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Abstract

With the start of the LHC, it becomes increasingly important to under-
stand the experimental signatures that discriminate different extensions
of the standard model.

Supersymmetry (SUSY), in particular the Minimal Supersymmetric
Standard Model (MSSM), is one such extension that is specially attrac-
tive by its simplicity and elegance. However, if this symmetry is to be

realized in nature, it must be spontaneously broken.

In this work we will try to understand the most general way in
which SUSY breaking can happen in renormalizable field theories and
the implications that this has on the minimal extension of the standard

model (MSSM) mass spectrum.

The first two chapters are the introductory material: in chapter 1
we will introduce some of the key ideas necessary to understand super-
symmetric field theories, and in chapter 2 we will briefly describe the

the simplest supersymmetric version of the Standard Model.

In chapter 3 we will focus on understanding the role of R-Symmetry
breaking in determining the soft terms gauge mediation of supersymme-
try breaking (GMSB) can lead to. To do this we consider a model where
both R-symmetry and SUSY are spontaneously broken. One starts
with the model proposed by Intriligator, Seiberg and Shih (ISS) and
adds a (dangerous) marginal operator, which we call a meson deforma-
tion. The inclusion of this operator leads to the spontaneous breaking
of R-symmetry in the vacuum. One then gauges the SU(5)r of flavour
and identifies it with the MSSM GUT gauge group, thus implementing
GMSB. Thisﬂ] was the second explicit example where R-symmetry was

spontaneously broken in the vacuum. As in the first|2], gaugino masses
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turned out to be smaller than naively expected so that a mild splitting

between scalar (squark and slepton) and gaugino masses exists.

After this, a general argument B] showed that in fact gaugino masses
are always significantly smaller than scalar masses if the universe is
perturbatively stable. This arguments suggests that any viable vacuum
should be (perturbatively) metastable, as had been previously noticed

by Murayama and Nomura.

In chapter 4, we try to explore alternatives to this scenario by con-
sidering the possibility that the vacuum doesn’t break supersymmetry
by F-term vevs alone, but by a having simultaneously non-zero F and

D-terms.

It turns out that this does not happen in models where the Kahler
potential is canonical, and the superpotential is a cubic polynomial in

the fields, but it can happen if either of these constraints is violated.

This leads us to consider a particular example, where we study a
hidden sector model with SU(3) gauge group, two flavours of quarks
and one singlet. The superpotential is the most general consistent with
the tree-level symmetries. The R-symmetry is anomalous, however, but
one can still derive selection rules that constrain the form of the effective
superpotential. The only extra term that is allowed is an instanton
induced contribution. This term explicitly breaks the R-symmetry, but
the resulting low energy superpotential is not generic and SUSY is still

spontaneously broken.

While not a complete example of GMSB, this class of hidden sector
models is interesting as it does not require metastability: the tension
between the spontaneous breaking of an R-symmetry and the massless
R-axion is bypassed by the naturally non-generic superpotential. These
models usually have both F and D-term SUSY breaking, but these two
vevs are not independent: in non-Abelian theories, the D-term vevs can

only be induced by the F-term vevs of fields that are not gauge singlets.

The implementation of GMSB in scenarios where the F-terms are
not gauge singlets is then considered in both its direct and semi-direct

forms:



In chapter 5 we deal with direct gauge mediation with gauge mes-
sengers. In this version of gauge mediation, the spontaneously broken
gauge group is identified with the MSSM GUT gauge group and gener-
ically leads to tachyonic squark or slepton masses. In the particular
case where the GUT gauge group is SU(5), we show that this problem
can be solved if there are two independent sectors where SUSY is spon-
taneously broken or simply by using a solution of the doublet-triplet
splitting problem where the vev responsible for the spontaneous break-
ing of the GUT symmetry is larger than the SUSY breaking scale. In

both cases the effects gauge and non—gﬁuge messengers have to combine

]

We then finish out study in chapter 6 by considering the semi-direct

if a viable spectrum is to be reached.

version of gauge mediation with gauge messengers. As it is known,
gaugino masses are screened from messenger interactions, at leading
order in the SUSY breaking parameter F. Because of this, gaugino soft
masses will be suppressed with respect to scalar soft masses. This leads
to a scenario of mildly split SUSY, i.e. scalars are at least one or two
orders of magnitude heavier than gauginos. This generically leads to
some extra fine-tuning to get the EW breaking scale to occur at the

correct scale.






vii

Declaration

This dissertation is the result of my own work, except where explicit
reference is made to the work of others, and has not been submitted for

another qualification to this or any other university.
In particular, chapter Bl is based on the work:

”On the Diversity of Gauge Mediation: Footprints of Dynamical
SUSY Breaking”
S. Abel, J. Jaeckel, V.V. Khoze and L. Matos
JHEP 03, 017 (2009), arXiv:0812.3119 [hep-ph]

Chapter @ is based on:

”Some examples of F and D-term SUSY breaking models”
L. Matos
arXiv:0910.0451 [hep-ph)]

And chapter Bl is based on:

”Gauge Mediation with Gauge Messengers in SU(5)”
L. Matos
arXiv:1007.3616v2 [hep-ph]

The copyright of this thesis rests with the author. No quotation from
it should be published without the prior written consent and information

derived from it should be acknowledged.

This thesis does not exceed the word limit for the respective Degree Com-

mittee.

Luis Matos






ix

Acknowledgements

I would like to thank some people:

My supervisor, Valya Khoze, for his advice and guidance throughout my PhD; Steve
Abel and Joerg Jaeckel for their help and patience.

The Foundation for Science and Technology, for funding my PhD.

My friends in Durham, for their joy and help; specially Jorge Silva and Javier Cobos-

Martinez.

To my girlfriend Joana whose patience, strength and love made Durham and my life

so much happier.

To my family, for their encouragement and love; in particular to my mother, for her

neverending encouragement to exceed myself.

This thesis is dedicated both to her and to my girlfriend.






Contents

Il 3 The building blooks] ......

Il 3.2  Vector ﬁeldl .......
Il 4 SUSY Lagrangiansl .......
Il 5 SUSY breaking . .. ... ...

Il 5.1 F-term SUSY breaking]
Il 5.2  D-term SUSY breakingl

Il 5.3  Combined F & D-term brea.king] ..................

Il 6 Some results concerning O’Raifeartaigh modelsl ..............

Il 7__Non-perturbative SUSY breakinq;;h_&dss_;_thbﬂﬁ_tj;&n_ln_d_gﬂ ........

Il 8  Regunlarization of SUSY theories

Il 12_Soft Breaking of Supersymmetry: Spurionsl .................

Il 13 Analytic continuation into Superspa.(’el ....................

xi

0 00 = &= = =

11
14
15
17
19
20
21
22
23
25
27
30

35
37
39
39
42
43

47



xii Contents

IZJ_J_EJMLQAM%k_sngmﬂL;LbL&am. .................. 49

|2 2  How and where is SUSY brokerﬂl ...................... 52

|3 1.1 Overviewl ............................... 63

|3 2___Meson-deformed ISS theor\/l ......................... 65
i - 73

|3 3.1 Gange mediation with explicit messengersl ............. 73

|3 3.2 Direct gauge mediatiorl ........................ 7

|3 3.3 Signatures in the directly mediated meson-deformed modei 89

|3 4.2 Sjenatures in the directlv mediated barvon-deformed modei ... .97

|3 5 Condusionsl .................................. 99
|4 Searching for F & D-term SUSY brpakingl 101
L1l Constraints on models of combined F and D-term SUSY breaking] . . . . 102
|4 1.1 __Some consequences of this resuhl ................... 110

l4 2 Adding non polynomial terms to the sup@rpotentia.i ............ 110
121 The micrascopic description] . .« - o oo 115

l4 3__Orthogonal qmupsl .............................. 118
|44 Conclusionsl .................................. 121
123

123

125

129

135

. 135

137

139

142

|5 5.1 Case 1] ................................. 142

|5 H.2 Case 2] ................................. 147




Contents xiii
|5 6 (“(m(‘hlsi(msl .................................. 151

- 153

Iﬁ 1 Gauegino Masses] ............................... 155

|6 2  Squark Massesl ................................ 157
Iﬁ_ﬁ_&]ﬂ]mal;mf_BﬂﬂﬂIA ............................. 159
SQC 161
I.A_J_N.Q.n;p.mmawmmahzam_thﬂ)mms] ................ 161
[B_Meson-Deformed 1S9 167
MMIDMMMW&J .............. 167

|C G M in Di G Mediati | 169
IC 1__Minimization of the notentia.i ........................ 169

|$ .2__The messenger mass mahrjcﬁﬁl ........................ 174

|§ 1.3 Soft terms in models with two mass Lhreshgldgl ............... 178
I]Z)_S.em.l;d.l.tem_ggge_nmdlanoﬂ 181
ID 1_Usefull quantities and notati(m] ....................... 181

h') 1.1 _Renormalization of the (normal) messenger ma.ssl ......... 183

h') 1.2 Renormalization of the MSSM gange coupling . . . . . . . . . . . 184
wmmﬂammmmmmmumd .......... 187

ID 2 Ganeino masses] ............................... 188
I]l?;_S_q_u_a.Lk_ma.ss_asJ ................................ 188
IE'] li ] | 193
II . £ fi | 199
II . £ tabl | 201






Chapter 1

Introduction

“Our tmagination 1is stretched to the utmost, not, as

in fiction, to imagine things which are not really there,

but just to comprehend those things which “are’ there.”
— Richard Feynman, 1918-1988

1.1 Invitation:

Physics, over the centuries, has successfully allowed us to construct a language in which
we can begin to understand the laws that govern nature. This has been an exciting
journey as the new discoveries have forced us to drastically change the way we perceive

the universe.

One of these important questions appeared in particle physics after the discovery of
the W-bosons. We were asked to understand what unitarized the WW cross section: if
nothing canceled the dangerous contributions from the longitudinal degrees of freedom,
perturbative unitarity would be lost at the scale of ~ 1TeV! Since unitarity is one of the
cornerstones of quantum mechanics (as the total probability for something to happen
should be 1), its violation would have grave consequences in our understanding of particle

physics.
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One proposed solution was the Higgs Mechanismﬁ]ﬁl:
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Figure 1.1: Cancellation of the terms that lead to the non-unitary behavior of the WW
scattering amplitude.

This solution allowed us to understand these heavy vector bosons as gauge fields of a
spontaneously broken gauge theory, which essentially made the dangerous contributions
from the longitudinal degrees of freedom harmless! This idea allowed the construction

of what has become the standard model (SM) of particle physics.

Even though the SM has been tested with a huge success, this was not the end of the
story, since it does explain/include other puzzles: the existence of dark matter, neutrino
masses or the origin of flavour, and it relies on the existence of a light scalar (the Higgs

particle) of around 100GeV mass.

The reason why this last statement is a bit puzzling is that physicists believe the
standard model for particle physics is actually an effective field theory valid only below
some " cut-off” energy scale. However, being a scalar particle, the Higgs lacks a symmetry
that protects its mass from receiving quadratic corrections from whatever physics exists

at high energies:

k
1672

2 _ 2
My = Mo+

A? (1.1)

where A is the physical cut-off to the theory, k is some constant, and my is the
bare Higgs mass. There are some "natural” theoretical cut-offs that we can expect such
as the Grand Unification (GUT) scale (Mgyr ~ 10°GeV), or the scale at which gravity
becomes strong, the Plank scale (Mp; ~ 10"GeV). The cancellation required between
the bare mass and the quantum corrections to keep the Higgs mass close to the required

~ 100GeV is some staggering ~ 30 orders of magnitude!

'Historically, the proposal of the Higgs mechanism precedes the discovery of the W and Z particles,
but it became more important after their discovery.
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One natural way that such cancellations occur in nature is if there is some symmetry

behind it.

Supersymmetry (SUSY) is one of the possible solutions to this need. One cool feature
about it is that it is the only extension of the Poincaré group that allows for non-trivial
scattering (the complete symmetry group is not a direct product of Poincaré and some
internal symmetries). This is a highly non-trivial fact: it evades the Coleman-Mandula
NO-GO theorem da] by noting that one can extend the notion of group algebra to include
Z, graded algebras [1]:

(T4, T8 = T4« T8 — (—1)atesTB 5 T4 (1.2)

In practice, this means that, along with commutators of group generators, we also
have anti-commutators. It turns out that some of these generators are naturally realized

as spinorial objects, and when they act on a particle, they change its spin.

So, the way SUSY protects the Higgs mass is by putting it together (i.e in the same
representation) with a fermionic superpartner (the Higgsino), and dictating that these
two fields must have the same mass. As we know, fermion masses are protected by
chiral symmetry from both quadratic and linear corrections, so that they only

receive "harmless” logarithmic onedl:

k A

So SUSY essentially extends chiral symmetry from fermions to scalars, thus protect-

ing them against the nasty quadratic and linear quantum corrections.

