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Chapter 1

Introduction

There might be different paths one can follow in order to improve the present status
in particle physics. The direction suggested by the Standard Model (SM) [1, 2]
seems to lead to interesting physical insights. On the one hand, one has theoretical
milestones followed by successful experimental confirmation and, on the other
hand, the SM gives rise to exceed the frontier and lay down new foundations.

One of the reasons to stay forward-bound is the so-called hierarchy problem
which deals with the difficulty of stabilizing the large gap between the electroweak
scale Mgy and the (reduced) Planck scale Mp = (87G)~'/2 ~ 2.6 x 10'® GeV.
This problem is connected to the masses of the scalar particles which, in the
framework of the SM, suffer from quadratic divergences. Such issue arises from a
general property of the scalar fields in a gauge theory, namely the tendency of
scalars to get their mass close to the largest available energy scale in the theory.
Even though it is possible to keep the Higgs mass finite by performing unnatural
fine-tuning, this procedure is unstable in perturbation theory [3].

In order to protect the masses of the scalar particles against radiative corrections,
one can make use of the powerful concept known in physics as symmetry. Since
there is no symmetry in the SM that protects the masses of the scalars, one
needs an extension. The glory of being one possible solution to the hierarchy
problem is enjoyed by the so-called supersymmetry (SUSY) [4,5]. This symmetry
introduces to every SM particle a superparticle which differs by spin. The particle
content of the Minimal Supersymmetric Standard Model (MSSM) [6,7] ensures
that dangerous quadratic divergent contributions to the masses of scalar particles
vanish. However, the experimental evidence for superpartners (being as light
as their SM counterparts) is inexistent and, thus, SUSY must be broken at low
energies. The understanding of SUSY breaking is a difficult enterprise. From the
theoretical point of view, it is natural to consider a spontaneous breakdown, but
this is problematic from the phenomenological perspective [7]. In the framework
of the MSSM the breakdown can only occur explicitly but softly in order to
keep the protection of the scalar masses. This trouble, caused by theoretical
and phenomenological demands, can be solved if one introduces two separate
sectors [7]. In the so-called “hidden” sector SUSY is broken spontaneously by
new fields which are gauge singlets under the SM gauge group. This spontaneous
breakdown appears parameterized as softly broken MSSM in the “observable”
sector. In this manner the problem of describing the SUSY breakdown is traced to
the issue of mediating the SUSY breakdown to the observable sector.
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In the progress of SUSY several mediation types have been developed. Two of
them have become widely accepted. In the so-called gravity mediation [8] the
two sectors communicate through gravitational strength interactions whereas in
the anomaly mediation [9] the connection between the sectors is established at
loop level via a Weyl anomaly. These two mediation scenarios require only few
parameters but, unfortunately, both are at odds with phenomenology. In gravity
mediation the light gravitino (superpartner of the graviton) can spoil baryogenesis
in the early universe [10,11] whereas in anomaly mediation sleptons are tachyonic.
Thus, an improved scenario would be desirable.

Providing the possibility for the unification and quantum description of all
fundamental forces, string theory [12] has become a leading light in particle physics.
Consistency requires string theory to live in 10 spacetime dimensions. Accordance
with observation can be achieved e. g. if one compactifies the extra-dimensions on
internal manifolds. In the effective low energy formulation, the compactification is
parameterized by moduli [12]. These are massless scalar fields which transform as
gauge singlets under the SM gauge group and, due to its presence, the hidden sector
is naturally bult-in in string theory. One essential task in string theory is to stabilize
the moduli since its values, describing the shape and size of the internal manifolds,
are connected to physical couplings. Moduli can be stabilized perturbatively
(e.g. fluxes [13]) as well as non-perturbatively (e.g. gaugino condensation [14]).
Recently, it was shown [15-17] that in schemes where moduli are stabilized in
both ways, soft parameters receive comparable contributions from both gravity
and anomaly mediation. In this scenario, called mirage mediation, the pattern of
soft masses is very distinct [18-23]. One characteristic feature of the spectrum
is a moderately large hierarchy among the soft, the gravitino and the moduli
masses. Furthermore, the low energy phenomenology is described just by two
parameters. Mirage mediation also provides possible solutions to the cosmological
gravitino/moduli problems [24,25]. It partially solves the SUSY CP and flavor
problems [26] and it can reduce the fine-tuning of the weak scale [27,28]. The
presence of anomaly mediation, however, provides a scheme with tachyonic sleptons
and squarks, and therefore further modifications are needed. In this work one
possible solution to this problem is presented. It is based on a set-up, where
mirage mediation with additional pattern arises.

Overview

The outline of this work is as follows. Chapter 2 briefly describes the SM and
the construction of the MSSM with exact SUSY. In chapter 3, the softly broken
MSSM is illustrated. In chapter 4, both mediation scenarios, gravity and anomaly
mediation, are explained. Chapter 5 is the main part of this work. It describes
the motivation for mirage mediation, and using an alternative approach, derives
the soft breaking terms. These contain additional contributions which will be
used in order to remove tachyons. At first “ordinary” mirage mediation is studied.
Subsequently, a version of mirage mediation without tachyons will be analysed.



Chapter 2
Accession to Supersymmetry

In this chapter we will briefly refer to the Standard Model of particle physics and
introduce supersymmetry as a possible solution to the hierarchy problem.

2.1 Glimpse of the Standard Model

The Standard Model (SM) with its local SU(3)c®SU(2)L®U(1)y gauge invariance
describes the strong, weak and electromagnetic interactions up to a scale of
approximately 100 GeV [1,2]. The SM consists of fermions and bosons. The
fermionic sector contains 3 generations of left- and right-handed leptons and
quarks.

€ = {677/1’777_7}

L= <Ve-i> y  Cigy QZ - <Zz> y  Uigs diRa Uy = {u’ C’t}
e ) i /L d; = {d, s, b}

The left-chiral fermion fields transform as doublets and the right-chiral as
singlets under SU(2).. The quark fields transform as color triplets whereas the
leptons are color singlets.

The gauge bosons of the SM gauge group are 8 gluons gy, 3 bosons W, and the
B boson, respectively. The gauge fields transform as the adjoint representation of
the gauge group. The gluons are always massless. The SU(2);, and U(1)y gauge
bosons are massless in the limit of exact electroweak (EW) symmetry.

At the electroweak scale Mgy ~ 100 GeV, the local SU(2). ® U(1)y gets spon-
taneously broken to U(1)gm. The spontaneous breakdown is initiated through the

SU(2). Higgs doublet
¢+
o= (%)

A non-zero vacuum expectation value (VEV) of ¢, arising from minimization
of the Higgs potential, spontaneously breaks the local SU(2); ® U(1)y symmetry.
This breakdown generates 3 massless Goldstone bosons which are “eaten” by the
originally massless gauge bosons. While the photon v remains massless, the weak
bosons W¥ ans Z aquire mass through the VEV of the Higgs field. This VEV also
generates fermion masses through Yukawa interactions.

Though baryon B and lepton L numbers are automatic symmetries in the SM,
they can be violated at quantum level. In what follows we consider m, = 0.
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Fig. 2.1 :: Quantum corrections to the Higgs (mass)? from
a fermion loop (a) and a scalar loop (b).

2.2 Way out

Scalar particles entail a certain “ominousity” within the SM. Quantum corrections
to the mass of a scalar particle suffer from quadratic divergences.

Consider for example 1-loop contributions to the Higgs mass, which come from
every particle that couples to the Higgs field (see fig. 2.1a). The most significant
contribution comes from heavy Dirac fermions f (in the SM f = top) [6,7]

I\l

fon2 _
5mH_167r2

Ayy
(—2A§V+6m§ logmf—i—--->, (2.1)
where Ay is a dimensionless coupling constant, m the mass of the fermion and
Ayy is an ultraviolet momentum cut-off regulating the loop integral. As evident
from eq. (2.1), the (mass)? correction badly diverges as Ayy — oo.
One can evade the problem of quadratic divergences by considering the 1-loop

contribution to the Higgs mass coming from a (heavy) complex scalar particle S
(fig. 2.1b) which couples to the Higgs through A% = —Ag|H|*|S|?. Then [6,7]

A A

S.2 _ 7S 2 2 uv

omi = 1622 (Auv — 3mg log s +-- ) ) (2.2)
Assigning two scalars to one fermion and providing \)\f\Q = Ag, the total

quantum corrections to m%, namely oy = 67 +26°, would be free of quadratic
divergences at 1-loop order. In this case, dg ~ Am-log(Aygy) with Am = mg—my.
In addition, if claim Am = 0 then at 1-loop level §z would neatly vanish. To
ensure that quadratic divergences are absent to all orders in perturbation theory,
our simple framework leads rather to a fine-tuning affair than to a “natural”
protection of the Higgs mass to remain in the 100 GeV region. Nevertheless, the
idea of connecting fermions and bosons was used to structure a strategy which
has the power of a symmetry [4], known as supersymmetry (SUSY).

Indeed, it is the only “graded” Lie algebra of symmetries of the S-Matrix
consistent with relativistic quantum field theory [29]. This symmetry lays down
conditions for cancellation of quadratic divergences in perturbation theory. The
reason for this is founded in the non-renormalization theorem [30,31] which implies
that masses of scalar particles are not renormalized to any order in perturbation
theory [5].

We see that the Higgs mass is very sensitive to new physics masked by Ayy.
The new scalar particles which we have introduced cannot be arbitrarily heavy.
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In fact, the SM requires the new scalars to be in the TeV region, otherwise the
couplings in the Higgs sector would reach unnatural size [3]. We can also deduce
it from our 1-loop toy-statement: the total correction oy ~ Am should not be
significantly larger than the mass of the Higgs.

2.3 SUSY

A generator of supersymmetry transformations () turns a fermionic state into a
bosonic one and vice versa:

@ |fermion) = |boson), Q |boson) = |fermion).

The complex generator ) therefore is a fermionic operator featuring spin-1/2
angular momentum. Theories with N > 1 distinct copies of Q and Q are called
extended supersymmetries. Such theories have nice mathematical allurement but
no phenomenological relevance [6]. In this work we will solely concentrate on
N = 1 supersymmetry. Using the usual two-component notation, the SUSY algebra
is given by [7,32]

{Qa, @} =207, Py, (2.3a)
{Qa:Qs} = {Qs, @3} =0, (2.3b)
[Pu;Qa] = [P, Qs ] =0, (2.3¢)

where o are Pauli matrices and «, (3, &, ﬁ = 1,2 are the component indices.
Conventions and notations are presented in the appendix A.

The single particle states fall into irreducible representations of the SUSY
algebra called supermultiplets. The bosons and fermions within a supermultiplet
are known as superpartners of each other. In an exact supersymmetric world
the superpartners are degenerate in mass. Generators of SUSY transformations
commute with those of gauge transformations. Therefore the superparners of
a supermultiplet are in the same representation of the gauge group, i.e. they
have the same gauge charges. Each supermultiplet contains the same number of
fermionic and bosonic degrees of freedom (DOF): ng = ng.

