acting
as an effective modular weight, is universal. This situation is allowed by metastability
consideration, and we will consider it as our preferred scenario. Summarizing, one could
conceivably achieve universal soft masses if § — 0 and the differences between the modular
weights and the charges of any pair of different flavors of matter fields satisfy:

An — A ngy =0. (6.14)

qx

It is now worth to comment on what happens in the situation of [2q, BI], where the
U(1) symmetries play the role of flavor symmetries. In these works it was shown that a
non-zero perturbative Yukawa coupling mixing two flavors can arise from a gauge-invariant
and modular-invariant higher-dimensional operator involving powers of the gauge symme-
try breaking fields H®, provided that the differences between the modular weights and the
charges of the two involved matter fields satisfy a selection rule which is precisely given
by eq. (6.14). In such a situation, the contribution to the soft scalar masses that we have
computed above would display an improved structure, with the difference between two
different flavors given simply by Am? /mg 2 = —3An/ngsin?6.5 In the volume domina-
tion limit # — 0, one finds in particular universal diagonal values for the soft scalar mass
matrix. However, it must be emphasized that the relation (5.14)) also allows the appear-
ance of gauge-invariant and modular-invariant higher-dimensional operators in the Kéahler
potential mixing two different families of matter fields and powers of the gauge symmetry
breaking fields H*. These would induce subleading off-diagonal elements for the soft mass
matrix, which are as dangerous as differences between diagonal elements, and represent
the main difficulty in constructing viable supersymmetric flavor models. It would never-
theless be interesting to further explore whether this somewhat peculiar situation can help
in getting a simple and satisfactory supersymmetric flavor model in this framework, with
the anomalous U(1) symmetry, possibly together with other non-anomalous but Higgsed
U(1) symmetries, playing the role of flavor symmetries.

6.2 Brane models

Let us consider now the case of intersecting brane models [[£]—[J]. In these models, there
can be several anomalous U(1)’s, and the Green-Schwarz mechanism compensating them
involves linear combinations of S and the Uy, but not the T;.. In this case, the Higgs fields
compensating the Fayet-Iliopoulos terms induced by the anomalous U(1)’s can be either
additional matter fields H* with a canonical Kéhler potential and a moduli-dependent

SThis result differs qualitatively from the one derived @, @]7 as far as the dependence on the Goldstino
angle is concerned. We believe that this is due to the fact that the simple minimization procedure used
in [E7 @] to derive the value of the vector auxiliary field also implicitly neglects the fact that gauge
invariance implies a non-trivial dependence of the F-term potential on the Higgs fields, which does not
amount just to their soft mass terms.
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wave-function factor, or the complex structure moduli Ug, which have a non-canonical
Kéhler potential.

In the case where all the moduli S, T, and U, are stabilized by F-term effects and the
D-terms are compensated by canonical matter Higgs fields H*, the situation is of the type
discussed in section 4, and the general form of the Kihler potential is given by eq. ([.]).
The potential of the moduli has the simple form:

K=—-In (S + 55— Z 5ava> - Z In <Tr + TT> - Z In (US + (78—2 58ava> (6.15)
The form of the relevant couplings between the moduli fields and the matter and Higgs
fields have been studied only very recently in the literature [59, f3). Their precise form

is still under debate [54], and does not seem to rest on any symmetry argument. For this
reason, we shall leave it arbitrary and take:

Kad — o <Tr + Tr, Us + US_Z 6sava> ) (616)

Kz = Koz (Tr + T, Us + U= 58ava> . (6.17)

We can however still parametrize the corresponding mixed components of the Riemann
tensor as Ryq77 = —Naij and Ry g77 = —ngij. The quantities nq;; and ng;; play then the
role of effective modular weights. In general they can depend on the moduli fields and have
non-vanishing off-diagonal components. The structure of the F-term contribution to soft
terms is consequently more complicated in this case [53, b

We can now apply the results obtained in section 4 to derive the physically normalized
soft masses. The result can be written in terms of the above-defined effective modular

weights and reads
2
TZ;O‘ = [1 + ng cos? 0] - Z Joalon [(ngC + by) cos? 0 + a, sin? 0 + ¢, sin 26’] , (6.18)
3/2 a,x

in terms of the total modular weights

ng = 3 <Znarr/@r®r/ + Znass’6565’> ) (619)

r,r! 5,8’
ng =3 (Z ICHCNEDD nmleses,> : (6.20)
rr! s,s’

5Tt is useful to recall that the angles defining the geometric orientation of the branes are determined by
the VEV and the shift charges of S and U, whereas the nature of the intersection is possibly influenced by
localized Higgs fields H* [@f@] The condition for approximate supersymmetry that the sources induced
for the D-terms by the fields S and Us vanish translates then into the conditions that the relative angles
between the branes should correspond to rotations belonging to an SU(3) subgroup of SO(6) and preserving
a U(1) factor. The two situations described above can then be interpreted as follows. In the first case,
the values of the angles are fixed by some F-term dynamics and violate supersymmetry; the VEV of the
additional Higgs fields can then be geometrically interpreted as corresponding to a recombination of the
branes through their intersections to a final state with new angles preserving approximately supersymmetry.
In the second case, the values of the angles are instead fixed by the D-term dynamics itself, and do thus
approximately preserve supersymmetry from the beginning.
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and the following functions of the variables ({.37) depending on the inverse VEV of the
moduli fields:

2
o — 6 sz _ (“—l‘)
“ th + ZS tst th + Zs tUs$ ’

2
75U T 2 75U T
b, =6 — = ©“-3 —= 0 , 6.21
! Z lsz + Zs U 3 <Zs: tsy + Zs U S) ( )

S

tSm > < 75U T >
Cp = — 3| ——— — = O o8 — .
z (tSm + ZS tU.« Zs: tse + ZS . s (% 7)

In the particular case where a single anomalous U(1) is present, without any additional
anomalous or non-anomalous U(1) and only one Higgs field, the above expression simplifies
and yields

Mo _y _ o b 29— Jo (4, sin20 + ¢, sin 26 (6.22)
m§/2 =1+ <na i (na; + x)) CoS 0 <ax sin Cg SN > . .

The formula (6.22) shows that the soft scalar masses are as before universal for an
arbitrary 6 only if both the modular weights n, and the U(1) charges ¢, are universal. In
the dilaton domination limit § — 7 /2, it is enough that the charges g, are universal, but
this situation is again excluded by metastability considerations. In the geometric moduli
domination limit & — 0, on the other hand, it is enough that the corrected modular weight
No — Ga/qa (nx + bm) is universal. Since n, and n, may have related functional forms, but
b, is instead an unrelated function, this universality could plausibly arise only in situations
where b, = 0. This happens for instance in the case where all the complex structure
moduli are stabilized in a supersymmetry way, so that ©; = 0. Summarizing, one could
conceivably achieve universal soft masses if § — 0, ©;, — 0, and the differences between the
effective modular weights and the charges of any pair of different flavors of matter fields
satisfy:

An — 2 ng =0. (6.23)
qz
In this situation, supersymmetry would be dominated only by the Kéahler moduli. Since
there are 3 of them, the metastability condition is then marginally violated, and subleading
corrections to the Kahler potential are expected to play a crucial role in the stabilization
of the lightest modulus [[[(].

In the case where only the S and 7, moduli are stabilized by F-term effects, whereas
the Us; moduli are stabilized by D-terms and act as Higgs fields, the situation is that of
section 5, and the general form of the Kihler potential is given by eq. (B.1)). The potential
of the supersymmetry breaking moduli and the Higgs fields have the forms:

—In (S +5-> 5ava> - In (Tr + Tr> , (6.24)
-3 <Us + U, — Znsava> : (6.25)

S

K

K
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The coupling between the moduli fields and the matter fields is again left arbitrary, whereas
the coupling between the moduli fields and the Higgs fields is in this case absent:

Koa = Kaa (TT + T, Us + Ug — Znsava> : (6.26)

As before, we can still parametrize the mixed components of the Riemann tensor as
Roar; = —Naij, Where ngy;; is some effective modular weight depending on the moduli
fields and possessing non-vanishing off-diagonal entries. On the other hand, Ry ;7 = 0 in
this case.

We can now apply the results obtained in section 5 to derive the physically normalized
soft masses. As discussed in section 5, the D-term contribution to the soft masses vanishes
in this case. One finds then simply:

Mo _ [1 + N cOs> 9] (6.27)
5 = o , .
M3 /o

in terms of the total modular weights

No =3 <Z Narr ©rOp + Y nass/®s®8/> . (6.28)

! !
r,r $,8

This result is in particular valid in the minimal situation involving three anomalous U(1),
whose D-terms stabilize the three complex structure moduli Uy relative to the dilaton S.

As mentioned at the end of section 5, there is in this case a restriction on the Goldstino
direction. Indeed, the bosonic components of the 3 complex structure multiplets Uy are
completely determined in terms of the those of the dilaton S. More precisely, from the
3 D-flatness conditions one finds the relations (Us + Us)fl = (XuZ4") (S + 5')71 and
Fy, = (ZaZs’al)Fs, in terms of the 3 by 3 matrix Zsq, = —7s4/0q. This implies then that
the rescaled auxiliary fields satisfy the simple relation FYs = FS. Comparing with the

general parametrization of eqs. (p.3) and (f.3), this implies the restriction
Os = tanb. (6.29)

The formula (.27) shows that the soft scalar masses are in this case insensitive to the
U(1) charges gaq, and are universal for an arbitrary 6 if the modular weights n,, are uni-
versal. Notice finally that in the geometric moduli domination limit § — 0 nothing really
special happens for the soft masses, but the relation (p.29) implies then that the complex
structure moduli give a negligible effect as well and only the Kahler moduli break super-
symmetry. Since there are 3 of these, the metastability condition is then again marginally
violated, implying that subleading corrections to the Kéhler potential are expected to play
a crucial role in stabilizing at least one of them [[[J].