In fact all fields in the SM that get paired up with a superpartner whose spin differs
by 1/2. This is partially bad: because we have not seen these fields in the colliders we’ve

built so far, this means SUSY must be broken at some scale.

2Fermions (by dimensional analysis) cannot suffer quadratically divergent corrections to their mass.
Suppose that there is a fermionic bare mass (my,), in this case we could expect that my ~ my o +
k1A + kom f,OLOQ(mLfO)- However, we know that all quantum corrections to the fermion bare mass
must vanish in the limit that m r,0 — 0. The logarithmic correction vanishes in this limit,but the
cancellation of the linear one requires k; = 0!
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The reason why this only partially bad is that below the SUSY breaking scale, all
SM particles are much less sensitive to contributions to their mass coming from high
energy physics than their superpartners (either due to gauge or chiral symmetry). So we

have not seen these new SUSY particles because they are heavier than their SM friends.

This does give us lots of extra stuff to look for in the near future. If SUSY is to be
responsible for the stabilization of the Higgs mass, at least some of these new particles
should be visible in collisions at the LHC.

In fact SUSY is so powerful and interesting that it gives us a window to explore
problems that are not (naively) related to collider physics as the existence of Dark
Matter: because all superpartners differ in spin from the SM particles, it is possible to
construct a matter parity where all SM fields have positive charge and superpartners have
negative charge. This symmetry is usually called R-parity. One interesting consequence
of it is that the lightest of the superpartners (LSP) must be stable, providing a natural

mechanism by which the existence of Dark-Matter can be explained!

As we shall see along the way, SUSY can actually help in solving some other problems
in particle physics, and even shed some light on the non-perturbative behavior of strongly

coupled Yang-Mills theories.

So, hoping to have motivated that both from theoretical and experimental points of
view it is interesting to study SUSY, let us look more carefully to the details of these

supersymmetric worlds.

I dare not put all the books from where I learned the field theory and SUSY from:
Peskin and Schroeder dg], Coleman’s book da], Weinberg’s volume I and II |10, |E|] are

my main sources for field theory. For SUSY, I prefer Wess and Bagger [12], Martin’s
lectures E], Bailin and Love’s [14], Seiberg and Intrilligator’s lecture notes [15, [16],
Terning’s book[17] and of course the unmissable Weinberg, volume IIT [1§].

1.2 Supersymmetry

As we have said, Supersymmetry is the only non-trivial extension of the Poincaré group
that allows the construction of interesting relativistic field theories. It can be most easily
studied with the help of the algebra of the generators of the group. Being an extension

of the Poincaré group, it has the same old momentum P,, and Lorentz generators M,,,,
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along with some new ones: Q*, Q, 4 (where A denotes the number of fermionic genera-

tors there are, A=1,..., N, and @d,A is the Hermitian conjugate of Q).

These Q-generators transform as spinors under the Lorentz group and, unlike bosonic
generators, they obey defining anti-commutation relations. We shall use the following

conventions:

[A,B] = AB — BA

(1.4)
{A,B} = AB+ BA
The new relations that define the algebra of the group are:
{Q£7@BB} = 2056-13#5@ {Qév Q?} = EaﬁZAB (1 5)

[P, Q] =0 (M, Q4] = i(00)a@5

Where the o’s are the Sigma matricesﬂ], € is the anti-symmetric symbol where €15 = 1,
and (0#)5 = 04,0 7 — (< v)). The Z’s are bosonic symmetry generators that
commute with every other operator, they are known as the central charge and can

generically be written as an anti-symmetric matrix.

In this work we will focus on the case where there is only one pair of fermionic
generators Q,, Q4. This case is known as N = 1 supersymmetry. Because there is
only one value the indices A,B in eq. [CH can take, the central charge Z vanishes in this

kind of theories.

The third relation in ([C3) tells us that the momentum operator P, commutes with
all the new generators of the algebra. This means that P? is a Casimir operator and
so, useful to determine the irreducible representations (multiplets). Since all fields in a
given multiplet must have the same P? eigenvalue, all particles in the same multiplet

must be mass degenerate.

For particles of non-zero four-momentum, this algebra implies that the number of

fermionic components equals the number of bosonic components (in a given multiplet).

The fermion number operator is defined as (—1)V* and:

(—1)V*|B >=|B >
(1.6)
(—1)NF|F >= —|F >
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Where |B > (|F >) is some bosonic (fermionic) state. Because of its definition, it
must be that {(—=1)", Q,} = 0.

Using this, and the cyclic properties of the trace operator:

Tr[(—=1)"{Qa, Qp}] =Tr[(-1)""QuQs + (-1)""Q5Qu] =
Tr(Qu(=1)" Qo — Q3(=1)""Qu] = 0

On the other hand, using the explicit expression for the commutator we get:
0= TT[(_l)NF{QmGB}] = QUZﬁTT[(_l)NFPM]
And for a multiplet with non-zero four momentum this implies:

Tr[(=1)"] = Ng - Np =0 (1.7)

One could also wonder about what happens in a multiplet that has zero four momen-
tumH. We shall come back to this point in a second.

Another useful property is that in global SUSY the energy of a state must be a
positive semi-definite quantity:

1 — 1 1, —
< B{Q0 D3} >] = 111Qul@ > [P+ @0 > | 2 0
Using the expression for the anti-commutator we get (and Tr[o*] = 20}):

1 _
ZTT[< P{Qa, Qp}|® >] =< ®|Ry|® >=< H > >0 (1.8)

This result leads to a very important check on SUSY breaking: unbroken global SUSY
1s equivalent to vanishing vacuum energy.

Qul0>=0 <= < H>=0 (1.9)

3Note that zero four-momentum is a stronger condition than masslessness.
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In fact this is so important that we shall repeat this fact in the form known as the

Witten index theorem[19] (which we will review in more detail in a later section):
If Tr((—=1)Nr) £ 0, then SUSY is necessarily unbroken.

Because Tr((—1)V7) can only receive contributions from states with zero four mo-
mentum, this quantity can only be non-zero if the theory contains states with vanishing
energy, i.e. < H >= P = (0. This in turn means that the global vacuum of the theory
has unbroken SUSY.

1.3 The building blocks:

To describe the irreducible representations of the Poincaré group we use functions in
Minkowski space. Because we have extended this set of symmetries in a non-trivial
way, the set of coordinates needed to describe ”space-time” is increased (by two)

This construction is known as Superspace[2()], and formally consists of the coordinates
{2# 6,0}, where the 2*’s are the usual Minkowski space-time coordinates and 6’s are

anticommuting (Grassmanian) Variablesﬁ.

Just like for the Poincaré group, irreducible representations are functions, subject to
particular SUSY invariant constraints, defined in superspace. One useful way to impose

these constraints is to use superspace covariant derivatives:

D, — aie)a +io" 070, (1.10)
D, = % + z’eﬁagdau (1.11)
00

A nice way to write down functions in superspace is to expand them in the 6, 6
coordinates. Because of the anti-symmetry properties of these variables, it must be
that a Taylor expansion must terminate (For N = 1 SUSY, the highest order term is
020" = 0°0,0,0").

We will not go into the details of checking how to look for the irreducible represen-

tations, and limit ourselves to describe some of the massless representations of interest.

40ne of the differences between SUSY and internal symmetries is that the space required to describe
the irreducible representations is not a direct product between Minkowski and any other space.

5A detailed discussion of the properties of these objects and a formal definition of superspace can be
found in [1d, 21, and for a more hands on approach: [2J]
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1.3.1 Chiral fields:

A chiral superfield is one that obeys:
Dg® =0 (1.12)

Where @ is a function in superspace, and Dy is the covariant derivative just defined.

In components, the solution is:

O(y) = ¢(y) + V200 (y) + 0*F(y) (1.13)

Where y = x + i#o™@. Even though there are two complex scalar fields, we will see
that in most examples F(x) is not dynamical and can be integrated out, leaving us with

a complex scalar and a Weyl spinor, and (on-shell) Np = Np.

Under a SUSY transformation, the components of a chiral field transform as:

0 h = V2x. (1.14)
Sptp = V2xF + V20" X0,6 (1.15)
5uF = —iv/20,00"x (1.16)

Where x is a spinor parameter, and  is its complex conjugate.

The important point is that the SUSY transformation of an F-term is a total deriva-

tive, so that [ d*xzF is invariant under SUSY transformations.

Chiral fields have the cool property that they form a ring with respect to the usual
addition and multiplication of functions (known as the chiral ring). This property will

be extremely handy in section [L4]

1.3.2 Vector field:

A vector field is a field that satisfies the condition:

V=i (1.17)
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In components this can be written as:

V(x,0,0) =C(x) +i0x — ifx + %HQ(M(:E) +iN(z)) — %EQ(M(x) —iN(z)) — 05" 0v,(x)

FiPI (4 L0x()) — () + Lo 0, x(x) + %(9252@(1;) + %DC(:U))
(1.18)

Where C,D,M, N and v, are real fields. Clearly, if A is a chiral field, then A4+AT is a

vector field. One of the uses for these fields is to describe gauge interactions.

Let us now look at the two following cases:

Abelian Case:

In an Abelian theory, under a local gauge transformation the vector field transforms as
v, — v, + 0,k(z), where k(x) is a real function. We can then look at the effect of the

following transformation:

V =V +i(A— AT (1.19)
® — exp(—iA)® (1.20)

Where now A is a chiral field and i(A — AT) is taking the place of the real function
k(x). If eq. is correct, gauge invariance implies a much larger symmetry group in
SUSY theories than in its non-SUSY cousins.

If A=A+ 20y + 6°F, in terms of component fields we have:

C—C+i(A—-A")
X = X+ V20

M +iN — M +iN + 2F (1.21)
Uy = U+ Ou(A+ A7)
A— A
D—D

And it is comforting to see that the v, component indeed has the correct transformation
law to be a U(1) vector field.
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A particular simple gauge, know as Wess-Zumino (WZ) gauge, is one where we use
the freedom in eq. to set C,x, M and N to be zerd]. It breaks SUSY but leaves the
usual gauge invariance v, — v, +0d,k(z) H Furthermore, the only fields that remain are

vy, A and D: A real vector field v, a Majorana spinor A,, and a real scalar field D.

The generalization of the field strength is given by:

1—
W, = —ZDQDQV (1.22)

These superfields are chiral and gauge invariant:

2

DyWo =0 D™ Dy(i(A—A")) =0 (1.23)

In terms of components this gives:
Wa = =ida(y) + (9D(y) = £(0" 72Ot — )0 + 00100 (5)  (124)

Where y = z + i6o0.

The non-Abelian Case

Generalizing the previous construction to non-Abelian gauge fields requires some more

work, as now the generators of the gauge group have the following algebra:

[T, T = if*°T° (1.25)

Where T% are the generators of the group and f®¢ are the structure constants of the

group.

6We can only chose this gauge because this is a massless vector field. If it were a massive vector field
all the components are physical (e.g. as in the Kahler potential).

" If we do not put any constraints on C, it is easy to see that the vacuum manifold in any SUSY theory
is invariant under a gauge transformation where the gauge parameter is takes complex values, i.e.
the gauge group has been complexified
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The correct generalization of gauge transformations turns out to be;
exp(V') = exp(—iA)exp(V)exp(il) (1.26)

Where A = 2gA*T?, A is a chiral field and V' = 2¢gV*T*.

And the correct generalization of the field strength is:

Wy =—D"¢ "V (Dye") (1.27)

As before, in this gauge, the components of the field are: the real vector field vj;, the

Majorana spinor known as the gaugino AY, and the auxiliary real scalars D®.

We can also study what happens to the components of a vector field under a SUSY
transformation. We shall not write down all equations, the one that is of concern to us

is the transformation of the D-term component:

6D = =01b.0".x + X.0"0,1 (1.28)

Since the D-term component of a vector superfield transforms as a total derivative,

f d*zD is invariant under SUSY transformations.

1.4 SUSY Lagrangians:

We now come to the task of building SUSY Lagrangians. Obviously any SUSY action

must be invariant under SUSY transformations.

We will now define two new quantities: W and K where W is a holomorphic func-
tion of chiral (super)ﬁeldsﬁ (i.e. is a chiral field) and K is a vector superfield. As we

have noted, the F-term component and the D-term component of a chiral and vector

8When talking about chiral superfields, we will often omit the super prefix



12 Introduction

superfields, when integrated over all space-time, give quantities that are invariant under

SUSY transformations, so [ d*zW|g2 and [ d*zK)| 252 are SUSY invariantH .

K is the Kahler potential and it depends of the other fields in the model, K (¢, V ...).

The function W is split into two parts: W =W + Iéiz W W where W is the superpo-

tential and is a holomorphic function of chiral fields, Iéiz W, W is the kinetic term

for the gauge ﬁeld@.

The function 7(®) is a dimensionless holomorphic function of the chiral fields and its
bare value is usually chosen to be 7 = % + %, where 6 is the topological angle and not

the superspace 6 coordinate.