2.3.1 Construction of supermultiplets

The simplest possibility for a supermultiplet, which is consistent with the require-
ments in section 2.3, contains a Weyl fermion (ny = 2) and a complex scalar
(ng = 2) called sfermion (short for scalar fermion). For the SUSY algebra to close
off-shell, one has to introduce the so called auziliary fields which do not propagate.
Off-shell, the Weyl fermion has 4 DOF but the complex scalar still 2. So one
complex auxiliary field with ng = 2 is needed. This formation of a 2-component
Weyl fermion and a complex scalar (with corresponding auxiliary field) is called
chiral supermultiplet.
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The next to the simplest supermultiplet would be a massless spin-1 gauge
boson (ng = 2) accompanied by a massless spin-1/2 Weyl fermion (ng = 2) called
gauge fermion or gaugino. In the off-shell situation, the gauge boson acquires an
additional DOF (longitudinal polarization) while the Weyl fermion has four DOF.
Thus one needs to introduce one real auxiliary field (n§ = 1).

Since gauge bosons transform as the adjoint representation of the gauge group,
this is also obligatory for the gaugino and the auxiliary field. Moreover, for gauginos
this implies that their left- and right-handed parts transform equivalently. Such a
combination of a gauge boson and a gaugino is called gauge or vector supermultiplet.
A further irreducible representation would be a combination of a spin-2 boson
and a spin-3/2 gaugino.

2.3.2 Superfield formalism

To describe the physics of a supersymmetric theory it is advantageous to make
use of the superfield formalism [7,32]. '
Consider anticommuting Grassman parameters 0%, 68 (o, 8 = 1,2) with

[6°.05) = [8°,85) = {6°,85) = 0.

Superfields are functions that live on the (x, 6, 0) space, called superspace. It is
useful to introduce left- and right-chiral representations of the superalgebra. In
the left-chiral representation a left-handed chiral superfield is given by [7]

Oy (,0) = p(x) + V20%, () + €apf*0° F ()
= (@) + V20¢(x) + 0°F (), (2.4)
where ¢ is a complex scalar field, £ is a left-handed (2-component) Weyl fermion
and F the complex auxiliary field'. These fields are often called component fields

as they appear as components in the superspace language. These component fields
behave under a SUSY transformation as

Sp = V2¢e¢,

06 = V2eF — iV20,E0"p, (2.5)

§F = iV20"¢0,E,
where € is an infinitesimal anticommuting Weyl fermion parametrizing the SUSY
transformation. The lowest components transform into higher ones; the highest
component (F') transforms into a total derivative.

The vector superfields ' are characterized by the reality condition I'f =T'. In
the Wess-Zumino gauge, a vector superfield can be expressed as [7]

_ _ _ _ 1 -
[(z,0,0) = 00,0 A" (x) + 620 N(x) + 020 (z) + 592 62D(x), (2.6)

'Right-handed superfields can be obtained through conjugation and depend on (x,0).
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with A* being a spin-1 field, A a Weyl spinor and D a real auxiliary field. Trans-
formation properties of the component fields of a vector superfield are

§A, = Ao,E +eau),
ON=eD + 50" Ay — "0, A, (2.7)
6D =id Aot'e +id,Aote,

with o# = 1 (6#6" — 0¥5"). Here again the lowest components transform into
higher ones and the highest component (D) transforms into a total derivative.

2.3.3 Lagrangians

The description of supersymmetric interactions requires appropriate Langrangians.
As we have seen in the previous section, the F- and D-terms? of the superfields
transform into total derivatives, so they can be used for the construction of
supersymmetric Lagrangians. A general renormalizable supersymmetric Lorentz
invariant Lagrangian reads [7]

1 . aqan 1
Lsusy = 1 [32 + Eﬁ} + [‘I)“ (6291“ ’ )l- ‘I)i] + [W(‘PZ) +hec.| ,
F J D F

1 . 1 ..
W(®;) = 5 MU, + ViED,; 0Py

Here F' and D means that only the highest component contributes. ® and I' are
chiral and vector superfields, respectively. = is a spinorial field strength, T% are
generators of the gauge group, g is a coupling constant and ijk are type indices.
W is called superpotential®, a very fundamental object in supersymmetric theories.
M and Y are symmetric in their indices. See appendix A.2 for details.

Up to total derivatives, the Lagrangian for chiral multiplets extracts to

ZCHIRAL = 3#@1‘3#% + ot [@1] gl - V(%Ad)

1 ij * FiFj ij *  FiFi—

5 (Mg - MGE T - Yihegion - V5 E8F),  (28)
where A[0,]B = 1A0,B — £(9,A)B. The contribution from chiral superfields to
the scalar potential V is given by

e ) | A— —i
V(g @) = - =W,W'= F,F"
%) = 55 35

i 1 L
= MMM Gl + MV 0 7

1 1. L
1 5Mmyj’m Z0ion+ 3V Vi Cip;P B (2.9)

2In general, F-terms are coefficients of #? and D-terms are coefficients of #26*. F-terms are
the highest componets of chiral superfields and D-terms are those of the vector superfields.
Vector superfields can be constructed from chiral superfields via ®'®.

3The superpotential is a holomorphic function of the fields: W = W (®) & W = wi(af).
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Fig. 2.2 :: SUSY chiral and gauge interactions: (a) scalar—
fermion from eq. (2.8), (b) (scalar)* eq. (2.9), (c) gauge
boson—gaugino from eq. (2.10), (d) gaugino—fermion—scalar
from eq. (2.11).

Written in component fields, the Lagrangian for gauge supermultiplets reads

1 - 1
7 —— —ZFSVFW“ — N T DN+ 5DaDa, (2.10)

where a runs over the adjoint representation of the gauge group and we use
D\ = 0, A — gf“bcAZ)\c and Fy, = 0, A7 — 0, A}, — f“bCAZAf,.

The full Lagrangian for supersymmetric chiral gauge interactions in the compo-
nent field language contains eq. (2.8) and eq. (2.10) as well as some additional
terms. All ordinary derivatives d,, have to be replaced by gauge covariant deriva-
tives Dy, = 0, +igA},T" in order to maintain gauge invariance®:

L = ZLeutrar + ZLoavce

2
Nl paa] aa\i —j \a 9o Hoaa maa
—\/§§ [Ag(T )] @+ & (T PN +7§D Daal (2.11)

where D = (T**)] ¢; and we have allowed for the gauge group to be a direct
product of group factors
g — ® ga,
«

with respective gauge coupling constants g,°. The scalar potential generalizes to

P 1
V(i @) =F'F+5) g3 DD (2.12)

a,a

Note that in global SUSY the scalar potential is always non-negative, V' > 0, since
it is a sum of squares of absolute values.

In a renormalizable supersymmetric field theory, all couplings and masses are
determined by gauge invariance and by the superpotential W. In fig. 2.2 some of
the new interactions resulting from eq. (2.11) are depicted. These results can be
used to construct supersymmetric models, especially supersymmetric extensions
of the Standard Model which are subject to phenomenological perceptions.

4The generators of the gauge group T satisfy [T'%, T%] = i f**°T, with f**° being the structure
constants of the gauge group.
5In the limit of SM the gauge couplings are g1 = \/5/3¢', g2 = g, and g3 = gs
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Superfields Fermions Bosons SU(3)cxSU(2)LxU(1l)y Pum
MATTER SECTOR

(5 ai]_
. - 2,+1/6 —1
o (@) (B) eaw
Ui ul, af, (3,1,—-2/3) —1
d; dl dz, (3,1,+1/3) —1
Ve; ,1751- _ _
L < €ip ) (g'LL ) (1 2 1/2) !
& el e (1,1,+1) —1
HIGGS SECTOR
Hf Hf
H, = H, (H,3> (Hg) (1,2,+1/2) +1
HY Hy
H,=H = 1,2,-1/2 1
d 1 <H‘;) (H; ( ) &y / ) +
GAUGE SECTOR
B B° B (1,1,0) +1
W wewt  wowt (1,3,0) +1
g g g (8,1,0) +1

Tab. 2.1 :: Particle/sparticle content of the MSSM includ-
ing SM gauge quantum numbers and matter parity.

2.4 The MSSM

We are ready now to bring the SM in contact with SUSY to obtain the Minimal Su-
persymmetric Standard Model (MSSM) [6,7]. From our discussion in section 2.3.2,
we know that only chiral superfields can contain chiral fermions. Thus the SM
fermions must reside in chiral superfields (supermultiplets). The scalar superpart-
ners of leptons and quarks are called sleptons and squarks, respectively. The left-
and right-handed pieces have their own scalar partners®.

The Higgs boson must be within a chiral supermultiplet; otherwise inconsisten-
cies would arise”. Their superpartners are called higgsinos. A distinctive feature of
the MSSM is that it contains two Higgs supermultiplets. There are several reasons
why this is unavoidable [7]. As mentioned in section 2.3.3, the superpotential W
is a holomorphic function, it cannot contain conjugates. To make the up-type, the
down-type quarks and the leptons massive, two Higgs multiplets with different
hypercharges are needed. Another reason is that one Higgs multiplet would cause
gauge anomalies which cannot be cancelled.

The gauge bosons of the SM must be put into gauge superfields. The super-
partners of the gluons are the gluinos, those of the W and B bosons the winos
and bino, respectively. All superfields are labeled the same way as the ordinary
SM particles. The superpartners, also known as sparticles are denoted by a tilde.

5The handedness of the superfields corresponds to the chirality of the fermions. To distinguish
which scalar belongs to which fermion, scalars symbolically carry a handedness subscript.

"By looking at the gauge quantum numbers one could try to combine the left-handed leptons
L; with Hy. Since they differ in lepton numbers this would lead to lepton number violation.
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t < - T A
ty tL \\\ Tt . ti// w
v -
I8 - Hy - o
o -—- - -« —— -
\\ 0 // \\\ \\
o I Y
(a) L S~ Hu// (b) S HY (c) L >~ (d) U

Fig. 2.3 :: Some of the MSSM couplings. (a) top—(s)quark
Yukawa interaction, (b) (scalar)?, (c) (scalar)®, (d) gaugino
interaction.

The bar indicates a left-handed CP conjugate of right-handed fields. Tab. 2.1
summarizes the field content of the MSSM. The superpotential for the MSSM reads

Wissu = @ VuQHy — dVgQHy —€YVeLHy + pHy, Hy, (2.13)

where all fields are chiral superfields and the couplings Y, 4. are 3 x 3 Yukawa
matrices in family space. Since the third family particles are the heaviest only the
(3,3) componets of the matrices will have significant contributions. This leads to
the approximation

Wassw == yi (fLH) — 0 H[) — y, (btH; — bbHY)
—y- (Fv,Hy —77HY) +p (HFH; — H)HY) . (2.14)

The p-term in eq. (2.13) is the supersymmetrized version of the SM Higgs boson
mass term. It supports higgsino mass terms as well as Higgs (mass)? terms.