7. Conclusions

In this paper, we have studied in some generality the structure of soft scalar masses in
superstring models with heavy anomalous U(1) vector fields. We have considered the
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minimal situation where the sources induced by the supersymmetry breaking fields in the
D-terms are approximately compensated, at leading order in mg/,, by some Higgs fields
taking suitable VEV. We have computed with two different methods the structure of the
D-term contribution to soft scalar masses, relative to the usual F-term effect. We have
shown that the result significantly depends on the functional form of the Ké&hler potential
for the Higgs fields. In particular, assuming that the supersymmetry breaking fields are
untwisted moduli fields with a logarithmic Kéhler potential, we find that the effect of heavy
vector fields is non-trivial when the Higgs fields are matter fields with a quadratic Kéhler
potential, but can accidentally vanish if they happen to be moduli fields with a logarithmic
Kahler potential.

For heterotic orbifold models, we find a result for the soft scalar masses that slightly
differs from previous analyses. We assume that the supersymmetry breaking moduli S,
T, and U, are stabilized by some F-term effects and that the D-terms are approximately
compensated by a minimal set of matter Higgs fields H* with a quadratic Kahler potential.
The resulting soft scalar masses have then a pretty simple structure, with a non-trivial D-
term contribution that is as important as the F-term contribution. The total masses
depend on the Goldstino direction of supersymmetry breaking, but not on the scalar VEV
of the supersymmetry breaking fields. They can be flavor-universal independently of any
further assumption about the superpotential and the Goldstino direction only under the
very strong condition that both the modular weights n, and the U(1) charges ¢,, of
the matter fields are universal. On the other hand, in the geometric moduli domination
limit, which on the contrary of the dilaton mediation limit is compatible with flatness and
metastability of the vacuum, flavor universality of the soft masses is guaranteed under the
milder requirement that suitable linear combinations of modular weights and U(1) charges
are universal.

For intersecting brane models, on the other hand, we find new results displaying a
richer variety of possibilities. In this case, there exist two qualitatively different options for
the stabilization of the various fields, leading to radically different structures for the soft
scalar masses. A first possibility is that all the supersymmetry breaking moduli S, T;. and
U, are stabilized by F-term effects and that the D-terms are approximately compensated
by a minimal set of matter Higgs fields H* with a quadratic Kéahler potential, much as in
heterotic models. The resulting soft scalar masses have then again a non-trivial D-term
contribution that is comparable to the F-term contribution. The total masses depend in
this case not only on the Goldstino direction of supersymmetry breaking, but also on the
scalar VEV of the supersymmetry breaking fields. As for heterotic models, they can be
flavor universal without any tuning only if both the modular weights n, and the U(1)
charges ¢qq are universal. On the other hand, in the geometric moduli domination limit, it
is enough that certain linear combinations of the latter are universal. A second possibility
is that only the S and T, supersymmetry breaking moduli are stabilized by F-term effects,
whereas the Us; moduli behave as a minimal set of Higgs fields with a logarithmic K&hler
potential and are stabilized by the D-terms in such a way to approximately compensate
them. In this radically different situation, the resulting soft scalar masses have an ac-
cidentally vanishing D-term contribution and are thus entirely controlled by the F-term

,30,



contribution. The total masses depend also in this case on both the Goldstino direction of
supersymmetry breaking and the scalar VEV of the supersymmetry breaking fields. The
interesting novelty arising in this situation is that these masses can be flavor universal
without any tuning under the mild constraint that these effective modular weights n,, are
universal, independently of the U(1) charges gqq. On the other hand, the Goldstino direc-
tion turns out to be constrained by gauge invariance. In the geometric moduli domination
limit, no further simplification occurs in the soft masses, but the 7;. moduli dominate over
the Uy moduli.

We should finally emphasized that we have restricted our attention to situations in-
volving a minimal set of Higgs fields, which do at the same time the jobs of compensating
the D-term potential and making the superpotential of the moduli gauge invariant. In this
case, the effects of the Higgs fields can be entirely related to those of the moduli fields; as
a consequence, the soft masses can then be parametrized in terms of the arbitrary F' terms
of the sole moduli multiplets. One may however consider also more general non-minimal
situations, where two different sets of Higgs fields are used respectively to compensate the
D-term potential and to make the superpotential of the moduli gauge invariant. In that
case, the effects of the Higgs fields will not be entirely determined by those of the moduli
fields, and the extra Higgs multiplets will behave as additional fields of the hidden sector,
together with the moduli fields; the soft masses will then depend on the arbitrary F' terms
of not only the moduli but also the extra Higgs multiplets. In other words, whenever more
charged fields than gauge symmetries are involved in the hidden sector dynamics, the num-
ber of light gauge-invariant chiral multiplets participating to supersymmetry breaking in
the low-energy theory increases. One may then consider the particular limit in which these
extra degrees of freedom decouple at the scale of supersymmetry breaking, for example be-
cause of a large mass preserving supersymmetry. In that case, one should then recover the
same situation as for a minimal set of Higgs fields. This means that the minimal situation
considered in this paper can actually be viewed as the most general situation compatible
with the assumption that the hidden sector involves only the moduli.
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