So

T «
L:K‘02§2 +<W+MWQW )‘92 + c.c. (129)

By “c.c.” we will generically mean the complex conjugate of the X|s2 term (for any X),

i.e. only the chiral terms.

Or in a more action-looking for:

S = /d%:(/ POPIK + /d29(W + # W, W) + c.c.) (1.30)
T

And, for a canonical Kahler potential, one has:

K=Y xle"xi+) ol (1.31)

where Y; is any chiral field that transforms non-trivially under the gauge transformations,

®; are gauge singlets and V' is the vector field.

Mathematically, the only constraint on the Kahler potential is that it must be a
gauge invariant vector superfield, meaning that it will have an expansion similar to [LT8

Each of the components of K can be expressed as a function of the fields in the model.

? By Alp> (A],.z2) we mean the coefficient of the monomial proportional to 6 (9252) in the expansion
of A.

1ONote that by eq. [CZ3, and by enforcing that 7 is chiral, we have ensured that Iéiz W,W® is a chiral
superfield, and the integral over space-time of its F-term is SUSY invariant.

HFor a detailed description of Berezin integration see, for example ﬂﬁ], or assume that integration
over a Grassmagl variable is equivalent to differentiation with respect to that same variable: i.e.
Jd0f(x,0) = “EE2 ) 5o = [(x.0)]ee

12We have absorbed the gauge coupling into the definition of the gauge generators.
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Now, as we noted, under the transformation K — K + A + AT, the space-time integral
of the “D-term” component of K remains invariant. This transformation is known as
a Kahler transformation. While closely related with gauge transformations, Kahler

transformations are a new symmetry of the model.

Let us now look at the superpotential:
W = W(®;, x:) (1.32)

Is a gauge invariant function of ®,y but not their Hermitian conjugates.

In terms of components, one can expand this and get:

ow 1 W
W(®i, xi) = W(gi, xi) + @(‘Dz — i) + §m(¢i = ¢i)(®5 — ¢;) + (P < Xx)
(1.33)
Where @; = ¢; + +/(2)0.4; + 6F,,.
oW 0*W
W(®;, xi)|e> = F. Wy, Wy, + (P < x) (1.34)

0%, " 00,00,

In a U(1) theory there is another term that is allowed: x V.72, where x is some
constant (in components, this is xD(x). This term is known as the Fayet-Iliopoulos
term|[23]. Since in here the main focus will be about non-Abelian gauge theories, where

this term is not allowed, we will ignore it.

From expanding eq. [L3T]it is easy to see that there is no kinetic term for the F-terms,
so these fields are not dynamical. As it turns out the Lagrangian for them is so simple

that they can easily be integrated out. Their equations of motion are:

Fa, = =5,

(1.35)
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1.5 SUSY breaking

In the case of a gauge symmetry, spontaneous symmetry breaking (SSB) happens if the

vacuum is not invariant under the transformations:
<0 >#0 (1.36)

Where 0¢ is a gauge transformation of the field ¢.

In the case of spontaneous breaking of SUSY the principle is the same, except that
now the generators of the symmetry transformations are the Q’s and @Q’s discussed before.
Broken SUSY requires:

QO>#A0 or  Q0>#0

Which, as we know, implies that: < H > >0

We are now interested in making this inequality more precise. To do this we will
look at how SUSY breaking affects the transformation laws of the fields. In WZ gauge,

a chiral and vector fields transform as:

56 = VIt (1.37)
6 = iV20"X Dy + V2x F (1.38)
8 F = iv/2XG" Dot + 2igT@ A" (1.39)
5@ = —iXFmy 4 e A@ (1.40)
S A = " xvl8) + ix D™ (1.41)
5,0 = —xo™ D, A" — D ADomy (1.42)

Where D,, is the space covariant derivative (D,,¢ = O, +igu,¢ for a field transforming
in the fundamental representation of the gauge group). Since the only vevs that do not
break Lorentz invariance are those of ¢, F' and D, in a vacuum that respects these

symmetries, one has:

5 = V2xF (1.43)
S AW = ix D@ (1.44)
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This means that SUSY is spontaneously broken if and only if F and/or D are non-zero

in the vacuum.

If perturbation theory can be applied, one can compute the vevs of these fields and

check whether or not SUSY is spontaneously broken.

1.5.1 F-term SUSY breaking:

Even though it is very easy to spontaneously break a gauge symmetry, SUSY breaking
is not a simple task. Assume that the superpotential is a generic function of n-variables
and the Kahler potential is canonical. Then SUSY is unbroken if we can simultaneously

solve all:

_ (ZZ)* = Fi(¢;)) =0 (1.45)

Since these are n-complex equations in n-complex variables, they generically have so-
lutions. In fact, it can be shown that if the Kahler potential is canonical, and in the
absence of a F.I. term, one can always find a solution to the D-term equations along the
space of solutions of the F-term equations. So if SUSY is not broken by F-terms alone,
it is not bmke. This can change in cases where the solutions to the F-term equations

lie at infinity (i.e. there are runaway directions to SUSY).

A generic(sufficient but not necessary) constraint due to Nelson and Seibergdﬂ],
for models of F-term SUSY breaking is that they should have an R-symmetry that is
spontaneously broken. An R-symmetry can be viewed as a rotational symmetry in the

fermionic components of the superspace where:

0 — 0 =e 0 6—6 =cg (1.46)

Since the superpotential Wy is invariant under this symmetry, it must be that the
R-charge of W is 2.

By dimensional analysis, there must be at least one field X with non-zero R-charge
and, because we are assuming that R-symmetry is spontaneously broken, a non-zero

vev:

R(X)=r,#0 <X >#0 (1.47)

13We will look at this in more detail in the next section.
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Let the remaining fields of which W depend on be called ¢;, and R(¢;) = ;.

Then, by dimensional analysis, we can write the superpotential as:
W (i, X) = X/ g(y;) (1.48)

Where y; = Xffjm and g is some holomorphic function.

The F-term equations are then written as:

oW 2

ax T—X2/rflg(yz')
ow 99(y:)
2 x2re 22N
yi yi

since < X >+ 0, these are n-equations for n-1 variables, and may not have a solution.

As it turns out, it is extremely hard to build explicit examples where the R-symmetry
is spontaneously broken at tree-level. The reason for this goes under the name of com-
plexified R-symmetry transformatio (so it is an R-symmetry transformation where
the parameter has been complexified). This transformation changes the norm of the

F-terms and not just their phase[25].

ow
9¢;

By choosing the sign of 3, and taking the limit § — oo, we can make some of the F-terms

=W, —» W! = @ m)la=B) (1.49)

)

vanish asymptotically. So, as long as there are enough degrees of freedom to solve all the
F-term equations for the fields with R-charge < 2 or > 2, one can find a complexified

R-symmetry transformation such that the potential vanishes asymptotically.

As an example assume that we can solve all the F-term equations fields with R-charge
< 2. Then the remaining F-terms correspond to fields with R-charge r; > 2. Then by

choosing 3 — —oc:
W = eC-re=B)yy, _, (1.50)

So, if one wants tree-level R-symmetry breaking, it must be impossible to solve the
F-term equations for the fields with R-charges < 2 and independently the same must
hold true for the fields with R-charge > 2.

14 Also known as the runaway problem.
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Another approach is to use the rank condition to break SUSY. This is also an
algebraic constraint on the kind of superpotential one can write down and assumes the

existence of an R-symmetry. In this case the superpotential can be written as:

W=>"®f;({y;}) (1.51)

Where R(®;) = 2 and R(y;) = 0, and there are n ®-fields and q y-fields, with the
constraint that n > ¢, i.e. there are more fields with R-charge 2 than fields with R-
charge 0. In this case, there are n F-term equations for the ®-fields but these depend
on only ¢ < n variables, so generally they are not solvable and SUSY is spontaneously

broken.

ow
09,

= fi(y;)

In these cases R-symmetry is often not broken. There are q F-term equations for the

y-fields, and generically these can be solved, as one can simply set all the X;’s to zero:

8_W — X, Afi(yy)
dy; dy,

(1.52)

More generically we can view these equations as an underconstrained system, since
there are n-variables (the X’s) and only q equations. Because of this, there will be
(n-q) flat directions that can be expressed as linear combinations of X’s (more gener-
ally, the existence of a flat direction can be shown in renormalizable models of F-term
SUSY breaking). Determination of whether or not R-symmetry is broken requires the

understanding of the mechanisms that stabilize these flat directions

1.5.2 D-term SUSY breaking:

This argument follows very closely the discussion of B], with some more details.

In this section we will essentially ignore the presence of F.I. terms and show that
if this happens (or simply consider a non-Abelian Gauge theory for which a F.I. term
is not allowed), and it is possible to solve the F-term equations for finite values of the

fields, one can always find a vacuum where the D-terms vanish.

15Since R-symmetry protects gaugino Majorana masses from being generated, this is important from
the phenomenological point of view.
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To show this, consider the explicit expression for the D-term in a global SUSY theory:
D" = 9Tt (1.53)

Where one assumes a sum over the index i, and the generators are in the appropriate

representation (labeled by i). Let us now assume that we have found a solution for finite
values of the fields, for which F;({¢;}) = 0, and the fields have finite vevs.

This however does not uniquely fix one solution. One way to see this is to note that
the F-terms have to transform under a representation of the gauge group (in particular,
the same representation as the scalar part of the chiral superfield they belong to). Since
they vanish in the vacuum, and are holomorphic, they are invariant not only under gauge
transformation, but gauge transformations where the gauge parameter takes complex
values. This means that complexified gauge transformations of the field vevs does not

change the fact that the F-terms vanish in the vacuum:

ow

ow ow o T
— 0 —_— — (elaaT )]Z% =

56 =7 B !

Where the a, are complex numbers.

The D-term D*T* represents a particular direction in the space spanned by the
algebra of the gauge group, and we can perform a (gauge) rotation in this space to align
the direction specified by D?, to be along a vector that belongs to the Cartan subalgebra
of the group, T%. In this basis, there is only one non-vanishing component to the vector
D = DT namely D*T* (no sum in k). This generator has eigenvalues ji, ; or, dropping

the k-index, ;.
Then the expression for the D* becomes:
D* = ¢l s (1.54)

There can now be two cases: either all the p;’s have the same sign or they don’t. Let us
assume that they do, then we can perform a complexified gauge transformation along

the direction given by T*:

b; — €M, (1.55)
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Since T commutes with all other generators of the algebra, this will not generate any

new D-term components. However the existing D* transforms as:
D" — g™ ; (1.56)

So that if all y; > 0, we can take n < 0, and as  — oo, D*¥ — 0.

Now let us consider the case where not all the p;’s have the same sign, then we note

that D* can be written as:
DF = — — gl g, (1.57)

Now, the function gbZTeQ“mgbi goes to co when 7 goes to co or —oo, so that it must have
a minimum somewhere between those two points. In that point, the gradient of the

function vanishes, i.e. D¥ = 0.

1.5.3 Combined F & D-term breaking:

The argument above shows that, quite generally, a necessary condition for SUSY break-
ing is the impossibility to solve the F-term equations for finite values of the fields. In
other words: if we can solve < F; >= 0 for all i and finite field vevs, then we can always
find a solution where D = 0 and SUSY is unbroken.

A different question that can naturally arise is whether one can have a combined
effect of F' and D-term breaking in non-Abelian gauge theories. More precisely, we will
be interested in finding out in what kind of models is SUSY spontaneously broken by F
and D-term vevs. The answer to this question will be one of the main topics in chapter

B so we will just summarize the results here.

As it turns out, roughly speaking, the only way this can happen is if there are
dynamically generated terms in the superpotential and, in this case, the D-terms are

not independent parameters.

Since there are few known models where this happens, and their field content is very
constrained, the phenomenological applications of such models are very limited. This

possibility is explored both in chapter ll and in the last chapter.
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1.6 Some results concerning O’Raifeartaigh models

We will now review some of the important results concerning the tree-level vacuum in
O’Raifeartaigh (O’R) models and which will be of importance when studying gauge

mediation.

By O’R model we mean a SUSY model with only chiral fields and that has a vacuum
where SUSY is spontaneously broken (even though the original model constructed by
O’Raifeartaigh spontaneously broke SUSY in the global vacuum, we will include the
possibility that the ”vacuum” is only metastable). Since it only has chiral fields, the

model can only break SUSY through non-vanishing F-terms.
The first important result is the existence of tree-level flat directions@].

The exact claim is that in O’R models where the superpotential is a cubic polynomial
and the Kahler potential is canonical, (meta)stability of the vacuum implies the existence

of a tree-level flat direction given by:
i = ¢\ + 2F, (1.58)

where Fj is the goldstino direction in field space , and ¢; is the vev of the scalar su-
perpartner of the goldstino. Of course this flat direction is lifted by quantum effects
(since SUSY is broken). Note that no assumption here was made on there being an

R-symmetry of the superpotential.