T4 7r— 70 77 2
gMSSM D) — U (HJHd — HSHC(I) +h.C.> — ’M’Q (‘Hg} + .. > (215)

In general one can treat the u-term as an independent parameter of the MSSM.

Masses of the fermions and the mixing angles are obtained from Yukawa matrices
after EW symmetry gets spontaneously broken by the VEVs of the neutral Higgs
fields. Alongside the usual Yukawa interactions, new Yukawa interactions become
possible. In addition to known Higgs—fermion couplings, sfermion—higgsino—fermion
interactions appear [6,7].

Furthermore, there are also diverse (scalar)?, (scalar)* and (scalar)?(Higgs)?
interactions. The couplings of the gauge bosons to sparticles are determined by
gauge invariance of the kinetic terms in the Lagrangian. The gauginos do couple
to (s)quark, (s)lepton and Higgs(ino) pairs [6,7].

2.4.1 R-Parity

The superpotential eq. (2.13) could also contain further holomorphic gauge invari-
ant renormalizable terms like [6,7]

WE‘.XT = g‘ijkLZ‘Ljék + §;jkLingk + §§LiHu + gijkmﬁﬂk. (2.16)

The trouble coming from these terms is that they violate total lepton and baryon
numbers. The first three terms in eq. (2.16) violate the total lepton number by
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one unit and the last term violates the baryon number by one unit. Since B and
L violating processes have not been confirmed experimentally (absence of proton
decay) such terms must be either prohibited or at least suppressed®.

An elegant way to draw a curtain over eq. (2.16) is to impose a symmetry,
called matter parity Pys. It is a discrete symmetry defined by

Py = (—1)3B-D), (2.17)

where B and L is the baryon and lepton number, respectively. Matter parity is a
multiplicative quantum number defined for any superfield. Chiral superfields have
odd matter parity while the Higgs- and vector superfields have even P,;. Tab. 2.1
contains Pj; for the field content of the MSSM.

For the new symmetry to come into effect, we allow only such interaction terms

for which the product of individual Py is +1. By this procedure, terms in eq.

(2.16) are forbidden. Important to note is that matter parity provides a candidate
for an exactly conserved symmetry while B and L numbers cannot be”.

From the phenomenological point of view, however, it is useful to define for
each particle and sparticle the so called R-parity by

Pr = (—1)*B=0t2s, (2.18)
with s being the spin of a (s)particle. The transformation property is given by

(particle) — +(particle),
sparticle) —— —(sparticle).
P P

Particles always have positive R-parity whereas sparticles have negative one.
R-parity of a multiple (s)particle state is the product of individual R-parities.

Members of a superfield have the same Pj; but different Pg.

The conservation of these parities has several phenomenological consequences.

The assumption of conserved Pr (or equivalently Pys) leads to the conservation
of total B and L numbers'®. Phenomenologically, this means:

(1 any interaction vertex contains an even number of sparticles
at colliders sparticles can only appear in pairs
the lightest supersymmetric particle (LSP) is stable

sparticles heavier than the LSP decay into an odd number of LSPs

U d oo

if the LSP is neutral, it can be a cold dark matter candidate.

The MSSM is defined to conserve R-parity.

8In the SM, renormalizable B and L violating terms are not possible.

9B and L numbers can be violated in the SM by non-perturbative electroweak effects. With
P assumed to be conserved, no B and L violating terms appear in the MSSM.

0This is only true at the renormalizable level. In the non-renormalizable case the conserved
quantity is (—1)3F~L),
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2.5 SUGRA

So far, we have considered global SUSY: J,& = 0. We now switch on the spacetime
dependence of the infitesimal transformation parameter ¢ = £(x). Implementing
4-component notation the SUSY algebra can be recasted as [5]

[EQ, @E] = 2ev'EP,. (2.19)

The product of two local SUSY transformations leads to spacetime translations
which change from point to point—a general coordinate transformation. In other
words, the invariance under local SUSY transformations implies an invariance
under local coordinate transformations.

In analogy to ordinary symmetries, global SUSY can be made local by following
the Noether procedure [5]. Starting with the global case and replacing ¢ — e(x)
is not enough to make the total Lagrangian density locally supersymmetric. In
order to restore invariance, a new spinorial gauge field ¢ has to be introduced.
It transforms as'!

2
51}[)3:;M5a+7

with s being a coupling constant of dimension (mass)~!. Since 1y, carries a spinor
and a vector index, it must represent a spin-3/2 fermion.

The introduction of the new spinorial field causes an imbalance in the multiplet
structure as ¢; has no bosonic partner. The appropriate superpartner can be
found by adding the Noether coupling % to the total Lagrangian (Noether
procedure). Its variation gives [5]

8L ~ sip, vy, TH e,

with T#" being the energy-momentum tensor of scalar fields, and 7, denotes the
~-matrices. These terms can only be canceled if one introduces a tensor field g,
which transforms as

O0Guw ~ %@H%s

and contributes to the total Lagrangian through
Ly =—guTH.

This is actually the coupling of the graviton to the energy-momentum tensor.
Promoting global supersymmetry to local symmetry automatically includes
gravity. Therefore, local supersymmetry is often dubbed supergravity (SUGRA).
The new fermionic field ¢, 1s nothing else than the superpartner of the spin-2
graviton. It is called gravitino. Graviton g, and gravitino ¢y, together with their
auxiliary field build up the SUGRA mutiplet. The appearence of the dimensionful
coupling constant »r signals that SUGRA is a non-renormalizable theory. Since the
graviton has interactions of gravitational strength, s = M, ! In the effective low

"The factor of 2 is needed because the transformation parameter (z) now is a 4-spinor.
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energy Lagrangian such non-renormalizable terms appear suppressed by negative
powers of Mp. The minimal formulation of SUGRA contains one SUGRA multiplet
and couplings of chiral and vector superfields to the former. The phenomeno-
logically relevant part in the Lagrangian [5,33] describing such interactions is
parametrized by two quantities: the function

o K(pi ¥ W ()]
G(pi, @) = (M>2) + log TME (2.20)

and the analytic gauge kinetic function ff,,, with ¢ and b being gauge group
indices. Both functions depend on scalar components of chiral multiplets of type
1. The function G is real and transforms as a gauge singlet. K is likewise a
real, gauge-ivariant function and is called Kdhler potential. W (y;) is the analytic
superpotential defined in section 2.3.3. The Kahler metric

K O’°K

_ | 2.21
T O 0% (2.21)

describes the form of the kinetic energy terms of the scalar components of the
chiral superfields. f;;, does the same for gauge superfields. The gauge couplings
are related to the the gauge kinetic function via

1
i Ref,, (2.22)

with £, = 60 £, (sum over b). The scalar potential at tree level is given by [7]

V(i @) = MieC (GG (KN =3 + 3 %fa;lpaamb, (2.23)
(0%
where D** = Gi(T‘m)g @;, G' = 9G/op, and (K1) is the inverse Kihler metric.
Compared to the scalar potential of global SUSY eq. (2.9), in the local case the
scalar potential can be negative.






Chapter 3
Breakdown of Supersymmetry

If supersymmetry were an exact symmetry particles and sparticles would be
degenerate in mass. Since no sparticles have been discovered, supersymmetry
must be broken (at low energies). The problem of addressing the mechanism of
supersymmetry breakdown is a deep one. In general, there are two algorithms
how a symmetry can be broken: spontaneously through the VEV of a non-singlet
field (Nambu-Goldstone mode) or explicitly through a small non-invariant part in
the Lagrangian (Weinberg-Wigner mode). The aim of this chapter is to show how
these two modes are encapsulated in the scheme of supersymmetry/supergravity
breakdown.

3.1 Concatenation

This section is a short survey starting from exact supersymmetry, passing by
theoretical restrictions, and arriving at a possible description of SUSY breakdown.
Let us begin by looking at the SUSY algebra eq. (2.3). Its direct consequence is
that the generator of SUSY transformations @ (supercharge) commutes with the
Hamiltonian. By the use of eq. (2.3c) and o# 028 = 2g1 one obtains

H=r" = ((Q+@) +(Q+@)). (3.1)

This relationship states that H is positive semidefinite and, of course, well-defined.
A supersymmetric vacuum state is defined by

Qal0)=0,  Qsl0)=0,

which means that in the case of preserved SUSY the supercharges annihilate the
vacuum state. Supersymmetry is spontaneously broken if and only if at least one
of the supercharges does not annihilate the vacuum. This affects the conjunction
between the vacuum energy and the spontaneous violation of SUSY. Eq. (3.1)
guarantees the positivity of the vacuum energy

Buac = (0| H|0) > 0. (3.2)

Thus, if global supersymmetry is preserved, the vacuum energy is exactly zero
and the vacuum state resides at the absolute minimum of the potential (fig. 3.1).
Otherwise, if Fyac # 0 SUSY is spontaneously broken.

15
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\%4 \%
/ Fig. 3.1 :: Scalar potential V'
(a) ) (b) ) in a theory including super-
T symmetry and some internal
2 gauge theory.
(a) SUSY and internal sym-
\%4 \%

metry preserved,
(b) SUSY preserved but

internal symmetry broken, (c)
/ broken SUSY due to Fyac 7# 0
but internal symmetry valid,
(c) Evac " () T Evac | ’ (d) SUSY and internal sym-

| metry broken by Eyac # 0

(#) and (p) # 0, respectively.

Unlike ordinary symmetries, the existence of an invariant state does necessarily
imply that this is the ground state of the theory [5]. In exact global supersymmetry
groundstates are always at Fyac = 0.