In some cases, when SUSY is broken because of the rank condition, it can happen that
the only field that has non-vanishing R-charge and that can get a vev is the goldstino, so
that the breaking of R-symmetry requires the understanding of the quantum corrections
that lift this direction in field space. This brings us to the second result that was shown
by Shihdﬁ]:

In a model where the R-charges of the fields are restricted to 0 or 2, the vacuum
is always stabilized at the origin of field space (i.e. R-symmetry is not spontaneously
broken). So, to be able to spontaneously break R-symmetry, and generate Majorana
gaugino masses, it is important that one of the fields in the model has an R-charge that

1s not 0 or 2.

16Tf the F-terms are not singlets under a gauged symmetry, then this result doesn’t apply: R-symmetry
can be spontaneously broken even if the R-charges are 0 or 2.
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1.7 Non-perturbative SUSY breaking checks: the
Witten Index

As we've seen, in SUSY theories, the number of fermionic and bosonic states must match.
One exception to this rule is when we consider states of zero energy. So, answering the
question of whether SUSY is broken dynamically or not, is a question of checking whether
the energy of the vacuum is 0 or not. In particular if we can prove that there are states

of zero energy, then SUSY must be unbroken.

There are several ways to quantify this, and they are essentially different versions of

a quantity called the Witten index.

The Witten index is defined to be:
W; =Tr((—=1)") (1.59)
And one can also define a weighted Witten index:
Wi = Tr(C(-1)F) (1.60)

Where C is the charge conjugation operator, and the Tr is taken over all states in the

theory.

We will look at the uses of the original version of the index. If it has a non-zero value
for some value of the coupling constants, than it will take that value for all values of
the coupling constants, as long as no new states of zero momenta appear or disappear
(one way this might happen is when changing the values of the parameters of the model

changes the asymptotic values of the potential).

The reason is that, for non-zero momenta, states with different statistics are paired
up. As we smoothly change the parameters in the theory, some of the states can make
the transition to having zero 4-momentum, or vice versa, but they must do it in pairs.
For this reason, and unless non-perturbative dynamics brings about topological changes
in the potential, the Witten index remains constant for all (non-zero) values of the

parameters. It’s for this reason that this provides a non-perturbative test on SUSY
breaking.

I"Note that the opposite is not necessarily true: the vanishing of the Witten index may just mean that
the vacuum is paired up with some massless fermionic state and SUSY is still unbroken.
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The power of this index is not restricted to showing that SUSY is not broken by non-
perturbative dynamics in a particular model, by doing a computation in the perturbative
regime. Suppose we prove that in "theory A” SUSY is not broken. Then SUSY is not

broken in any theory whose low energy dynamics can be mapped to "theory A”.

Consider the following example: Witten showed that the index is non-zero in SYM
(with SU(N¢) gauge group Wy = N¢), and so SUSY is not broken for any value of the

gauge coupling.

Let us now take SQCD with quark masses: i.e. SYM and vector pairs of quarks such
that every quark is massive. Because the Witten index does not depend of the values of
the parameters, we can take the masses of the quarks to infinity. In this limit the quarks
will be extremely heavy and we can integrate them out. Since the low energy dynamics
of this theory is identical to SYM, we can conclude that SUSY is not spontaneously
broken in SQCD with quark masses.

1.8 Regularization of SUSY theories:

Now that we understand how supersymmetric actions can be written down and what are
the properties of the tree-level vacuum, we turn to the understanding of how quantum

corrections can change these properties.

The first problem one encounters when attempting to study quantum corrections
is that infinities seem to appear everywhere. This is because we need to do integrals
that do not converge in an infinite 4-dimensional space. Even though SUSY puts extra

constraints on the field theory, the same holds true for supersymmetric models.

To properly define the theory we have to introduce a regulator that renders the
integrals finite and tractable. In a renormalizable theory, physical observables will not
depend on this regulator, very much in the same way that in a gauge theory, a physical

result cannot depend of the gauge we do our computation in.

So a regulator is a means to an end: computing physical observables. One property
that it must have is to respect the symmetries of the theory that we want to keep (in
some cases it is impossible to keep all the symmetries of the classical theory, and one

says that the symmetries broken by the requlator are anomalous).
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In non-SUSY theories a very popular way to regularize the integrals is dimensional
regularization@]. With this method, the integrals are made U.V. finite by changing

the number of space-time dimensions from 4 to 4 — 2e.

If one tries to apply this to SUSY theories, it introduces a mismatch between the
gaugino and gauge boson degrees of freedom. This is bad, as the matching between
fermionic and bosonic degrees of freedom is (part of) the reason why quadratic diver-
gences are not present in SUSY theories (see also section [LTIl), or in other words: it
spoils the SUSY Ward identities. Because this mismatch is infinitesimal, it will not
cause any new quadratic divergences, but it does change physical observables by a finite

amount and the R.G. equations starting at two loops.

To regulate SUSY theories we need another method. One such possibility is dimen-
sional reduction (DR) (see for example @H]) This is different from dimensional
regularization because we keep space-time 4-dimensional, but compactify 2e¢ of these
dimensions (for example into a "circle”). In this compactification the representation of
the vector field breaks down to a vector in (4 — 2¢)-dimensions plus the e-scalars that
transform in the adjoint representation of the gauge group@. To two loops this method
regulates the integrals and respects the SUSY Ward identities. A proposed generaliza-
tion of DR to all orders in perturbation theory was proposed in @], and was named
SDR. In this work, and because we will be mainly interested to two loop results, we will

always use D.

1.9 Renormalization

Renormalization essentially means to define what one means by mass and coupling
constants in an interacting field theory. Take a free real scalar particle with mass m.

It’s very easy to write down a Lagrangian (density) that describes it:

L= %QSDQZ) — %ngbQ (1.61)

8There are Kaluza-Klein modes, which have masses of the order of the 1/L, where L is the compacti-
fication scale. In DR these are ignored, so that 1/L acts as a cut-off scale

9T fact it will be DR (or in some cases the scheme used to compute the NSVZ S-function), but
details on what exactly this is are clarified after the next chapter
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The mass is the parameter that we called m and is the position of the pole of the two
point function (i.e. propagator):
1

< o(p)o(—p) >= (1.62)

Now let this particle interact with other fields (or with itself). What does one mean by
mass of a particle? We could mean a parameter in the Lagrangian that is the coefficient
of a term m?¢?, or the position of the pole of the two point function. In interacting field
theories these two quantities no longer match. The same problem arises when trying to
define a coupling constant with the help of parameters of the Lagrangian. This means
that we need a set of equations (definitions) that specify exactly what we mean by mass

and coupling constants of a field, these equations are the renormalization conditions.

Let us take a specific example to clarify this: consider the mass of a particle in an

interacting quantum field theory. Generically the two point function takes the form:

iZ ({parameters}, p*)

< o(p)o(—p) >=

) ! 1.63
p2 - m({paTameters}’pQ)Q + e + (Tegu CLT) ( )

Since the probability of a particle going from one point to another should be one, the

first thing we need to do is to normalize the field:

or(p) = Z729(p) (1.64)

Where ¢, is the (re)normalized field. The mass of the field can then be specified to be
the pole of the two point function at some scale pi. If we can measure this, we can simply

specify:

m({parameters},p*)?| 2=,z = m: (1.65)

Where m, is the measured mass at the energy scale p, and is the renormalized mass.
A similar procedure can be adopted for all other coupling constants in the theory.

One can then write down the original (bare) Lagrangian in terms of renormalized

quantities by expanding the original Lagrangian parameters around the renormalized
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ones:

1 1 1 1
L :§¢D¢ — §m2¢¢) + interactions = §Z¢TD¢T - §Zm2gbf + interactions
1 1 1 1
= §¢TD¢T — §m3¢3 + iéqu,ﬂ(br — §5m¢3 + interactions (1.66)
Where 67 = Z — 1 and §,, = m*Z — m?. This difference between renormalized and the

bare parameters are called counter terms.

In this way, we have regained the definition of mass as the position of the pole of the
two point function (propagator) and as a parameter in the Lagrangian. The difference
with respect to the free field theory is that we now need to identify the energy scale at
which we are specifying the mass, and there are “extra vertices” in the Lagrangian that

we have called counter-terms.

Instead of doing this, one can choose to impose a set of rules (scheme) that (essen-
tially) determines the coefficients of the counter-terms we should have so that the result
of every loop calculation is finite. Examples of such schemes are MS, or MSEL. We
can now explain what DR’ is(!): It is simply dimensional reduction with a subtraction
scheme similar to MS with a slight twist for the e-scalars mass parameter. For this
mass, the subtraction scheme is chosen in such a way that physical observables (in fact

the soft terms) do not depend on it@]@

A renormalizable theory is one where when we rewrite the bare Lagrangian in
terms of the renormalized quantities we only get a finite number of counter-terms at
every order of perturbation theory. An example of a SUSY renormalizable theory is one
where the Kahler potential is canonical and the superpotential is a cubic polynomial in
the fields.

1.9.1 The Renormalization Group equations

In the previous section we noted the need to renormalize the theory at some mass (energy)
scale p in order to define what we mean exactly by mass and coupling constants. When

written in terms of these renormalized parameters the original Lagrangian gains counter-

208ee for example ﬂa] for a detailed explanation of what MS and M S are.
2IMore precisely, it is a scheme where the R.G. equations (next section) for the soft terms do not
depend on this evanescent parameter. More details on this in section [CT2
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terms that “absorb” these differences between bare (unrenormalized) and renormalized

parameters.

Operationally, these counter-terms have to be re-computed at each order in pertur-

bation theory so as to keep the renormalization equations valid.

One can now ask what is the physical meaning (if any) of this renormalization scale.
Since the renormalization scale does not enter in the Lagrangian when written in terms
of the unrenormalized fields, correlation functions (of unrenormalized fields) must not

depend on them.

Let us take a simple example with one field and some dimensionless parameters
collectively called “g” and the scale A from dimensional regularization (or a cut-off
scale), then G(xy1,xa,...,xn,9,\) =< ¢(x1)d(x2)...¢(x,) > depends on g and A, but
not on p, the renormalization scale. We can write this correlation function in terms of

renormalized fields:

< O(21)d(w2)...0(20) >= Z 7 < (1) (22) .0 (w0) >= Z PG (w1, 23, ..., Gy 1)
(1.67)

Where now both the renormalized fields and Z depend on the renormalized coupling

constants g,, and the renormalization scale. This dependence must be such that:

d
@Z’"/2Gr(x1,x2,...xn,gr) =0 (1.68)

And these are the Renormalization Group equations@]@. By rearranging this a bit:

)
(A@ +Bro— = %v)Gm,xQ, s Ty Gy f1) = 0 (1.69)

0
9
where we have used the definition for the 3 function:

a9,

= dLog(u)

(1.70)

22There are also the very similar looking Callan-Zymanzik equation. These are derived from the Ward-
Identities of broken scale invariance and (in the deep Euclidean region.) have exactly the same form
as these RG equations.
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And anomalous dimension:

~ O0Log(Z)

v = DLog(n) (1.71)

In a given theory (i.e. if we keep the I.R. physics constant), these equations constrain
the way in which the correlation functions of the renormalized Lagrangian change as we

change the renormalization scale. We shall get back to them after a small interlude.

1.9.2 The sliding scale

As we’ve seen in the previous section, there are flows associated with the specification of
the renormalization scale and the change of the physical (renormalized) parameters of
the theory. There is another way to do perturbation theory that is due to Wilson, and

where this flow also arises.

Supposed that you want to study the dynamics of a system of heavy atoms in a weak
external field. It will be very hard to solve the system exactly, so we may want to do an
approximation based on what we know should happen: since the electrons are so much
lighter than the nuclei, they respond to changes in the external field much faster than
the heavy nuclei. So we can solve the equations of motion for the electrons for given
nuclei positions. Calculate the field they generate (together with the external field), and
then compute the equations of the motion for the nuclei in the mean field generated by

the electrons and external field.

Wilson’s idea about dealing with field theory is essentially the same: you separate the
degrees of freedom of a system according to their momentum (or characteristic length
and time of the dynamics). Then one solves the path integral for the higher energy
degrees of freedom. This gives a different (more complicated) path integral in terms
of only the low energy degrees of freedom. The last step is the solution of this path
integral for the low energy degrees of freedom. Even though operationally one has to do

approximations, this method is exact.

Let us make this a bit more precise: consider a QFT defined by some path integral
with a momentum scale A (a momentum cut-off in Fuclidean space), for a field ¢ with
some boundary conditions, and parameters {g;}. We can split this path integral to a

sum over the several different momentum modes that the particle can have (consistent
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with the boundary conditions, and the cut-off).

g / do(a)el~ T 4L o) — 1, ( / d(p)) e~ #=tisd) (1.72)

This gives the integral a shell-like structure where each layer corresponds to a different
definite Euclidean momentum. We can now integrate out the shells of higher momentum,
in terms of the lower energy degrees of freedom. This will give us a different path integral
with a different cut-off but which will describe the low energy dynamics of the system.
Integrating out a (sufficiently) thin shell in momentum space should not change the

Lagrangian in the path integral by much:

Z =114 ( / dé(p))e T #=etada) — 11, ( / d(p) ) e~ ] L5} +9C {0}

(1.73)

We can then compare it to the original Lagrangian we started with by reparameterizing
the momentum cut-off (and space coordinates) of the low energy effective theory so that
it matches with the cut-off of the original path integral@. If we for a moment forget
that these two Lagrangians represent the same system, this gives us a map between two

different path integrals that represent the same low energy dynamics:

L{gi},x) = L'{gi}, 7) (1.74)

By performing a sequence of integrations of momentum shells and appropriate scalings
we get a sequence of maps or a flow in the space of Lagrangians. If we now identify the
cut-off scale of each of the Lagrangians with the renormalization scale of each of them,
we get a flow in the space of renormalized parameters called the Renormalization
Group (or RG) flow. This flow is governed by the differential equations we derived in

the previous section. Let us now look more closely at them.

One of the quantities we defined was the beta-function for a coupling constant. As
we have seen, to keep the low energy dynamics fixed, we must change the parameters
of the Lagrangian as we change the renormalization scale. The beta-functions tells us

exactly how this happens.

ZThese are not scale transformations. Coleman E] has an interesting way of putting this: ”Scale
transformations (...) are very different animals [from the transformations of dimensional analysis
that we are doing]”.
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Let us consider the particular Lagrangian:
L=Ly+ c;O"+ ... (1.75)

Where O* is some operator of mass dimension k. The mass dimension of ¢, is 4 — k. If
we look at the beta function for the coefficient ¢, we can have three different kinds of

behaviours:

By (1) <0 (L.76)
By (1) =0 (L.77)
By (1) >0 (L.78)

(1.79)

In the first case, the coupling constant grows in the IR (and goes to zero in the UV), so
this is a relevant operator. The second case corresponds to a marginal operator, as
the coefficient is the same at all mass scales. The third case corresponds to an operator

that decreases in the IR and is called an irrelevant operator.

Let us look at this from another perspective. Suppose we’ve fixed our renormalization
conditions and we instead ask how the correlation functions behave at lower energies.
To do this we need to transform the correlation functions to momentum space and
study their behavior at low momentum p@ In Fourier space the RG equations for the

coefficient ¢;, can be written as:

7

0 0
(pa—p _ﬁi@ +k—4—y)a({g:},p) =0 (1.80)

Where 7, is the anomalous dimension of the operator O. Close to a fixed point, the

beta functions vanish, and this equation can (approximately) be solved:

e{g:}p) ~ anl{gih, M) (3 (1.81)

Close to a trivial fixed point v, = 0 and we recover the familiar result that relevant
operators have coefficients with positive mass dimension, marginal operators coefficients
which are dimensionless and irrelevant operators have coefficients with negative mass

dimensio

24 Everything is done in Euclidean space, so it makes sense to talk about low momentum p.
25We may also have dangerous irrelevant,marginal or relevant operators! This prefix is added when
a particular operator behaves differently in the UV and in the IR due to a change in anomalous
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1.10 Renormalization in SUSY theories

This section is inspired in the ideas of Weinbergdﬂ] regarding the non-renormalization
theorems (first proved by Seiberg). Let us consider a SUSY theory now with the following

Lagrangian density:
— 1 (0%
L = gb;re V¢i|92§2 + (LL (¢z) + 2—92 w Wa)|92 + c.c. (182)

Where W is the superpotential and W, is the gauge field strength.

There are several non-dynamical fields in this Lagrangian: the auxiliary fields (F-
component of chiral fields and D-components of vector fields). Their interactions are

very simple, so they can be exactly integrated out.

However it is simpler to consider the theory without doing this. The reason is that
the original Lagrangian has terms that have special properties (holomorphicity, R-
symmetry and a Peccei-Quinn symmetry) that constrain the form of counter-terms
that can appear in the renormalized theory. By integrating out these auxiliary fields

these symmetries are no longer explicit and everything just becomes more complicated.

The Peccei-Quinn symmetry is the (perturbative) translational symmetry: % —
ﬁ—i—ix, and is the reason why we wrote down the coefficient of the vector field strength as
#. In the path integral, this iy term is simply a complex phase (just like the topological
0 angle) that couples to Im(W*W,). Because Im(W*W,) is a total derivative, it
has no effect in perturbation theory, which makes the Peccei-Quinn symmetry a good

(perturbative) symmetry.

We've already encountered R-symmetries. As we’ve seen, for an N = 1 SUSY theory,
R-symmetry is a U(1) symmetry where the superspace coordinates € and 6 are charged:

R(0) = —R(#) = 1. If the superpotential has an R-symmetry it must then have R(W) =
2.

Here we shall consider the renormalization of the Wilsonian action, i.e. the flow of
the operators as we integrate momentum shells (in a renormalizable theory where the
momentum has been taken of to inﬁnity)@. What this last bit means is that we only

have to worry about renormalizable interactions.

dimension of the field: i.e. the sign of k¥ — 4 — ~;, changes as one goes from the UV to the IR. In
other words: the S-function of a particular parameter changes sign along the R.G. flow.
26We will be mostly thinking about asymptotically free field theories.
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We shall now show that perturbatively the superpotential is not renormalized at any
order in perturbation theory and that the gauge coupling is renormalized only at one

loop.

To do this we introduce two fictitious external fields, X and Y and consider the

following auxiliary action:
1
L =¢le™" ¢il pge + (YW (¢;) + S X we Wo))|e2 + c.c. (1.83)

The superpotential then has a (perturbative) R-symmetry where R(Y) = 2, R(W,,) =
1 and R(X) = R(¢) = 0, and is holomorphic (and has a Peccei-Quinn symmetry).
Then, the Wilsonian effective action must respect these symmetries, even though the

Lagrangian may have a prohibitively complicated form:
LM = KM(¢a ng’ ‘/a X7 XTa K YT) "')|92§2 + ZRG(BM(¢a Wom X7 Y))|92 (]'84)

Where we joined the renormalized effective superpotential and kinetic term for the gauge
fields in the function we called B, and the subscript ¢ means that the effective action
is considered at the scale p. By dimensional analysis B can only be first order in Y or

second order in W,, as all other fields have R-charge 0:
Byu(¢,Wa, X,Y) =Y fu(¢, X) + h(X, ) Wo W* (1.85)

In principle f, and h, are general functions of X and ¢, but the Peccei-Quinn symmetry

forces them to take the form:

Ju(9, X) = [fu(9) W, X) = c, X +1(¢) (1.86)

We now take the limit where x (the scalar component of X) goes to infinity and y (scalar
component of Y) goes to 0. In this case there is a single term that can contribute to the
operator Y f,(¢) in the original Lagrangian: 2Re(Y f(¢)). (i.e. if we do a perturbative
integration of one momentum shell for the high energy modes in this limit, there is

only one vertex that can contribute to the said operator in the original theory, namely

2Re(Y f(¢)).) So:

fu(@) = f(0) (1.87)
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If we set Y=0, the action has an extra symmetry where we give a charge of +1 to ¢ and
0 to all other fields. This dictates that every term in the action has equal number of ¢

and ¢'’s. This means that [(¢) = k, a constant. And the action now takes the form:
L, =Ko, 0", V. X, X" Y, YT, )| 52 + 2Re(Y f(8) + (¢, X + k) Wa W)[g2 (1.88)

By inspecting the original Lagrangian (i.e. before we do the integration of the momentum
shell), we see that the gauge propagators go as 1/x, while the gauge coupling goes
as x, and every other propagator and vertex are x-independent. By taking the limit
where y goes to zero, and counting powers of x in the the diagrams, one reaches the
conclusion that there is no contribution (except for the tree-level interaction) to the

term proportional to X and the constant term gets one-loop corrections only.

Non-perturbatively everything becomes more complicated, as both U(1) symmetries
are anomalous. In particular, the anomaly of the Peccei-Quinn symmetry is important
if we are doing a calculation in an instanton background. Despite this, we can combine
these two U(1)’s to form a non-anomalous symmetry that can be used to constrain the

possible terms that can arise non-perturbatively (see Appendix [A]).

It turns out that for SQCD there are non-perturbative contributions: for Ny = N, —1
the main contribution is due to one instanton effects, and due to gaugino condensation

for Ny < N, — 1. The explicit form is:

ABNe—Ny \ 1/(Ne=Ny)
) (1.89)

Where A is the dynamically generated scale of the theory (more details in section [LT4I).

After this long discussion we should stop to recap. the results: in SUSY theories the
Kabhler potential gets renormalized at all orders in perturbation theory. The superpoten-
tial does not get renormalized in perturbation theory, and the form of the non-perturbative
corrections that can appear are highly constrained by the non-anomalous symmetries of

the model. The holomorphic gauge coupling only gets renormalized at one loopkEl.

2"The holomorphic gauge coupling is the Wilsonian coupling, not the usual physical gauge coupling
that appears in the 1PI action|3i]. A more pedagogical discussion of the difference is done in @],
and we will also discuss this in a bit more detail in section
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1.11 An important sum rule of spontaneously
broken SUSY

Unbroken SUSY requires a mass degeneracy between all component fields in the same
superfield, so scalars have the same mass as fermions and gauge bosons as gauginos.
If SUSY is spontaneously broken then this degeneracy will be broken as well, there is
however a sum rule that is present. This takes a very simple form in the special case
the Kahler potential is canonical and there are no D-term vevs: the weighted trace of
the mass matrices vanishes. This is a critical property of supersymmetry, as it means
that quantum corrections do not introduce quadratic divergences to scalar

masses:

dm? D SW/% + Q ------------- +

J

Figure 1.2: Cancellation of quadratic divergent corrections to scalar masses.

In generic field theories, the one loop corrected potential takes the form:

A
V;freeJrlfloop = V(¢) + kOA4 + k2(¢)A2 + k4<¢)L0g<W) (190>
Where the index of k represents the mass dimension of the coefficient and A is the cut-off
of the theory.

These coefficients are constrained by SUSY: the term proportional to A* vanishes.
Since the coefficient of this term (by dimensional analysis) can only depend on the
spin/statistics of the particles running in the loop, it doesn’t care whether SUSY is
spontaneously broken or not. Because we know that when SUSY is unbroken the vacuum

energy does not get corrected, this coefficient must vanish.

The second coefficient has mass dimension 2. The only way this can happen is if ky
depends on the mass (m? in fact) and spin/statistics of the particles running in the loop.
This coefficient must also vanish in the limit of unbroken SUSY, and it turns out that

it is proportional to Str(M?).
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This quantity is defined as:

Str(M?) =Y (=1)(2j + )Tr(M;) (1.91)

j
Where j is the spin of the particle an M; represents the mass matrix of all particles with
spin j. Since this quantity vanishes even if SUSY is spontaneously broken, the 1-loop
corrected potential only gets weak logarithmic corrections. Because masses depend on
the second derivative of the potential around the minimum, in SUSY theories masses do

not get corrections that depend quadratically on the cutoff scale.

If the D-terms were non-vanishing, the right hand side of the previous equation would

change and the equation would be:
Str(M?) = —2Tr[D)] (1.92)

Where Tr[D] = D*Tr[T*|. For non-Abelian gauge theories (SU(N), SO(N)) the genera-
tors of the gauge group are automatically traceless. For a U(1) theory, the non-vanishing
of the trace of the generator would imply the existence of a mixed U(1)-gravitational

anomaly, so that D-term corrections to this sum rule are not of importance in the MSSM.

Another sort of corrections arises when the Kahler potential is not canonical. In
this case [37], the supertrace depends on the curvature of the Kahler manifold (i.e.
quantities derived from the third and higher order derivatives of the Kahler potential
with respect to the chiral fields). This can happen due to the integration of some heavy
fields (eg. vector multiplet of some spontaneously broken symmetry), so that if the

theory is renormalizable and SUSY in the U.V. there will be no quadratic divergences.

An important detail is that there will be divergent logarithmic corrections to the
scalar masses. These are cut at the scale at which we integrated the extra fields. Because
of this, the coefficient of these terms can be reliably computed. In general there will also
be finite threshold corrections that cannot be computed without knowledge of the U.V.
theory.

If the high energy scale is ”very high”, these finite corrections will be subdominant@.
If this is not the case, then a reliable computation of scalar masses requires the knowl-
edge of the U.V. theory (up to the point where the Str(M?) vanishes). An interesting

28 As the logarithms grow with the R.G. flow while the finite terms are invariant at one loop
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example where this logarithmic term becomes important is in gauge mediation with

gauge messengers.