In the case of spontaneous supersymmetry breaking (SSB), we obviously have
Qo 0) = |&a) # 0, where |£,) is some fermionic state. Using supercurrent formalism
[5] one can rewrite

(€al T510) = fars-

The supercurrent J g creates a fermion whose coupling > ~ E,.. measures the
breakdown of SUSY. This is the analogon to the spontaneous breakdown of
an ordinary symmetry where massless Goldstone bosons emerge. In SUSY the
Goldstone particle is a massless Weyl fermion called goldstino'. Depending on
what supermultiplet is involved in SSB, the fermion &, is either a chiral fermion or
a gaugino. The SSB is associated with a non-zero VEV of an operator that changes
under a SUSY transformation [7]. To find out what fields are involved in SSB, we
look at the transformation properties of chiral fermions eq. (2.5) and gauginos eq.
(2.7). Since O, and 0, A, are not supposed to acquire VEVs?, only the auxiliary
fields can characterize the spontaneous breakdown of SUSY:

(0|F|0) = A%, (0|D|0) = A%,

So we conclude that SUSY is spontaneously broken if and only if the auxiliary
fields F' and/or D acquire non-zero VEVs. A% and A% have dimension (mass)?
and represent the scale of SUSY breaking. SSB with non-zero (F') is called F-
type breaking, whereas such with non-zero (D) is known as D-type breaking. For
realistic SSB F'-type breaking is always necessary whereas D-terms can additionally
contribute. In what follows we will concentrate on F-term contributions. As

!'Note that the goldstino is not the superpartner of the Goldstone boson.
2VEVs of spinorial, vector or tensor quantities ruin Lorentz invariance.
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Spontaneously broken SUSY Mediation Softly broken SUSY

Hidden Sector 1

Hidden Sector 2

Observable Sector

Internal hidden interactions

Hidden Sector N

Fig. 3.2 :: Mediation of spontaneous SUSY breakdown
from hidden to observable sector.

already discussed in the previous chapter, all members of a superfield carry the
same quantum numbers (except for the spin). Now, if an auxiliary field of some
observable field is equipped with a non-zero VEV to break SUSY, it will also
break miscellaneous internal symmetries like color, electromagnetism, etc. Also
the massless goldstinos would have SM quantum numbers. Thus, so as to avoid
a disaster, SUSY can be spontaneously broken only by fields which are singlets
under the SM gauge group. Since such fields cannot be part of the ordinary matter
one places them into the so-called hidden sector, whereas the ordinary matter
inhabits the observable sector. Fig. 3.2 depicts this schematically .

These two sectors are postulated to have no direct couplings. But in order to
mediate spontaneously broken SUSY from the hidden to the observable sector,
these two sectors must share some, albeit very weak, interactions. Such weak
interactions can be arranged gravitationally through operators suppressed by
inverse powers of Mp or at loop level suppressed by loop factors (1672)~!. In
general, several hidden sectors can be involved in mediating SSB (fig. 3.2). The
hidden sectors can have certain non-SM gauge couplings among themselves.

In the MSSM, the breakdown of SUSY must be explicit, but cannot be arbitrary.
In section 2.2 we saw that unbroken SUSY provides the cancellation of quadratic
divergences in scalar (masses)? to all orders in perturbation theory. If we break
SUSY, we also challenge the cancellation. This poses a constraint on the nature of
explicit breaking terms. To maintain convergence to all orders in perturbation
theory in presence of explicit broken SUSY, it was shown [34] that the breaking
terms must contain couplings of positive mass dimension. Such breaking terms
are called soft. The (explicit) soft breaking can be effectively illustrated as

L = ZLsusy + ZLsorr,

where Zsysy denotes the SUSY preserving part eq. (2.11) and Zsorr contains soft
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-
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(a) S (b) (c) (d)

kS

Fig. 3.3 :: Soft SUSY-breaking interactions: (a) (scalar)?
couplings, (b) (scalar)? couplings, (c) non-analytic
(scalar)? couplings, (d) gaugino mass insertion.

breaking terms. The most general soft breaking terms at renormalizable level are
1 ; ~
fngT = —5 (Ma)\a)\a =+ h.C.) — (mQ); g0i¢]
1 .. 1. :

- <6A”kcpi<pj<pk + 58”%% +Clyi + h.c.> , (3.3)

with ¢; being the scalar components of some chiral superfield and A\* are the
2-component gauginos. The soft breaking terms include Majorana gaugino mass
terms, scalar (mass)? and scalar (mass)® terms3. AYF and BY are symmetric
in their indices, m? is a hermitean matrix. The C-terms are non-zero only if
the theory contains gauge invariant scalar fields. Observe that A- and B-terms
are similar to the }- and M?-terms in the superpotential. The fact, that Zsgrr
contains only sparticles highlights the explicit violation of supersymmetry. The
scale of the soft breaking parameters, Mggrr, characterizes the mass splittings in
the supermultiplets.

Now, let us try to figure out how the spontaneous breakdown of SUSY might
be arranged in the hidden sector. The softly broken MSSM with its O(100) free
parameters does not solve this problem on its own. Therefore, one needs a simpler
underlying theory, containing spontaneously broken SUSY, which explains the
softly broken MSSM in a natural way. One fact we certainly can expect is that
the scale associated with this new theory is (significantly) larger than Mgy.

Signals towards this assumption come from the scale dependence of the SM
gauge couplings. The renormalization group (RG) equations of the three gauge
couplings [6,7], up to 1-loop order, are given by

dga 1 3
= b 3.4
dlogo 1672 aJa; (34)
where a = 1,2,3, o = @/Q, with @ denoting the renormalization scale and

Qo is some input scale. The g-function coefficients b, define the slopes of the
curves. In the SM, where b5" = (41/10, —19/6, —7), the three gauge couplings tend
to unify around Q ~ 10 GeV (see fig. 3.4). By contrast, the MSSM with its
bISSM — (33/5,1, —3)* provides just the right slopes for a unification of the gauge

3 Although non-analytic scalar (mass)® terms @ are renormalizable, they are ruled out due
to the encompassing of quadratic divergences at loop level.
4The b, are enlarged through additional loop contributions coming from the superpartners [7].
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60 f
50 ¢+
40 ¢t
Te 30 Fig. 3.4 :: RG evolution
of the three SM gauge
20 [ couplings g,. For clear-
ness a~ ! = 47/42 is shown.
10 [ Solid lines represent the be-
havior in the SM. Dashed
oL, ] lines correspond to the
2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 MSSM. 2-loop corrections
Log,,(Q/GeV) included.

couplings at Q = Mgyr ~ 2 x 10'6 GeV. This result might be a strong hint that
at the scale Mgyr some Grand Unified Theory (GUT) could play an important
role. Nevertheless, the conclusion is that the SM gauge couplings may be unified
within the MSSM. The MSSM on his part is an effective theory and thus has a
limited range of validity which at least terminates at some (high) input scale
Mzy. On the other hand, if the gauge singlet fields, which break supersymmetry
spontaneously in the hidden sector, are supposed to be active at some very high
scale My with My > My > Mgy then at My these heavy DOF are integrated
out and the residual theory is described by Zsorr-

This cognition alters our hitherto situation. We are now faced with two different
scales: Mggrr, specifying the superpartner masses and My, setting the frontier

where the MSSM fields perceive the SUSY breaking coming from the hidden sector.

The unification signature within the MSSM insinuates that the GUT scale is most
likely the input scale. In this work we will use M1y = Mgyr.

Finally let us throw a glance at or rather beyond Mgyr. There, gravity becomes
dominant and everything beyond Mgyr has to incorporate gravity. Having said
that we know that SUGRA automatically embeds gravity. Thus we arrive at
the key point: as has been richly explored in the literature e.g. [5-7], the most
phenomenologically acceptable scenario is that of a spontaneously broken SUGRA
in the hidden sector, which leads to an effective low energy theory in the observable
sector exhibiting explicit but softly broken SUSY.

From these considerations, the theory of SUSY breaking manifests itself in
boundary conditions given at the GUT scale Mgyr. The shape of these boundary
conditions depends on the mechanism which is responsible for mediating the
spontaneous breakdown of SUGRA. Using the RG utilities one can evolve the soft
terms from Mgyr down to, say, Mgy.
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3.2 Soft Terms in the MSSM

To determine the shape of soft breaking terms in the MSSM, we resume our
general discussion from the previous section. Since the MSSM does not contain
any gauge singlet scalar fields, the C terms in eq. (3.3) are prohibited. All other
terms keep valid. Thus, the possible soft breaking terms compatible with R-parity
conservation are

1 . . .
Lsorr = ) (M3 gg + MWW + M1 BB + h.c.>
- (azAu@Hu + Cflv;:kpAd@I{ol + é;Aesz + h.C.)
— (@*Mé@ + UM + My + LT MEL + a;;MggR)
— (m3y, HyHy + m3; Hj Hy)
— (BuHyHy+h.c.), (3.5)

where @, l~}, H denote scalar doublets and ug, c%, er singlets. To avoid confusion
all family indices are suppressed and subscripts are unbarred. The first line in
eq. (3.5) describes gaugino mass terms. M, My and M3 are the bino, wino and
gluino mass parameters, respectively. The second line contains trilinear scalar
couplings (A-terms). The matrices A are complex 3 x 3 matrices in family space
of dimension (mass)!. The third line consists of squark and slepton mass terms.
M? are 3 x 3 hermitean matrices, given in family space. The fourth line contains
Higgs boson mass parameters. The Bu-term in the fifth line represents the soft
SUSY breaking contribution to the Higgs sector®. Given all these parameters, the
SUSY breaking part in the MSSM Lagrangian appends 105 new parameters to the
already existing 19 of the SM®. As mentioned in section 2.2, the masses of the
superpartners should be roughly of order Msgrr ~ O(1TeV) to provide a solution
to the hierarchy problem. Thus:

My, My, M3, Ay, Ag, Ae ~ Msorr,
MZQ? MzQu Mi? M%? Mg? m%{uv m2Hd7 Bp ~ MSZOFT'

3.2.1 Soft Breaking Universality

Most of the new parameters in eq. (3.5) introduce new sources of flavor changing
neutral currents (FCNC) and CP violation [6,7,35]. This is originated by flavor
dependence of the sfermion mass matrices and new complex phases. There is also
the possibility of individual lepton number violation. After the EW breakdown, the
matrices A,, Agq and A, unleash off-diagonal squark and slepton mixings, leading

®This corresponds to the B-term in eq. (3.3). By is thought of as a product of the SUSY
preserving u parameter and the soft breaking parameter B.

Simplifying assumptions may reduce the number of free parameters, but without any organizing
entity, the softly broken MSSM would be hidden in a labyrinth of arbitrariness.
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to CP violating effects. However, the experimental constraints on processes like
u— ey, K9 < KO b — sv, etc. set boundaries on these parameters.

Hence, in order to render the MSSM realistic, one has to add essential constraints.

One strategy often used is the so-called universality which is based on three
premises:

1] Propose flavor-blind sfermion mass matrices

MBua =Ml ual, Mi,=mi,1 (3.6-1)

,€

This assumption leads to mass degeneracy among sfermions with the same EW
gauge quantum numbers. In practice, it suffices to consider mass degeneracy
between sfermions of the first two generations [7].

2| Claim the soft breaking A-terms to be proportional to the Yukawa matrices

Au,d,e = Au,d,e yu,d,e' (36—2)

Together with the assumption above eq. (2.14), this ensures that only third
generation sfermions can have sizeable (scalar)? couplings.

3| Avoid new CP violating phases through
arg (M1,2,3) = arg (Au,d,e) =0V (3'6'3)
In this manner only the ordinary CKM phase of the SM remains.

An important feature of the RG equations is that they do not introduce any new
non-negligible FCNC or CP violating effects [6] once universality is applied at
the input scale, e.g. Mgyr. Therefore, the universality conditions are supposed
to be constraints on the running soft parameters at the input scale. Alternative
approaches in suppressing FCNC/CP violation are the so-called alignment [36]

and irrelevancy [37] of the soft masses. In what follows we stick to the universality.