1.12 Soft Breaking of Supersymmetry: Spurions

One way to look at soft SUSY breaking is by the spurion method@]. A spurion is
a fictitious (non-dynamical) superfield, which we couple to the fields in a particular
model through renormalizable (and SUSY) interactions. We then allow this spurionic
superfield to get vevs that are consistent with the unbroken symmetries of the model.
In particular, the only vevs that are allowed by Lorentz invariance are x-independent
vevs for the scalar, 62, 6 and 620° components of this spurionic field (scalar, F-term and
D-term vevs). It was shown in [3§] that no new types of divergences are introduced in
this way. Because no quadratic divergences are introduced, any SUSY breaking term

introduced in this way is called a soft term.

Applying this to a generic gauge theory with canonical Kahler potential and super-

potential gives (at one loop):

[0z, (6.6 Vool o+ [ dndosol W+ W (s (1.99)

We can ”promote“ Zy, and S({¢;}, 1) to spurion fields, which generate the following soft

terms:

Adh’ = L0g<Z¢i)|92 (1'94>

mii = —Log(Z,)| g2 (1.95)

The A-terms (which are the coefficients of cubic scalar vertices), and the soft masses.

To compute gaugino masses we have to deal with a subtlety that we have avoided so
far and is related with the fact that we are using dimensional reduction to regulate the

theory.

In DR, the representation of the vector field in 4-dimensions decomposes to a d-
dimensional vector and the e-scalars. Both transform in the adjoint of the gauge group.

Grisaru, Milewski and Zanon showed that there is an additional operator that one can
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add as it is gauge invariant and respects SUSY@]:
/ d*00crz = € / d*0Tr(WW,) + h.c. (1.96)

This harmless looking operator is called an evanescent term. The reason why it is not so
harmless is that in perturbation theory this vertex appears in divergent loop diagrams.
Because of this, this innocent looking operator can change the naive result one gets for

physical observables @

Upon SUSY breaking, this operator gets renormalized, and:
/ dOT Oty — / PO(T]o + T)2)Tr(WOWa) + he) + T)mAAT (1L97)
Where T is a renormalized spurion vector field. The last T'[ ;2 term is the infamous

e-scalar mass mentioned in section [L9 From the discussion there, it can be ignored.

At one loop, the computation of the gaugino mass yields a finite result, and this

subtlety is not important, however it does make a difference at higher loops.

One then is lead to define the real (physical, and renormalized) gauge coupling@]:
R=S+ ST+l + 6TV (1.98)

Where §TW) is the coefficient of the counter-term for T proportional to 1/e.
At leading order this gives:

C(r)

82

Log(Z,) +O((S + S1H)™) (1.99)

C(G)
_ T T
R=5+8"+—7 Log(S+S)—§T:

Where this equation is consistent with the two loops R.G. equations for a softly broken

SUSY theory.

So the soft terms are:

Adh’ = L0g<Z¢i)‘92 (1'100)
m3, = —Log(Zy,)] g2 (1.101)
my = —Log(R({¢:}, 1))l (1.102)

29This term also clarifies the difference between the holomorphic and real gauge couplings and why one
is renormalized at one loop while the other is renormalized at all loop orders.
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We could have also promoted the superpotential parameters to spurions. In this case we

can have more terms:

e bilinear masses: B¢;.¢; (where the ¢;.¢; is gauge invariant)

e linear terms: C'® (where @ is a singlet)

1.13 Analytic continuation into superspace

A method to compute the soft terms at leading order in the SUSY breaking parameters
(here we will mainly focus on F-term SUSY breakin M, Eh, called analytical contin-
uation into superspace. This was later expanded in [32]. In here we will not go into the

gory detail of checking every step but explain the main idea of the formalism.

Consider a model that has two sectors: the first (called hidden sector) consists of
heavy superfields and a light superfield whose scalar and F-term components are non-
zero in the vacuum: < X >= M +60?F. The second sector has some light fields which we
call quarks (and will be the MSSM). These two sectors can only communicate through
gauge interactions (so no tree-level superpotential couplings between fields in the two

sectors are allowed).

MSSM
Gauge Interactions

Hidden MSSM

Sector m
M

Figure 1.3: Schematic representation of a scenario where analytical continuation can be used

At low energy scales, we can integrate out the heavy fields as a function of the vevs
of the light superfield. Since the masses of the particles we are integrating out must be

much larger than the masses of the light particles, we needt:

M —F/M>m (1.103)

30Note that this implies the no-tachyon condition % < 1.
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This equation also guarantees that SUSY breaking effects in the low energy effective
theory are small, and that using a SUSY formalism to describe it makes sense. Let us

now consider this theory, but with F = 0.

Below the energy scale of these heavy particles, the action for the MSSM is very
complicated, due to the renormalization of the Kahler potential and the real gauge

coupling. Schematically:

K<Q7 QTv ) :ZQi(X7 "')Q;re2ngi + O((QIQ2)2) (1'104)
R=R(X, .. (1.105)

Where the quark fields are denoted by Q;, 29V = 2. ¢;V;, a sum over the gauge groups
under which the field Q; is charged, Zg, (X, ...) is the wave-function renormalization for
that field. The expression O((Q!Q;)?) encodes all higher order gauge invariant operators

that are suppressed by some power of M.

One now assumes that these equations are valid as superfield equations: when we
turn F back on, the scalar vev X is replaced by its superfield vev in a way that is
consistent with the non-anomalous symmetries of the theory. This procedure is known

as analytical continuation to superspacd’].

So, upon analytical continuation, Zg,(X,...) and R(X,...) will acquire 6? and 020"

components, thus acting as spurionic superfields.

F
ek

pute the soft terms is encapsulated in the wave-function renormalization in the Kahler

As it turns out, at leading order in the relevant information necessary to com-
potential, the real gauge coupling, and the (unrenormalized) superpotential. This means

that we can essentially ignore the O((Q!Q;)?) terms in the Kahler potential!

Computationally, the wave-function renormalization and real gauge coupling can be
determined by solving the R.G. equations for this theory, taking care to correctly match

the quantities above and below the messenger mass threshold.

The soft terms (given by eq. [LI02) can then be computed by performing the ana-
lytical continuation of those quantities. Explicit examples will be given in sections [,

We will not give too much emphasis on the soft bilinear parameter B (since the MSSM

31The nomenclature being borrowed from the context of complex analysis, where often functions (like
the exponential, or the trigonometric functions) on the real axis can be analytically continued to
the complex plane.
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does not have singlets, no linear terms C are generated), but some comments will be

made in chapter regarding the i, B, problem in gauge mediation.

The validation of this analytical continuation procedure can be done by per-
forming a self-consistency check: see that the soft terms computed in this way obey the
correct R.G. equations. For some cases, explicit evaluation of the relevant diagrams has

confirmed the results of this method.

1.14 SYM+Matter

In this chapter we will study non-Abelian theories with vector matter, with particular

emphasis to the unitary and orthogonal groups. This is based in the discussion of 15, 42].

1.14.1 Unitary Groups

Consider a theory with N flavors of quarks (@, Q) transforming in the fundamental /anti-
fundamental of a gauge symmetry SU(N¢). We will be interested in understanding the
vacuum of the theory. In the classical regime, if there is no superpotential, finding
the vacuum amounts to finding the D-flat directions, i.e. the most general solutions to

D® = 0. In this case, the general solution is:

ai
Q=0Q= (1.106)
aANp
For Ngp < Ng, with a; arbitrary. And

a1 a1

a2 a2
Q= . Q= . (1.107)

an, aNe

With |a;|* — |a;|* =constant, for Np > Ne.
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These solutions have a gauge invariant form in terms of vevs of meson vevs M;; =
Qi.Qj, for the first case and both meson and baryon/anti-baryon vevs in the second case
M = Q'.Q;, BYeive = QuQ™..Q"We, BMiNe = QLQ™..Q"e, (and appropriate

contractions of indices).

Generically, SUSY theories have the nice property that even if there is a superpoten-
tial, the vacuum manifold can be described in terms of gauge invariant operators [43].
There will be extra constraints coming from the requirement that the F-term equations
have to be solved, but the light fields can always be described using gauge invariant

operators.

To understand the dynamics of these fields one can use the Wilsonian action where
all the heavy particles have been integrated out. If they turn out to be massless in
the quantum theory they are called moduli fields, if they acquire a mass, they are

pseudo-moduli fields.

This study would be very simple if we were not dealing with a gauge theory: if the
low energy theory is weakly coupled, the non-renormalization theorems tell us that the
superpotential is not renormalized. This would mean that the F-term equations are
valid even quantum mechanically (as long as the Kahler potential is well behaved). In
this case, the path integral involves a sum over backgrounds with different instanton
numbers and this invalidates the symmetries we used to derive the non-renormalization

theorems. A generalization of these can be made (see appendix [A] for a review).

Another important property is the behaviour of the gauge coupling with energy. This
is dictated by the NSVZ beta function@, @]

_¢° 3Ng — Np + Nev(g?)
1672 1— NC%

By = (1.108)
This is the exact solution for the gauge coupling beta function for a SQCD theory with
Np flavours and N¢g colors, and 7 is the anomalous dimension of the quarks. This
equation tells us that for different numbers of flavours and colors, the theory will have

different properties:

Nr < N¢

The theory is asymptotically free (and strongly coupled in the IR). There is a dynamically
generated (ADS) superpotential:
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A(?’NC*NF)

Wayn = (No — NF)(W

)1/(Nc—NF) (1.109)

So the quantum theory in this regime doesn’t have a vacuum unless one adds a mass

deformation to the superpotential:
Wiree = Trim.M] (1.110)

Where m if a Np x Np matrix with non-zero determinant.

In this case the potential has Nz minima:
< M >= (Det(m)A3Ne=Nr)l/Nep, =1 (1.111)

Which is in agreement with the Witten index (recall the argument of section [[).

NF:NC

As we’ve seen, there are no dynamically generated terms in the superpotential. But, it

turns out, the quantum moduli space is deformed:
Det(M) — BB =0 — Det(M) — BB = A*N (1.112)

This can be seen by adding the superpotential: W;..e = TrimM] + bB + Z;é, where we
give a large mass to one of the mesons. In this case the low energy theory must be the
same as in the previous case. Then, by taking the limit m, b, b — 0 one gets the result

shown.

One easy way to implement this is to put it as a constraint in the superpotential

with the help of a Lagrange multiplier.

This deformation removes all the singular points of the classical vacuum manifold
(e.g the origin of field space)to create a smooth quantum moduli space. Chiral symmetry
is everywhere broken. For regions close to the origin of field space the theory is strongly
coupled and should be thought of as confining. The dynamical fields are the gauge
invariant M, B and B.
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Far away, the theory it is better understood as Higgsed. This is similar to QCD in

the sense that chiral symmetry is broken due to dynamical effects.

NF:NC+1:

For this case, the classical moduli space is exact, inspection of the anomaly equations
for the global symmetries, indicates that the singularities of the Kahler potential are
not smoothed out, but that the theory is described by massless composite mesons and
baryons. Again there is a smooth transition from a Higgs phase to a confined phase (in
this case without chiral symmetry breaking) according to how far away of the origin the

vacuum 1is.

NC+2SNF

If No +2 < Np < 3N¢ the theory is strongly coupled for field vevs close to the origin,
and this strongly coupled region can be understood in terms of dual theories (which we

will discuss later).

For Nr > 3N¢ the theory is not asymptotically free and can only make sense as an

effective low energy QFT.

1.14.2 Orthogonal Groups

The discussion of orthogonal groups is slightly more subtle. Since we're assuming SUSY
is not broken, the classical moduli space can be described using gauge invariant operators,
as in the previous case. This means that for Np < N we need ”"Meson” degrees of
freedom (M ~ QQ, with appropriate contractions), and for Ny > Ng we need both
"Meson” (M ~ QQ as before) and "Baryon” (B ~ Q~¢, with appropriate contractions)

degrees of freedom.

The discussion of whether or not there are dynamical contribution to the superpo-
tential goes through in the same way (but with different group theory factors) as for
Unitary groups. For N = 3 there is no dynamically generated superpotential for any
Np. For No > 4, and Np < N. — 2, there is a dynamically generated superpotential

generated of the form:

16A3N07NF76

Der(il) )1/ (Ne=Nr=2) (1.113)

W = £ (Ne — Ny~ 2)
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For Np > Ng — 2 no dynamically generated superpotential can be generated. If
Np < 3(N¢ —2), the theory is asymptotically free, and becomes strongly coupled at low
energies, the dynamics is more easily described with the help of a dual theory. Theories

with more flavors only make sense as effective field theories.

One difference is that orthogonal groups are not centerless in even dimensions. This
has the consequence that there are different (inequivalent) branches with different solu-
tions. Take, for example, Np = Nz — 4. On a general point in the moduli space, the
vevs of the quarks break the SO(N) gauge group to SO(4). The center of this group

consists of two elements: 1 and -1 (where 1 is the identity in the group)£d.

Now, in SO(4), the gauge coupling essentially behaves as two independent quantities.
Another way to see this is to note that SO(4) is isomorphic to SU(2) x SU(2). And the
dynamical contribution to the superpotential due to gaugino condensation breaks up in
two. The contribution to the superpotential has the form:

1 16A2(Ne—1)

Wayn = 5ler + ) Det(M)

)12 (1.114)

For this particular case, when Np = Ng —4, the €g, €, correspond to the two roots of
unity. So that in one of the branches (where the two € are equal), there is a dynamically
generated superpotential, while if the two € have opposite signs, there is none due to the

”destructive interference” of the two terms.

1.15 Seiberg Duality:

As we saw, some of the theories of the previous sections become strongly coupled in the
IR, so that a perturbative treatment of their dynamics is not possible. Fortunately in

some cases one can find a ”"dual” description that is more tractable.

Let us explain what is meant by "dual”. In these cases, we shall say that two theories
are dual to each other if they both tend to fixed points in the IR, and the physics (scaling

dimensions, correlation functions,...) of these (conformal) fixed points can be mapped

32Note that it is only in an even number of dimensions that both these elements belong to the group,
as Det(—1) = (—=1)V
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to each otheréso strictly speaking these two theories are only dual to each other at these
fixed points)

In his work Seiberg argued that a SQCD theory with N flavors and N¢ colors, with
Np > N¢ + 2 is dual to another SQCD-like theory with Np flavors and N = Np — N¢

colors[44, 45!

Let us explain this a little better: The first (electric) theory is SQCD with a global
SU(Np) flavor symmetry and a SU(N¢) gauge symmetry, and No 4+ 2 < Np < 3Ne.
It contains quarks/anti-quarks (Q, Q) that are fundamentals/anti-fundamentals under
these two symmetry groups. This theory is asymptotically free and (is conjectured) flows
to a fixed point in the IR. The gauge invariant operators of this theory are baryon/anti-
baryon and meson operators: Bg"'mc = Q"...Q" . (anti-baryons Bp; have Q; — Q,) and

(ME); = Qi-Qj Q

The second (magnetic) theory consists of a SQCD theory with SU(Ng) flavors sym-
metry and N = Np — N colors, with N and N in the same range as before. The field
content consists of Mesons (M;) that transform as the (adjoint @ singlet) representations
of the flavor group (and are singlets under the gauge group), and also quarks/anti-quarks
(q,q) that are fundamentals/anti-fundamentals of the symmetry groups. The theory is
IR free and goes to strong coupling in the UV. The superpotential is: W = \q.M.§. The
gauge invariant degrees of freedom are the mesons M ]Z and also baryons By, = ¢'...q"Ne

(anti-baryons and Bj) and the magnetic mesons (M. M) =q".q;.

What Seiberg showed is that there is a map between the behavior of the IR fixed
points of the two different theories, so that the physics they describe is (in this sense)

the same.

Before we look at the map, let us define some quantities:

pNF = (—1)Ns=Ne BN =N 8NP = Ne) ~ N (1.115)
C:\/_(_M)NC_NJ‘A:SNC*NF (1.116)

Where Ag(Ays) is the dynamical scale of the electric (magnetic) theory.

331n special cases where we deform the the two theories in such a way that they flow from one conformal
fixed point to another, the two theories can be dual to each other along the flow

34 As we have seen before, these gauge invariant monomial operators are the building blocks that allow
the description of the moduli space of the SUSY theory with any superpotential (that doesn’t
spontaneously break SUSY).
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Figure 1.4: Seiberg Duality for No +2 < Np < %NC

The map is thenQ:

Bg...iNc :Ce’il,...ichl---jNC bjl---j]vc (1117)
BiEl...z‘Nc :Ceh,...iz\rcﬁ---jﬁc ZN)jL.-jNC (1.118)
(Mg)i (1.119)

Because the fixed point of the second theory is a non-interacting fixed point (while the
fixed point of the first theory happens for strong coupling), this is a strong-weak coupling
duality.

Even though duality in these theories (at the fixed points) has not been proven

explicitly, several very stringent tests have been made:

e The two theories must have the same global symmetries and the 't Hooft anomaly

matching condition for these symmetries are satisfied;
e Matching of the moduli spaces of both theories;
e The L.R. of the dual of the dual theory matches the I.R. of the original theory;

e The duality is stable under deformations through F-components of chiral operators

(i.e changes of the superpotential).

The last point is the most interesting for us: in chapter Blwe will explore a deformation

of the duality map to build a phenomenologically viable model of gauge mediation.

35The dual of the magnetic mesons M), is not present in the IR of the electric theory as it is massive,
so we do not include them in the map.
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Chapter 2

The softly broken MSSM:

“From wonder into wonder existence opens.”

— Lao Tzu

2.1 The MSSM

The MSSM is the Minimal Supersymmetric Extension of the Standard Model. The
fields are almost the same as those in the standard model, except that fermions and the
Higgs are now in chiral multiplets and the vector bosons are now promoted to vector
superfields. As it turns out, in order to give mass to both up and down type quarks,
and to cancel SU(2),U(1) anomalies, one has to add an extra Higgs chiral field. If we
denote a field by how it transforms under the gauge groups (SU(3),SU(2),U(1)), the
matter content of the MSSM is:

Quarks:
Qi=(3,2,3) Uf=(3,1,-2) Df=(3,1,3)
Leptons:
1
L;=(1,2, —5) Ef=(1,1,1)

47
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Higgs:

1 1
H,= (1,2, - H;=(1,2,—=
(1,2,5) = (1,2,-3)

Where the superscript ¢ means charge conjugate, and i stands for the family index.

The vector superfields are:

G=(81,1)
W= (1,3,1)
B=(1,1,1)

Where the 1’s in the previous equation mean that the fields are singlets under that gauge

group. The superpotential is taken to be:
W = pH, Hq+ y H,QU® + yaHaQD® + yi Ha LE® (2.1)

This is the minimal superpotential sufficient to produce a viable spectra for the quarks.
It contains the familiar Yukawa couplings v,, y; and y;, and the funny looking Higgs
mass u, called the p,—terrrﬂ.

Even though this superpotential is sufficient, it is not the most general superpotential

allowed by gauge invariance. The following terms are also allowed:

War—1 = N*L,Li By + N9%L,Q; D¢ + ' L;H,

’ (2:2)
Wap—1 = AU, DSD;

Where the first set of terms violate Lepton number and the second set violates baryon
number. If these operators were allowed, they would lead to proton decaying extremely
fast (way faster than the current experimental bounds). One way to solve this problem
is by imposing an extra discrete Z, discrete symmetry, called R-parity, that forbids

these operators:
R = (—1)%+3B+L (2.3)

Where j stands for spin of the field, B is the baryon number and L is the lepton number.

'To make H,H, gauge invariant, we have to contract it with an e tensor
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The MSSM has yet another problem for us: as we have seen, unbroken SUSY implies
a degeneracy between scalar and fermion masses of particles in the same multiplet. In
particular this would imply that for every fermion in the standard model, we would have

a scalar with exactly the same mass. This is clearly in disagreement with observation!

This means that if SUSY is to be realized in nature, it must be spontaneously broken.

2.1.1 Electro-Weak symmetry breaking

One of the reasons why SUSY is interesting is that it is a symmetry that protects scalar
masses against quadratic corrections and can thus give some explanation of why the
Higgs mass is so light when compared with the GUT or the Planck scale. However, as

we've just seen if SUSY is realized in nature, it must be broken.

As we want to avoid the nasty quadratic corrections to the Higgs mass, we want
SUSY to be softly broken. As we have seen, a nice way to parametrize the ways this
can happen is to use spurions, and the corresponding soft terms. The most general soft
terms that can be generated for the MSSM are:

e Gaugino Masses: M;\;\;, for all of the superpartners of the gauge bosons;

e Trilinear Couplings: A;j1¢:¢;¢k, a gauge invariant cubic term in the squark,

slepton and Higgs fields;
e Scalar masses: migb*gb for all the slepton, squarks;

e B, term is a mass term for the scalar components of the Higgs B, H, H;

To see wether or not Electro-Weak symmetry breaking occurs in our softly broken MSSM,
we need to check the potential for the Higgs fields. This is given by:

1
V(Hy, Ha) = (|pf* +mdy, )| Hul? + (uf* +miy,) | Hal* + (ByHyHa + c.c.) + 5(92 + ) (| Hul* — [Hal*)?
(2.4)

We know that at low energies, the minimum of this potential should spontaneously break
E.W. symmetry: SU(2), x U(1)y — U(1)gn. The only term in the previous equation
that depends on the phases of the fields is the b-term (the mé terms result from D-terms
(loop integrals only generate D-terms...) so they must be real. ) This means that we
can rotate any phase away and CP is not spontaneously broken at tree-level in the Higgs

sector.
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Now there are two conditions that need to be imposed for the potential to have the
right properties. In the absence of SUSY breaking the moduli space of any theory can
be described using gauge invariant combinations of fields (D-flat directions). Since we
have introduced SUSY breaking, any flat directions that existed are no longer flat, and
we need to make sure that the superpotential is bounded from below. B This amounts

to:

2B, < 2|u)* +m3;, +mi;, (2.5)

Requiring that the origin in field space is not a minimum gives:

By > (|l + mi, ) (1ul” + mi,) (2.6)

One interesting detail that we can see from these equations is that if both m3; | m%d

are zero and B, = 0, the equations can’t be solved H So that in this model spontaneous
SUSY breaking is required to have E.W. symmetry breaking. The connection between
these two constraints is even more evident if we require that the minimization of the
potential is consistent with what we know from E.W symmetry breaking. One useful
way to parametrize the way E.W. symmetry is broken is to use the ratio of the Higgs

fields vevs and their overall size, or more precisely:

— <Hy>
tan(f) = TS 27)

m. =5(0* +¢")(| < Hu > P+ < Ha> )

At the minimum of the potential, this reads:

. o 2B,
SU20) = S 2.8)

2 . 2
‘de de‘ 2

2
m? = ——db—d_ _m?2 —
Z 7\ 1—sin2(28) Huy

This equations are a bit strange: if no major cancellations happen, all m%d,m%]d, B, and
1 should be close to the E.W. scale:

miyy, — 2|ul?

my;, ~miy, ~ By~ p* ~ O(1 —100)m3, (2.9)

2In SUSY theories the potential is bounded from below, what should be read here is that there is that
the messengers responsible for generating the soft terms decouple from the low energy theory, in
such a way that the E.W. vacuum can be described using only the effective low energy theory with
relevant or marginal operators

3In particular, if m%{u = m%{d the two equations can’t be solved for any value of B,,.
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However, since p is a SUSY preserving parameter, one is forgiven to think that its scale
should be very high (e.g. GUT or Planck scale) and totally unrelated to the EW scale.
This lack of understanding of the mechanism responsible for explaining the p parameter

is known as the p problem4q].

One possibility is that the p term is forbidden by some symmetry, like a U(1) Peccei-
Quinn symmetry and is only generated after SUSY breaking. This could explain why u
is of the same order of magnitude as all the other soft terms. In practice this can pose a

problem to some of the mediation mechanisms which we shall review in the next section.

Since one can choose B, real, then there is no CP violation in the Higgs sector, and
to a good approximation below the E.W. scale the mass eigenstates can be chosen to be
eigenstates of the CP operator. Of particular interest are the two CP even Higgs fields,

h and H, whose masses are given by:

1 B B
MhH = 3 <2 sin(gﬁ) +m3 £ \/(2 sin(;ﬁ) —m2)?+ 8mQZBH5in(2ﬁ)) (2.10)

As this implies that at least one of them (by convention, h is taken to be the lightest

state) has mass:
mpo < m|cos(23)] (2.11)

And we would expect a Higgs boson lighter than 91GeV, which is excluded by LEP data!

Fortunately, this bound gets corrected by one loop effects:

2

2 Yo 2 m
dmyo 167r2thog( -

) (2.12)

So that, a large top (m;) and stop (71, 72) masses give large corrections to the light
Higgs mass which allow us to evade the experimental bounds. However this comes at
the price that having the soft masses being large enough means that a larger tuning is

required to keep my naturally light in eq. EZ8.

In GUT models the u problem takes the slightly different form known as the doublet-
triplet splitting problem[41]: because all fields must form complete representations of

the GUT group, there must exist a partner to the Higgs doublets. The lack of knowledge
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of the mechanism which explains why the rest of the Higgs GU'T multiplet is absent from
the low energy theory is the doublet-triplet splitting problem H.

One reason why this is important is that: below the GUT scale, some of the vertices
generated from the integration of the heavy fields allow for proton decay (dimension 6
vertices from integrating out the Higgsed vector bosons, dimension 5 operators from inte-
grating out the heavy Higgs triplets and even lower dimension operators). While symme-
tries such as R-parity can be imposed that forbid the lower order operators (dimensions
3 and 4 operators), this is harder to do for dimension 5 and 6 operators. Compatibility
with experimental data allows the determination very strong lower bounds on the mass
of the rest of the Higgs GUT multiplet (triplets if they are SU(5) fundamentals) and
the energy at which GUT symmetry is broken.