3.2.2 Electroweak Symmetry Breaking

So far, we have only considered the breakdown of supersymmetry within the
MSSM. To describe our world, we have to include electroweak symmetry breaking
(EWSB). The breakdown SU(2)r ® U(1l)y — U(1)gy is initiated through the
VEV of the Higgs field. It is necessary that only electrically neutral Higgs field
components acquire non-zero VEVs. Using an SU(2);, gauge transformation one
can set (H; ) = (H;) = 0 at the minimum of the Higgs potential. Thus EWSB is
characterized by non-zero VEVs of the neutral Higgs fields

(Hg)
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Given this, the tree level Higgs scalar potential reduces to

1
Virees = 3 (92 +9/2) ({Hgf - }H3‘2>
(Il + i, ) (O + (1l + 3y, ) 128

— Bu Hy Hy, (3.8)

‘ 2

with g and ¢’ being the SU(2)r and U(1)y gauge couplings, respectively. In order
for the potential to be bounded from below and also that one linear combination
of HY and Hg has a negative squared mass near H? = Hg = 0 gives the necessary
condition

(1 + m, ) (1l +m3y, ) < (Buy*. (3.9)

If this condition, valid at or below Mgy is not satisfied, then HS = Hg will not
be a stable minimum of the potential and EWSB cannot occur. To have EWSB

2 2 : 2 _ 2 :
one has to assure my < m H,- If one starts with mz; =m 71, at the input scale,

m3; will be driven by RG (see eq. (B.15)) to (large) negative values at the EW
scale. This circumstance is also known as the radiative electroweak breaking since
EWSB is accomplished by quantum corrections. Note that a negative m%{u is not
a necessary condition for having correct EWSB, since a too large |u| or a too small
B can counteract.

Minimizing the potential eq. (3.8), one arrives at

m%ld — m%{u tan?p
tan? — 1 ’

2
L= —Juf*+ (3.10)
given at the EW scale with mz being the Z boson mass. Correct EWSB is ensured
if eq. (3.10) is satisfied. Keep in mind that this is a tree level statement.

The p-term within the MSSM causes a puzzle, which goes under the name
p-problem. Eq. (3.10) tells us that if the terms on the right hand side are all
of the order (10%...103GeV)?, then the left hand side can be obtained without
unnatural cancellations. Otherwise one has to fine-tune the Higgs masses in order
to reduce cancellations and obtain a small u. It is however a good question why
the p parameter should be of the order of Mgy or Msgrr and not Mp. The scalar
potential of the MSSM contains SUSY preserving (1) as well as SUSY violating (B)
parts. The observed value of the EW scale suggests that these two parameters
should be of order (102...10% GeV)2. There are actually several approaches having
been proposed in order to solve the p-problem e.g. [38,39]. In the MSSM y is
treated as a free parameter.

The scalar Higgs sector of the MSSM consists of 4 complex scalar fields with
altogether 8 DOF. After EWSB takes place, 3 Goldstone bosons are generated
and constitute the longitudinal helicity states of the W+ and Z° bosons. The
remaining 5 DOF mix to form the following mass eigenstates: two charged scalars
H#*, two CP even neutral scalars h°, H? and one CP odd neutral scalar A°.
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The mass of A" is bounded from above and corresponds to the lightest Higgs
boson. The masses of the other 4 scalars are significantly larger. The upper mass
bound on h° at tree level reads [40]

myp, < |cos 20| mz, (3.11)

foreshadowing that it is lighter than the Z boson. This is, of course, tabooed by
the current experimental lower bound [41] mj, 2 114 GeV. The remedy comes from
loop corrections. The most important 1-loop contribution coming from top-stop
loops reads [6,42]

2,2
3y2m2 ] mc m=
om3 ~ ﬁstﬂ log % , (3.12)

with 3?2 being the top-Yukawa coupling. Taking the limit my, ,mg, > my and
including some other smaller corrections [6], the upper bound can be elevated to

mp, < 135GeV.

3.2.3 Mixing

Once SUSY and EW symmetry are broken, a certain mixing in the bosonic gauge
sector appears. Supersymmetric influences within the MSSM provide additional
mixing patterns in the gaugino and sparticle sector.

The EW_gauginos and higgsinos mix to hold new eigenstates. Charged EW
gauginos W= and charged higgsinos f[j , I}; form two mass eigenstates with
charges +1 called charginos ﬁc, @t Superpositions of the neutral EW gauginos
B, WO and neutral higgsinos ﬁg, ﬁg give four neutral fermions X9, X9, X3, X1,
called neutralinos. Usually they are ordered in the direction of increasing mass.
The lightest neutralino can be decomposed as

X = 211 B + Z1,WO + Zy3HY + 71, HY, (3.13)

where Z;; are components of an orthogonal matrix used to diagonalize the neu-
tralino mass matrix. X is called gaugino-like if P = |Z11|* 4+ |Z12|* > 0.9,
higgsino-like if P < 0.1 and mized otherwise [18]. The lightest neutralino often
happens (or is arranged) to be the LSP. It can be considered as a good cold Dark
Matter candidate since it is a weakly interacting particle, capable to produce
reasonable relic abundance [35]. Note that the gluino, being a color octet fermion,
do not have adequate quantum numbers to mix with any other particle.

In the slepton and squark sector, mixing can occur between left- and right-
handed” sparticles of same electric-, color- and Pg-charge. It turns out that only
third family squarks and sleptons have non-negligible mixing angles due to large
Yukawa couplings. Tab. 3.1 enfolds the (relevant) mass eigenstates in the MSSM.
The RG equations are listed in appendix B.1.

"Note that the handedness corresponds to fermionic superpartners.
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Superfields Mass Eigenstates Pr
MATTER SECTOR
U Un & & bt
Squarks = = L L = = -1
dL dn SL SR bl b2
eL ML T
Sleptons ~L le ~1 -1
€R HUrR T2

HIGGS SECTOR

Higgs bosons R H° HY H- A +1
GAUGE SECTOR

Charginos )Zi': )Ncgi -1

Neutralinos Xi X2 X3 X4 -1

Gluino g -1

Tab. 3.1 :: Physical mass eigenstates in the MSSM.

3.3 Spontantaneously broken SUGRA

We have already seen that in global SUSY a non-vanishing vacuum expectation
value of the auxiliary fields, associated with a positive non-zero vacuum energy
FEyac > 0, leads to a spontaneous breakdown of SUSY. This was the direct conse-
quence of the algebra of global supersymmetry eq. (2.3). Spontaneous breakdown
of supergravity, however, brings new facets.

To find the condition for spontaneously broken SUGRA we have to look at the
auxiliary fields. The transformation properties of the component fields change in
SUGRA [5], but the essential result remains the same: the fermionic component
of a superfield transforms into the auxiliary component. For chiral fermions the
relevant part of the auxiliary field is given by

Fi ~ GG/Q(K_I)sz, (314)

where (K1) is the inverse Kihler metric and G; = 9G/o. Here and from now
on (if not stated otherwise), we will use the SUGRA units Mp = 1. In analogy to
the global case, SUGRA is spontaneously broken if and only if the auxiliary field
develops a non-zero VEV. The SUGRA breaking scale is given by (0|F;|0) = Ms.
Whether F' aquire a VEV or not depends on the function G. Suppose that F' has
a non-zero VEV. Then

(0]e?(K~H)7 G5]0) # 0.

Since (K _1)3 determines the kinetic terms, it must be non-zero to provide a

well-defined theory. Thus, the quantity that controls spontaneous breakdown is®
0G

8This is also true if one discusses spontaneous breaking by D-terms. As mentioned above, we
will focus on the phenomenologically relevant F-type breaking.
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flagging that SUGRA is preserved if G; = 0 and spontaneously broken if G # 0.
Again here, the fermionic partner of the auxiliary field is the goldstino. In SUGRA,
mixing between the gravitino ¢ and goldstino x becomes possible [5]

eG/2Gi E#’YMXz‘-

In other words, the gravitino “eats” the goldstino and becomes massive thereby.
The goldstino appears as longitudinal polarization states of the gravitino”. This
procedure is the so-called super Higgs mechanism. It is analogous to the ordinary
Higgs mechanism.

The distinct feature of the SUGRA scalar potential is the way it relates the
vacuum energy to the SUGRA breakdown. If SUGRA is preserved, the scalar
potential eq. (2.23) simplifies to V' = —3e®, which is in general non-zero! We see
that in unbroken SUGRA the vacuum energy is negative semidefinite, unlike in
global SUSY. In broken SUGRA the scalar potential at the minimum is

LBy = _36G0 + eGOGO’i %)7

where we used K J3 = —(5} (minimal kinetic terms) and the subscript 0 denotes that
the quantity was evaluated at the minimum of the potential. In contrast to global
SUSY, in SUGRA we can “adjust” the vacuum energy(= cosmological constant)
to a positive/negative value or to zero, due to G} # 0, without affecting the
breakdown. This was impossible in global SUSY. Even though it is not understood
why the cosmological constant (CC) has a very small positive value, with SUGRA
we have a tool where we at least can fine-tune it to zero [5].

The gravitino mass, mg, representing the mass splitting in the SUGRA multiplet
is given by

M3y = e\ D? = %0/ (3.16)
and is related to the scale of spontaneously broken SUGRA through
Mg = (0| F;|0) =~ (0] Mpe®0/2G;]0) .
Thus
Mg

Mg/ ~ ST (3.17)

A special meaning of the gravitino mass is that it represents the scale of SUSY
breaking. This can be easily seen in SUGRA units, where mg/ ~ Mg as evident
from eq. (3.17).

9The transverse components (+3/2) of the gravitino have only gravitational interactions,
whereas its longitudinal components (+1/2) are able to have non-gravitional couplings.






Chapter 4
Mediations

In this chapter we would like to consider how soft terms can emerge in the
observable sector. Our starting point will be spontaneously broken SUGRA in the
hidden sector by the VEV of a non-SM gauge singlet field. There are different
possibilities to transmit the spontaneous breakdown of SUGRA from the hidden
to the observable sector. We will pick up two of them. The first one, called
gravity mediation, is primarily concerned with the transmission of the SUGRA
breakdown to the observable sector at tree level by Mp suppressed operators. The
other possibility, known as anomaly mediation, uses superconformal anomaly to
communicate the SUGRA breakdown to the observable sector at loop level.

4.1 Gravity Mediation

We assume that gravity couples to every form of matter, independently of whether
it is observable or hidden. Therefore we can dare to consider gravity can as the
carrier of SUSY breakdown. This breakdown is encoded in the VEV (FX) of some
hidden sector field X. The scale of the soft terms in the observable sector should
be roughly of order

(FX)

P

MSOFT ~

This is because we know that Mggpr — 0 in the limit of restored SUSY (FX) — 0,
and also when gravity becomes irrelevant (Mp — 00). Moreover, naturalness
requires Msgrr ~ O(1TeV) and thus (FX) ~ (10 GeV)2.

For further discussion, it is useful to define a chiral superfield ©;; with a
multiindex M € {m,a} containing both, the observable sector fields ®,, and the
hidden sector fields! ®,:

On = {Cbm, @a} , with scalar components ¥a; = {Qm, bha} -

Latin indices denote the observable fields and greek indices run over the hidden
sector fields. The hidden sector fields can acquire large VEVs, (hy) ~ O(Mp).
When the auxiliary field

Fo = (KN Gg (4.1)

In our notation hidden sector quantities are always hatted.
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of at least one of the hidden sector fields develops a non-zero VEV, SUGRA gets
spontaneously broken, leading to soft breaking terms in the observable sector. The
substantial elements of SUGRA, namely the Kéahler potential, the superpotential
and the gauge kinetic function depend on both types of fields:

G(Oar,01,) = K(©,01,) +log W ()2,

f, = ,(Onr).

This also applies to the scalar potential
FMY _ G (~M ~1\N _ (N M G
V(0,01 M) = ¢ (G G (KN, - 3) - (F FyKs —3e ) . (42)
where we have used eq. (4.1) to obtain the last equality. We will follow the ansatz

WTOT =W+ /W,

assuming that the superpotential is additively decomposed into an observable
part W and a hidden sector part W. The procedure to obtain the soft breaking
terms in the observable sector is as follows [8]

Soft Terms in Gravity Mediation

m Contemplate a proper normalization scheme in
order to respect phenomenological constraints due
to FCNC and CP violation.

m Replace the hidden sector fields and their auxiliary
fields by their VEVs in the SUGRA Lagrangian.

m Take the flat limit: Mp — oo & mgz/5 fixed.

m Non-renormalizable gravitational contributions melt
down, leaving a global SUSY Lagrangian with soft
breaking terms.

The normalization scheme we will design is framed as follows. Observable MSSM
fields have a diagonal Kéahler metric

_ K
o an‘a@i

and their normalization is chosen to be?

Ki — K;

7 (4.3)

\/Refy 602N — 22

?Normalization schemes for the trilinear and bilinear terms can be found in [8,43].
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Expansion of the Kéhler potential to lowest order in the observable fields yields:
Kror = K + KiQ'Q'+ (ZH Hy +h.c.) + - -
and for the superpotential
W =W + uH Hy + Yijp QQIQF + - -+ |

where the ellipsis indicates terms of higher dimensional operators suppressed
by inverse powers of Mp. Recall that the observable fields @ are those listed
in tab. 2.1. Moreover, we sum over contracted type indices ¢jk. For simplicity,
Yukawa couplings Y;; are assumed to be diagonal. Note that the coefficients ;,
Z, p and Yj ;. may in general depend on the hidden sector fields.

Integrating out the hidden sector fields in the SUGRA Lagrangian leads us to
an effective Lagrangian of the shape

gEFF = —C1 (Ma A4\ + h.C.) — Cgm? Qlél
— <C3Aijk Y;;jk QlQJQk + ¢4BuHHy + h.C.) , (4.4)
with ¢1 234 in general being complex prefactors. This is nothing else than the soft

breaking Lagrangian eq. (3.5) of the MSSM. The soft breaking parameters given
at the input scale are

1 (07
M, = Z%QEQF aaffa, (45&)
Ay, = F° [f(a + 84 log Yij, — Oa log (/ciicj/ck)] , (4.5b)
m? = (m2, + Vo) — F*F? 85 9510g K, (4.5¢)

where o and 3 run over the hidden sector SUGRA breaking fields, I?a = (%IA( and
Vo denotes vacuum energy(= CC). In practice, the soft parameters 1 and B are
treated in a special way [7]. The requirement for Mz having the experimental
value of 91.1876 GeV and eq. (3.10) determine the size of |u|. Thus, the sign of
1 remains as a free parameter. The B parameter can be reexpressed in terms of
tan 8 using —2Bu = (m%,d — ml%lu) tan 2 + M% sin 2/3.

The soft terms in eq. (4.5) were derived in the flat limit. The arising Lagrangian
eq. (4.4) thus can only be valid at energies below Mp. Egs. (4.5) should be
understood as boundary conditions at a scale where the effects of Mp fade away,
typically Mgur. As mentioned earlier in section 3.1, this is where the MSSM fields
start to perceive the SUSY breakdown coming from the hidden sector. Using RG
equations, one can then run down the value of these parameters to a low energy
scale and make predictions.

Eqgs. (4.5) bare the specific meaning of the gravitino in gravity mediated SUSY
breakdown. Its mass sets the overall scale of the soft terms. Note that the soft
terms, although all of same order O(ms/3), are not universal!
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As evident from egs. (4.5), gravity mediated soft terms depend strongly on the
particular type of the SUGRA model, that is, on the shape of the Kéhler potential
K and the gauge kinetic function f,. There is a plethora of possibilities how to
frame these two functions. One possible model that has been extensively studied
(e.g. [7]) merits a very short review.

4.1.1 mSUGRA

In the so-called minimal supergravity (mSUGRA) model, the Kéhler metric takes
the simple form

K:Z' = ]l,
yielding minimal/canonical kinetic terms. The gauge kinetic function is universal
for all gauge groups

t, = f.
Finally, the superpotential parameters Y,3, and p are assumed to be independent

of hidden sector fields. These three assumptions lead to a very simple pattern of
universal soft breaking parameters, namely

Mgy =my s, (4.6a)
A, = Ao, (4.6b)
m; = mg, = mg, (4.6¢)

where we have considered a vanishing CC. Each type of soft parameters gets the
same value at the input scale, denoted by the subscript 0. With these considerations,
the 105 free parameters of the MSSM reduce to a set of 5 parameters

{m1/27 Ag, mg, tan 3, sign /J'}

Demanding correct EWSB and several experimental constrains, like mass bounds
from the Large Lepton-Proton Collider (LEP), shrinks the parameter space.

4.1.2 Properties of mSUGRA

The main aspects in mSUGRA mediated supersymmetry breakdown are

[ The soft parameters are universal at the input scale. Due to different RG
equations (see appendix B.1) they will obtain non-universal values at a lower
scale.

(4 The RG equations imply the ordering of the gaugino masses
M3:M2:M1:g§:g§:gf.
If the gaugino masses are universal at the GUT scale the ordering at the
electroweak scale is typically My : My : M3 ~1:2:7.

O The LSP is the lightest neutralino Y. In mSUGRA one typically has a
gaugino-like LSP [7].
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4.2 Anomaly Mediation

In this section we derive heuristically the soft breaking terms at quantum (loop)
level. The trick we will use is to introduce a new pseudo-symmetry, which is
preserved at classical level but will be violated at quantum level. As we know from
section 2.5 the SUGRA multiplet consists of the graviton, the gravitino and the
corresponding auxiliary field. It is convenient to house this auxiliary field inside a
non-dynamical chiral superfield ¢ called chiral conformal compensator

p=1+62F°. (4.7)

This superfield is only a mnemonic device in order to implement the new symmetry.

We can couple it (or rather F'?) to the MSSM chiral and vector superfields through
1

Ly = fd20252 +fd49¢T¢QTNQ+fd29¢3w+h.c., (4.8)
g

which is a rescaling of the usual Lagrangian. Here N = exp (2gI'*T%), @ and T’
are chiral and vector superfields, respectively. One can attempt to gauge away ¢
by the scale transformation

Q—¢7'Q.

The Lagrangian eq. (4.8) changes to
1
% = fdQO - =2 4 fd49 O'NQ + fd29 (Q3 + u</>Q2) the.  (49)

We see that eq. (4.8) would be scale invariant at loop level if the superpotential W
would not contain the quadratic term. This p-term needs a special treatment [9]
and we will not consider it here. Anyhow, from this we see that an explicit mass
term would spoil scale invariance.

What we have done so far was just a rewriting of the usual Lagrangian with an
extra superfield ¢. This rewriting introduced a new symmetry (scale invariance),
called superconformal symmetry. We also saw that at tree level the Lagrangian was
scale invariant indicating that a non-zero (F'®) is ineffective. So we can conclude
that at classical level F? decouples from the visible sector.

This changes drastically if we include the loop level. Due to quantum corrections
the gauge and Yukawa couplings become scale dependent. The scale dependence is
given by the respective S-functions. Since the presence of ultraviolet divergences
requires regularization, this introduces an explicit mass scale; the cut-off Ayy. As
we saw above, an explicit mass term ruins the superconformal symmetry and one
is left over with a superconformal anomaly. The coupling of (F?) to the observable
fields is enacted by these explicit mass terms. The soft breaking terms can be
achieved by the following procedure of [9,44,45] :
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Soft Terms in Anomaly Mediation

m The auxiliary field of the SUGRA multiplet acquires its
VEV, (F?), through the coupling to a SUSY breaking
sector.

m Impose a superconformal symmetry (scale invariance).

m At quantum level (F?) couples to the observable sector
through the superconformal anomaly.

m The soft terms can be derived from eq. (4.8) [9].

It is worth to stress that in order to break SUSY we need a separate sector. Super-
conformal anomaly is merely responsible for transmitting the breakdown, which
occurs in a hidden sector, to the observable sector. Once a SUSY breaking sector
provides (F?) # 0, anomaly mediation is collateral present at loop level. Since it
contains the auxiliary field of the SUGRA multiplet, the conformal compensator
couples to the visible as well as to the hidden sector. The effect of the hidden
sector dynamics manifests itself in ¢.

Let us briefly discuss the soft breaking parameters. Explicit derivations [9]
reveal that the gaugino masses are given by

M, = @Fd’, (4.10a)
g

with By, = 0ga/0log 0. The A parameters, also arising at 1-loop, are

1 log Z; log Z,; log Z,
<8 0g dlog Z;  Olog k>F¢, (4.10b)

Ay = —
Wk~ 9\ 9logp ' dlogo 0log o

where Z;, Z; and Zj, denote the wavefunction renormalization. The soft scalar
squared masses arise at 2-loop level

. . 2
m? = 1( By Ov \ by 87@>‘F¢‘ . (4.10¢)

©7 4 \1672 99 ' 1672 Oy

Here 3, and 3, are the 3-functions for the gauge and Yukawa couplings, respectively.
The so-called anomalous dimension ; describes the RG dependence of the wave
function renormalization Z;. It is defined by

1672 = 0log 0%’ 16m2 V0 = dlog 02’

(4.11)

Eq. (4.10) are exact in the sense that they hold to all orders in perturbation
theory. We also see that in anomaly mediation the soft terms are controlled by
the MSSM couplings, B-functions and anomalous dimensions. To accentuate the
magnitude of the soft terms, let us reexpress egs. (4.10) using the RG equations
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for the gauge couplings eq. (3.4) and the anomalous dimension eq. (4.11). We
then obtain

F¢

M, = b, g? Tt (4.12a)
F¢
Aijk = (i +75 W) 752 (4.12D)
& 2

) . |F?
mp =Yg 4.12¢
3 ’7’L (167T2)2 ( )

We see that the overall scale of the soft terms is the loop suppressed <F¢’> If we
assume (FX) ~ (F?) with X being a hidden sector field of gravity mediation,
we see that anomaly mediation would be suppressed by a factor of 1672 ~ 160.

4.2.1 Properties of Anomaly Mediation
The main aspects in anomaly mediated supersymmetry breakdown are:

[ Anomaly mediation is non-universal at and below the GUT scale.

O From eq. (4.10c) it is clear that for fields with gauge interactions ~; ~ +g2
we get

7|

2 4
mz ~ _gaba

Therefore sleptons are tachyonic due to b, > 0 for SU(2).

[ The gaugino masses depend on the S-functions (or strictly speaking on b,).

1 To have SUSY breaking of the order of the EW scale anomaly mediation
requires (F?) ~ 10% GeV.

1 Anomaly mediation is flavor-blind [9].






Chapter 5
Mirage™ Scale Formation

In the previous chapter we have discussed two possible ways of mediating the
breakdown of supersymmetry from the hidden to the observable sector. We have
also seen that both options suffer from different troubles. There are other mecha-
nisms available like gauge mediation [6,7] or gaugino mediation [46,47] with their
own defects. A next logical step would be a mizture of different mediation types
in order to obtain an improved scenario. There are good reasons for considering
mixed scenarios. Since its proposal, string theory [12] has been a very appealing
candidate for a theory containing all fundamental forces. The first section serves as
a short overview and motivation to shift the gear into a new format of mediating
the breakdown of supersymmetry: mirage mediation [18-23]. This new scenario
is a mixed modulus-anomaly mediation and exhibits a distinct pattern of soft
parameters which differs from other scenarios. In section 5.1 we will consider an
alternative set-up, which can also lead to mirage mediation. The soft breaking
terms will be derived in section 5.2. Section 5.3 is dedicated to the analysis of low
energy spectra arising in mirage mediation. Finally, section 5.4 deals with mirage
mediation in heterotic string theory.

5.1 SUSY violating de Sitter Vacua

5.1.1 Joining String Theory

In superstring theory [12], which comprises 5 separate types!, pointlike particles are
replaced by 1-dimensional oscillating objects, called strings. Different excitations
of strings can be interpreted as different particles. Strings can be open and closed.
Open strings end on spatially extended objects of dimension p, called Dirichlet
branes (Dp branes)?.

Consistency requires superstring theory to have 10 spacetime dimensions. Since
our world is observed to indwell a 4-dimensional spacetime, we have to do something
with the unobserved 6 dimensions. One idea is to compactify the extra dimensions
on a small manifold. To have supersymmetry in 4 dimensions, one needs to

compactify on special manifolds called Calabi Yau (CY) manifolds [12]. One can

!There are the following types of string theories: Typel, TypellA, TypellB, O-Heterotic and
E-Heterotic. These 5 types are different limits of a single underlying theory, called M-Theory.

2A DO brane is a point, a D1 brane is a string, a D2 brane is a membrane, etc. A Dp brane
sweeps out a p + 1 dimensional world-volume as it propagates through spacetime.
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imagine compactification as rolling up the surplus dimensions. Generically, the
scale of superstring theory Mgy is expected to be very large.

In a low energy approximation (4D SUGRA), we see only the massless excitations
of the strings. The CY manifolds are parameterized by the so-called moduli. These
are massless scalar fields which are flat directions of the scalar potential. The
most relevant moduli are: the complex structure moduli Z, parameterizing the
shape of the CY manifold, the K&hler moduli 7; describing the volume of the
various cycles and the dilaton S. The shape and size of the CY manifolds in turn
is connected to the strength of the couplings. Thus, the moduli determine the
values of the coupling constants. Moduli are gauge singlet fields and interact only
gravitationally with ordinary matter—they live in the hidden sector.

If the moduli are not stabilized the theory is not able to make any prediction
since all couplings depend on the value of the moduli. The stabilization of moduli
can occur perturbatively (e.g. through fluxes? [13]) as well as non-perturbatively
(e.g. gaugino condensation* [14]).

One more thing to add is that recent observational data [48] suggest that our
universe has a de Sitter (dS) vacuum, with a small positive CC. Given all this, we
are interested in solutions with a (N = 1) supersymmetry violating dS vacuum.

5.1.2 KKLT Model

Recently, Kachru, Kallosh, Linde and Trivedi (KKLT) presented an interesting set-
up providing dS vacua [15]. This toy model is based on type IIB compactification
on CY with matter fields originating from D3 and/or D7 branes. The moduli
under consideration are the complex structure moduli Z,, the dilaton S and one
single Kahler modulus 7. The analysis is carried out in the framework of low
energy effective SUGRA with the Kéhler potential

K =-3log(T+T)—1log(S+5) - K(ZasZa) + -, (5.1)

where the ellipsis denotes the omission of the Kahler potential for the observable
sector fields. To arrive at the desired situation, the construction of KKLT consists
of three steps:

KKLT Construction

m Stabilize complex structure moduli Z,, and the dila-
ton S with fluxes. The Kahler modulus T remains
unstabilized. SUSY is broken.

m Use gaugino condensation to stabilize the T modulus.
The outcome consists of an AdS vacuum and restored
SUSY.

m Introduce anti-branes to uplift the AdS vacuum to a
dS vacuum and to break SUSY.

3Fluxes are non-zero VEVs of certain field strengths.
4Hidden sector couplings become strong in the infrared and gauginos condensate.
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T — Fig. 5.1 :: Total scalar
Te— . potential in KKLT set-
o up Vror = Vsueaa + Virrr

s sesy T (red/dotted) as a sum

of the SUGRA poten-

tial (black/solid) and

an uplifting potential
Vsuera (green/dashed). Vertical
AdS SUSY lines represent the displace-
ment of the minima.

In the first step, complex structure moduli Z, and the dilaton S are stabilized
by turning on the fluxes. These fluxes generate a superpotential # for these
moduli, but not for the Kéhler modulus 7. After Z, and S have been stabilized,
they can aquire a huge mass (~ O(Mgr) ~ O(10'7 GeV)) and can be integrated
out, leaving a constant contribution #y = #(Zy, Sp) to the effective low energy
theory®. The superpotential # breaks SUSY, with the scale of SUSY breaking
being characterized by #,. The stabilization of the T" modulus in the second step
requires non-perturbative mechanisms (gaugino condensation on D7 branes) and
is based on the ansatz

W = # + Ae™ T, (5.2)

with a, A being real constants and % is the remnant of flux stabilization. The
magnitudes of these constants are typically A ~ O(1), aT > 1 and #j < 1. Note
that we are working in units with Mp = 1. The stabilization of T through gaugino
condensation restores supersymmetry, since it leads to

DrW =0
and Wy # 0 in the minimum. Eq. (4.2) reveals for the vacuum energy
Vo = =3¢ [Wy|? < 0.

At this stage, all moduli are stabilized but we are left with an anti de Sitter (AdS)
SUSY preserving vacuum (fig. 5.1). The remedy comes in the last step where
KKLT introduce (ad hoc) non-supersymmetric objects: anti-branes. The presence
of anti-branes (D3) breaks supersymmetry and contributes an additional energy,
which can be viewed as an uplifting potential

D

‘/LIFT = mv

5The constant #5 is quantized in the sense that it is fixed by the fluxes, which are quantized.
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where D is a constant. By fine-tuning D, it is possible to obtain a dS vacuum
close to zero. The uplifting procedure changes the value of the T modulus at the
minimum only slightly (fig. 5.1) due to the fact that before uplifting the SUGRA
potential is quite steep, unlike the uplifting potential. Thus the value of the T
modulus in the minimum is nearly unaffected by the uplifting.

From fig. 5.1, we see that the dS vacuum can be destabilized by tunneling effects
and one might worry about the lifetime. In [16] it was argued that the lifetime
of the metastable vacuum is approximately 1010 years, so, for all practical
purposes, the dS vacuum can be considered as completely stable.

5.1.3 Little Hierarchy

There is a lot of fine-tuning to be done in the KKLT model in order to obtain a
reasonable low energy SUSY (breaking). As mentioned in the previous section,
typical values for this scheme are

A~O(1) [xM],
Wy ~ 107" [x ME],

leading for example to a gravitino mass of order

1
(2?)%2 T0)3/ 2
which is far away from the TeV region. Also in order to obtain a dS vacuum
energy that be consistent with observation, one has to fine-tune the uplifting
potential with an accuracy of order 10729 [16].

Now let us briefly consider the derivation of the soft breaking terms in the low

energy scenario caused by the KKLT model. As discussed above, the effective (low
energy) potential contains two parts:

V' = Vsyera + VitFT- (5.3)

The first part Vsyera describes the situation after the heavy Z, and S moduli have
been integrated out and the T modulus was stabilized. In the effective theory,
this can be described by the Lagrangian [20, 21]

L = fd49¢¢ [—36*@3} +fd29 HifaEQerﬁW] +h.c.] , (5.4)

where the ¢ = 1 + 02F¢ is the conformal compensator, = the spinorial field
strength. The gauge kinetic function f,, the superpotential W and the Kéahler
potential K are given by the ansétze [19-21]

K=-3log(T+T)+ Y (T+T) " Q'Q", (5.5)

Maja = Mpe®? [Wo| ~ Mp Wy ~ 1010 ... 10" GeV,

1 o
W =#,— Ae T + éAiijleQk, (5.6)

f, = T, (5.7)
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with @’ being the visible sector fields. The so-called effective modular weights n;
denote the location of the visible fields. For MSSM fields living on D3 branes one
has n; = 1 and [, = 0 whereas for MSSM fields originating from D7 branes n; = 0
and [, = 1. If the visible fields live on brane intersections, n; take fractional values
n; € (0,1) [20,21]. The holomorphic Yukawa couplings A;j; are assumed to be
moduli independent.

The low energy consequence of D3 uplifting can be expressed through [21]

Lirr = fd49¢2¢2 020*Pr1rr, (5.8)

where Pripr = D (T + T) "7 is the so-called spurion operator, which is related to
the uplifting by Virpr = exp(2/3IA( ) PLirT, Where K denotes the hidden sector part
of the Kéhler potential. In the original KKLT set-up n, = 0.

The minimization of the total scalar potential eq. (5.3), under fine-tuning the
CC to zero%, reveals [19-21]

aXeTy ~ log(A/#y) ~ log(Mp/mszys), (5.9a)
VA4
~ Mp——— 5.9b
msz/2 P(2§R€TO)3/2’ ( )
mr ~ (a?ReTo)mg/g, (59C)
and the F-term contributions to the soft terms are found to be
FT 1
_ ~ , 5.9d
To+ Ty (@ReTp) 2 (5.9d)
Fd) ~ msz/2. (596)

From egs. (5.9), we see the specific relations among the soft masses, the gravitino
and the modulus masses. The soft masses from gravity /modulus” mediation are
suppressed by (a¥feT)) against the gravitino mass, while the mass of 7" is enhanced
by the same factor.

To get a MSSM spectrum in the TeV range, # has to be of order 1073, This
can be achieved by fine-tuning fluxes in the underlying string theory. After this
fine-tuning has been performed, one finds

aRe Ty ~ log(Mp/ms/s) = O(47?), (5.10a)
mp ~ 107...10°GeV, (5.10b)
mayo ~ 10°...10* GeV, (5.10c)
msgrr ~ 10%...10° GeV. (5.10d)

This result has some very interesting consequences, which we summarize below.

5Even though the cosmological constant is non-zero, its small value A ~ [1073 eV}4 can be well
approximated by 0 for our purposes.

"In gravity mediation soft terms are guided by the F' component of certain hidden sector fields.

Moduli are fields of that kind motivated by string theory, hence the name modulus mediation.
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Q Unlike other SUSY breaking scenarios, the gravitino mass lies in the multi-
TeV range whereas the T modulus is heavier by a factor 4w2. This is
interesting for cosmological considerations. In particular, the heavy moduli
and gravitinos produced in the early Universe would decay before nucle-
osynthesis and thus would not affect the abundances of light elements [18].
But there is still an open discussion about the cosmological moduli and
gravitino problems [24-26,49]. In this work, however, we will not consider
these problems.

[ The contribution to the soft terms from modulus mediation is suppressed
by 472 and becomes comparable to the loop suppressed contribution from
anomaly mediation.

Modulus Anomaly
m N FT . Msy2 m - F? - a2
SOFT To+ To T2 SOFT ™~ 765 ™ g2

The soft terms receive comparable contributions from both mediation types.
This mized modulus-anomaly mediation leads to a distinct pattern of soft
masses which we will study shortly.

A The moderately large parameter (aReTp) ~ 472 leads to a hierarchy among
the modulus, the gravitino and the soft masses

2 242
mrp ~ 4T mz g ~ (47F ) MgsoFT,

which is called the little hierarchy [17]. This little hierarchy is given by the
logarithm of the large hierarchy between Mp and mg/s.

It was argued that such structures generically arise when moduli are stabilized by
non-perturbative mechanisms close to a supersymmetric point [17,18]. In that
sense KKLT is just one example. We will use this example as an encouragement to
study the low energy phenomenology of the mixed modulus-anomaly mediation.

5.1.4 Mirage Unification

Now let us figure out the specific properties in the mixed modulus-anomaly
mediated scenario. This can be done simply by looking at the gaugino masses.
We will consider the 1-loop level. Schematically we have

M, = Mugpyrus + Manovary

and both contributions are of comparable size. The contribution from anomaly
mediation eq. (4.12a) is proportional to the respective S-functions® or strictly
speaking to the beta function coefficients b,. Thus, anomaly mediation splits the
masses of the gauginos at the GUT scale according to b,. Furthermore, we know
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from section 4.2 that anomaly mediation is non-universal below the GUT scale. In
the simplest case where the contribution from modulus mediation is universal at
the GUT scale, it will not change the ordering of the gaugino masses at the GUT
scale but it will change the relative ratios due to the universal shift. In any case,
the gluino will be the lightest gaugino. The ratio of the gaugino masses at the
GUT scale is typically M3 : My : M; ~1:1.6:24.

Now the evolution of the gaugino masses from the GUT scale is governed by
the same [-functions (i.e. the same b,), so the gaugino masses will meet again at
a given scale. This scale however depends on the ratio of anomaly to modulus
mediation. If both contributions are comparable, the gauginos will meat at an
intermediate scale. Then at the EW scale the ordering of the gauginos is inverted
and typically My : My : M3 ~1:1.2:2.6.

Since there is no physical threshold associated with this scale, it is called mirage
scale Myrg. This form of mediating the SUSY breakdown is called mirage mediation
because mirage unification? is a generic feature of schemes where modulus and
anomaly mediation are competitive [18,21-23].

One can introduce a certain parameter, which measures the balance between
modulus and anomaly contributions. In mirage mediation this parameter tells
us where the gaugino masses coincide and thus the size of the mirage scale. The
domination of modulus over anomaly mediation shifts the mirage scale towards
the GUT scale (fig. 5.3 frame @) and leads to mSUGRA.

On the other hand, when anomaly mediation prevails over modulus mediation,
the gauginos will coincide at a very low energy scale (fig. 5.3 frame @). Anyway,
the most interesting case is where the modulus to anomaly ratio is O(1). One
should note however that scalars differ. Even though the first and the second
generation scalars unify at the mirage scale, the third generation scalars “deviate”
from the mirage scale due to large Yukawa contributions (see fig. 5.4). Nevertheless,
for gauginos this 1-loop statement is very robust.

8The B-function is negative for the gluino and positive for the bino/wino. See also appendix B.1.
°Tf we apply a GUT, e.g. SU(5) or SO(10), there would be a true unification for the gauginos
above the GUT scale and a mirage unification at an intermediate scale.
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Fig. 5.3 :: Influence of modulus/anomalaly ratio on Muzs.

5.1.5 de Sitter Vacua from Spontaneously Broken SUGRA

Let us just pause for the moment and have some thoughts about the KKLT model.
The interesting feature in this scheme is that the resulting soft terms receive
comparable contributions from modulus and anomaly mediation, leading to mirage
mediation. On the other side, the way KKLT arrived at SUSY violating dS vacua is
rather “brute”. Recall from section 5.1.2 that in the first step of the construction
SUSY is broken, then in the second step it is restored and it gets explicitly broken
in the last step. The desired situation would be to achieve mirage mediation in
the framework of spontaneously broken SUGRA.

Indeed, this idea was investigated by Lebedev et al. [50]. It was shown that
the search for stable dS vacua within a spontaneously broken SUGRA can be
successful if one introduces new (light) DOF. This new DOF can be represented in
the effective low energy theory by additional hidden sector matter fields'®. The
simplest ansatz was suggested to be [50]

K=-3log(T+T)+CC+..., (5.11)

with T being an overall Kahler modulus, C' is a hidden sector matter field and
the ellipsis denote the omission of the Kahler potential for the visible fields. The
superpotential, after integrating out heavy moduli, is given by the ansatz

W =Y wi(C)e " 4+ 7(C), (5.12)

where the sum runs over gaugino condensates'' and the functions w and 7 follow
from integrating out heavy DOF. In what follows these functions will be treated as
some generic functions. Given this set-up, the authors of [50] showed, that stable
dS/Minkowski vacua in the framework of spontaneously broken SUGRA can be
realized. In addition, as we will see later, new patterns of soft masses can arise.

®These hidden sector matter fields are assumed to be singlets under the unbroken gauge
symmetries.
HHere gaugino condensation breaks SUGRA spontaneously, setting the scale of the breakdown.
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In this section we would like to derive the soft breaking terms in the framework
of spontaneously broken SUGRA as suggested in [50]. We will then see that this

framework offers several possibilities of which mirage mediation is just one option.

The underlying string theory is type IIB.
To derive the soft terms in the mixed modulus anomaly scenario we use the
ansatze [50]

K =-3log(T+T)+CC+QQ(T+T) ™[1+&CC], (5.13)
f, = Tl (5.14)
where n; are the effective modular weights, depending on the location of the visible

MSSM fields Q°. For matter fields on D3 branes I, = 0 and n; = 1 whereas for the
MSSM fields living on D7 branes [, = 1 and n; = 0. If the visible fields live on

the intersection of branes, the modular weights take fractional values n; € (0,1).

As was pointed out in [21], the most phenomenologically attractive situation is
to have gauge fields originated from D7 branes but to leave a freedom for the
origin of matter fields. This gives I, = 1 but n; remains undetermined!'?. Note
that the last term in eq. (5.13) is suppressed by My 2. The parameter &; describes
the coupling between visible and hidden matter fields. This is a new ingredient
endowing the pattern of soft masses with new facettes.
To derive the soft breaking terms, we first look at the scalar potential, which is
given by eq. (4.2). Inserting K from eq. (5.13) we obtain
V= 9 1\W (T+T)=3W[ +|We+WC|* =3|W}|, (5.15)
C@+Tp 377 ¢ Co
where the subscripts on W denote derivatives with respect to the SUSY breaking
fields T and C'. The soft terms are obtained at the minimum of the potential
which, without loss of generality, can be placed at'® [50]

V(T = Tp,C = 0) ~ 0, (5.16)

where we have tuned the cosmological constant to zero. Eq. (5.16) connects the
SUSY breaking terms eq. (4.1) via

2 |FT‘2 1|FC“2.

My = — 5.17
3/2 (TO+T0)2 3 ( )

To obtain the soft terms in the mixed modulus-anomaly scenario we have to be
somewhat careful. For the pure modulus contribution we can use eq. (4.5) and for

121n particular, if MSSM fields are located on D3 branes, the resulting phenomenology is controlled
by anomaly mediation. Phenomenology of anomaly mediation however was exhaustively
studied in the literature, e. g. [51].

13That is, the SUSY breaking fieds T and C can be stabilized at C' ~ 0 and T ~ Ty respectively.
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the pure anomaly part eqs. (4.12) are suitable. The soft scalar masses, however,
include mixed terms which can be found in [20,21]. See also appendix B.2 for
details. Taking all this into account the soft breaking terms become

FT F?
= —— +bago— 5.18
a TO +T0 + llga 16772’ ( a’)
FT Fé
Ajje = (=3 +ni +ny +nk)m + (% + %+ W) oz (5.18D)
7|2 6|2 é T
5 |FT| PO 2reFToy
;= A+ (36 — g = — % : 5.18
m’L 1 +( 5’& n’L) (T0+T0>2 774 (167T2>2 167T 727 ( C)

with A; = (1 — 3&)m3,,. Note that we have calculated the soft terms in the
minimum of the potential eq. (5.16) using eq. (5.17) for m3,,.

From eq. (5.17) we know that F'7 and FC are related to each other, but (in
general) there is no relation to the conformal compensator of anomaly mediation
F?. Thus, in principle, we can have different scenarios depending on the dosage
of FT and F?. In this work we are mainly interested in mirage mediation, so
(motivated by KKLT) we consider again

T E map

As mentioned earlier, the phenomenology of mirage mediation is sensitive to the
ratio between modulus and anomaly contribution. Therefore it is appropriate
to introduce a new parameter which measures the balance between these two
contributions. Actually two different definitions of this parameter have been
used [18, 21|, which are inverse proportional to each other. We will use the
definition of [18], which is more descriptive for the study of low energy spectra:

FT _ Ma3zy2

775 M = .
To+ Ty @M y 1672

(5.19)

In the limit & > 1 modulus mediation dominates, since the contribution from F7
would exceed F'?. The case a = 0 corresponds to pure anomaly mediation. The
precise value of a depends on the details of the underlying model (e. g. shape of the
uplifting potential). The original KKLT model predicts