Different solutions have been proposed, of which we give only some examples: refer-
ences @, @, @] deal with the pu-problem, we will mention some of the possible solutions
for the doublet-triplet problem for theories with an SU(5) gauge group in the chapter Bl

2.2 How and where is SUSY broken?

The next question that arises is then: how does this happen? Since this is still an open

question, we will now address the much simpler question: how it does not happen.

SUSY cannot be spontaneously broken at tree-level within the SM model: the reason
is that, as we’'ve seen, at tree-level SUSY and vanishing of anomalies, requires that the
supertrace of the mass matrix has to vanish for all particles in a given representation of
the symmetry groups (i.e. same color representation, electric charge,...). In particular

we know that the sum for the known down, strange and bottom quarks gives:
m3 +m? +mj = 25GeV? (2.13)

This implies that the sum of the mass of the scalar partners would have to total 50GeV?,
which means that the mass of an individual squark cannot exceed 7GeV'! This is clearly

ruled out by experiment.

This argument does not exclude the possibility of there being a extremely heavy

4th generation of quarks that would contribute to the sum rule. However, it is highly

4In the simplest scenario (which motivated the name), the Higgs fields transform as SU(5) fundamen-
tals. Since we do not observe the triplets at low energy, they must be very heavy.
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unlikely that, even in this case, SUSY is spontaneously broken in the MSSMM]. The

argument relies on two main observations:

The first is that the only possible non-vanishing D-terms (below the E.W. scale) are
associated with the broken generators of the U(1)nypercharge X SU(2) g, let’s call them
Dy1y and Dgp(ay (so this does not take into account the possibility of there being some

local U(1) that is broken at some higher scale with non-vanishing D-term).

The second observation is to note that if one looks at some particular linear com-
bination of the possible eigenvalues for squarks of positive and negative electric charge
one can reach the conclusion that at least one of the squarks should be lighter than the

u or d quark (respectively).

The squark masses can be written as:

M(2u) _ W(u),ijW{£ —%DU(U + 2 Dsu (2 ) W(u),ikjW({L/)

S WialWose = 00w /(a1
ME, = Wiaii Wi _%DU(D — 3Dsu) ” W(d),ikjWg/)

Wy W Wy Wt — § Do

Where the u and d index mean up or down type quarks and W;, W;;, W;j;, are the first,
second and third derivatives of the superpotential, indices are raised and lowered by

complex conjugation.

Now we can take the following expectation value:

.I.
0 0
Mg, =m;, +39'Duq)
vy, vy,
T (2.15)
0 2 2 1 7
M, =my — 39 Duq)
Vg Vg

Since this is a weighted sum over all the squark masses, at least one of the up-type
squarks must be lighter than m?2 + % g'Dy1y and one of the down type quarks must be
lighter than m? — é g'Dyy. If we now further assume that after EW-symmetry breaking
quarks do not mix with gauginos, this means that either one of the up-type quarks must
be lighter than the u-quark, or one of the down-type squarks must be lighter than the

d-quark, which is experimentally excluded.
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Both these arguments may be interpreted to suggest that SUSY is not broken in
the Standard Model at tree-level. This may be a good thing: if SUSY were broken
at tree-level the scale of SUSY breaking would be related with some parameter in the
superpotential (or F.I. term). One could then ask why this parameter is so much smaller

than the GUT or Planck scales.

Let us then look for radiative ways to communicate SUSY breaking to the MSSM!

2.3 The Mediation Mechanism:

“You see, wire telegraph is a kind of a very, very long
cat. You pull his tail in New York and his head is me-
owing in Los Angeles. (...) And radio operates exactly
the same way: you send signals here, they receive them
there. The only difference is that there is no cat.”

— Albert Einstein, 1879-1955

If SUSY is realized in nature, it must be broken. There are then two questions we
should ask: how does this happen, and how does the MSSM know about it! In this
chapter we will argue that gauge interactions are a good way to communicate SUSY
breaking from the hidden sector to the MSSM.

Hidden Sector

Figure 2.1: What is the interaction responsible for the mediation?

Gravity is one of the most natural ways of connecting the hidden sector to the
MSSM: since many particles have a mass (or somehow know about broken scale in-
variance), gravity will necessarily play a role in determining the soft terms. However,
because gravity becomes weakly coupled at low energies, how important its contribution
is depends strongly on the SUSY breaking scale. The natural scenario to study this is
supergravity (SUGRA)(see B, lﬂ, lE, lﬂ] for some introductory lectures).
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Because, at tree-level, there are no superpotential interactions between the MSSM
and the hidden sector, all vertices that involve hidden sector and MSSM fields are
suppressed by (a huge) M,,. The soft masses will be approximately given by:

F

~ 2.16
"0 My (210

So the SUSY breaking scale required to have soft terms of the order of the weak scale
is quite high, v'F ~ 10" — 10" GeV.

The problem with this scenario is that we do not really understand the dynamics at
the Plank scale, so that generically we cannot compute the soft terms and see that a
particular model is compatible with experiment. A very popular approximation known
as CMISSM consists of the assumption that both gaugino (m,/;) and squark masses
(mg) are universal and flavor blind, and the trilinear couplings are proportional to the
Yukawa couplings (A;;x = Aoyijr) at the GUT scale. One can, in this case, perform
the RG evolution of these parameters to low energy and perform fits to constrain the

parameter space.

However, since gravity is not expected to respect global symmetries (such as flavor),

it is not clear how good an assumption flavor blindness is in gravity mediation.

On the positive side, there is no p problem, one popular solution is known as the

Giudice-Masiero mechanism[4§].

If the Kahler potential contains the terms:

St Sts
—H,H —H, H 2.17
ICDMpl d"‘Mle d+cc ( )

Where S is spurion field: < S >= s+ §%F,. Then these terms generate both a u and

a B, term to be of the correct size:

o~ (2.18)

(2.19)
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So that we have that y? ~ B, ~ mg, without any big fine-tuning problems for EW

symmetry breaking.

In this work, we will generically assume that the main contribution to the soft SUSY
breaking terms of the MSSM comes from gauge interactions. This scenario is known
as Gauge Mediation (see Fig. for a scheme of how it looks like). Up to now
gauge mediation has taken many forms. In the ”simplest” incarnation one assumes the
existence of three sectors: MSSM, messengers and hidden sector. The hidden sector is
the sector where SUSY is broken (dynamically or at tree-level), the messenger sector
is a set of fields that couples to the hidden sector and the MSSM gauge fields, and then
there’s the MISSM.

In this picture the soft terms are of order:

¢ F
1672 M,ess

mo ~ k (2.20)
Where M,,.ss is the messenger mass. Because M,,..s < Mp;, the SUSY breaking scale
required to generate the right order of magnitude for the soft terms is much lower in
gauge mediation than in gravity mediation: v/F &~ 10°—10°GeV in this case. This means
that, while present, gravity induced corrections make only a very small contribution to
the SUSY soft breaking terms.

One of the immediate advantages of this approach is flavor independence: since the
SUSY breaking scale is so low, the gauge interactions are flavor blind and no new large

contributions to Flavor Changing Neutral Currents (FCNC) are generated.

Putting aside all our theoretical prejudices, the most important test of a theory
is its experimental verification. The LHC will play a pivotal role in understanding
what physics extends our current version of the Standard Model. However, in order to
understand the data that will come out of this major experiment we need to know the

physical observables at low energies (< 1000GeV).

However, in SUSY theories, the natural scale for renormalization is just above the
SUSY breaking scale. Even in models with a low energy SUSY breaking scale, such as
gauge mediation, this is pretty high when compared with the center of mass energies at
colliders. So, in order to compare theoretical results with experimental ones, we need to
integrate the R.G. equations for a field theory where SUSY is (softly) broken.
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There is a useful program to do this [50]. A recent study on how experimental results
constrain the soft terms was done in [51]: since different mediation mechanisms have
different SUSY breaking scales and result in different values for the soft terms (at low

energies), this was also used to see which mediation mechanism is preferred.

Coming back to the simple scenario of GMSB, one feature that seems to permeate
nearly all models of this type is metastability. The argument that justifies the raison
d’etre of metastability is very simple: since MSSM gauginos have not been observed,
they should be massive. Since in minimal models no other MSSM adjoints are presentt),

the only way to make these fields massive is by giving them some Majorana masses.

On the other hand, in models where the superpotential is the most general consistent
with the symmetries, SUSY breaking usually requires the existence of an R-symmetrytl.
But on one hand, Majorana gaugino masses are forbidden if there is an unbroken R-
symmetry; on the other, the spontaneous breaking of a global R-symmetry leads to
a massless Goldstone boson called R-axion, which is very problematic. So having a
general superpotential and at the same time ensuring the massiveness of the R-axion

and gauginos, implies a metastable vacuum.

There are different ways in which metastability can exist: the vacuum can be per-
turbatively metastable, in which case the tunneling from the metastable vacuum to a
lower minimum of the theory can be described using only perturbation theory, or, if the
true vacuum of the theory lies outside the regime of validity of the low-energy effective

description one is using, it is non-perturbatively metastable.

In either case, the life-time of the vacuum must be sufficiently large (as we have not
observed (so far!) the universe decaying to a SUSY ground state). This means that the

amount by which the R-symmetry is broken must be very small:
W = WR + 6I/Vbereaking (221)

This can happen if, for example, Wg_preaking is a dangerously irrelevant operator (eg.

]), or an irrelevant operator as in the original ISS construction (i.e. Wg_preaking X
%, in the regime Np > 3N). Since € is a very small number, the SUSY vac-
uum, in these cases, is expected to be parametrically(like 1/¢€) far away from the SUSY

breaking vacuum, and is (parametrically) stable.

>This is not always the case, e.g. ﬂﬁ, @]
6This symmetry usually needs to be spontaneously brokenﬂﬂ], but (e.g.if SUSY is broken by the rank
condition) this is not a requirement.
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It may also happen that the operator is ”dangerously” marginal as in a meson de-
formations of the ISS. One such case will be studied in chapter B, where we give special

emphasis to the role of R-symmetry in determining the MSSM soft terms.

More generically, SUSY breaking requires non-zero F and/or D-terms. In chapter H
we will check in what conditions it is possible to have non-zero D-terms in the global
vacuum of a model that does not have an F.I. term, and study some examples where this
happens. In these cases it turns out that the F and the D-terms are not independent

quantities, so that F-term SUSY breaking includes D-term SUSY breaking.

Broadly speaking gauge mediation models can then be separated into two main

classes:

e "normal” messenger models;

e gauge messenger models;

The first class of models has been the most widely studied in the literature: all
the messengers are chiral fields. These may couple to the SUSY breaking spurions at
tree level (direct mediation), or only at loop level (semi-direct mediation). Usually,
calculable models of this type rely on ISS type constructions or retrofitting: any existing
hidden sector gauge dynamics is either irrelevant (i.e. the gauge coupling becomes small
at low energies), or becomes strong and has been integrated out. In both cases, the
low energy dynamics can be described using some Wess-Zumino model, where SUSY is
broken due to some O’R. type mechanism. These models can all be described using the
framework of GGM E]

The models in the second class haven’t been so widely studied and required a gener-
alization of the framework of GGM M] The main idea is that the MSSM gauge groups
are the remnant of some larger semi-simple gauge group that is Higgsed at some higher
energies. This Higgsing mechanism is not SUSY meaning that the Higgsed vector fields
couple to the spurion through Kahler potential interactions and act as messengers. So,
the main difference from the models of the previous type is that we now have wvector
fields as messengers. The study of this type of models will be the main topic of chapters
and

It turns out that in models where the messengers are chiral fields, the vacuum should
be perturbatively metastable[d]. Direct mediation models are usually simpler and give a
less split spectrum than semi-direct mediation examples. As we shall see, this is because

below the messenger mass scale gaugino masses are screened from quantum corrections
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coming from messenger interactions (in chapter [ we will show that gaugino masses
are not generated at three loops). This means that in semi-direct mediation gaugino
masses are smaller than scalar masses, which may be problematic to get EW symmetry

breaking.

In models where it is assumed that the vacuum is metastable, one needs to understand
why or how it got there in the first place. In some of the known examples (e.g. the ISS),
the reason why we seat in the metastable minimum is that thermal corrections in the
early universe made this point in field space to be the global minimum, and it is only as

the universe cooled down that the true SUSY minimum became visible.

Some of these models suffer from the p/B,, problem@]. As we've seen, we may
impose a symmetry that forbids the p term at tree-level like the Peccei-Quinn symmetry
where both Higgs carry the same (and non-zero) U(1) charge. We also usually assume
that at the SUSY breaking scale this symmetry is spontaneously broken. The problem
then is that, generically, both p and and B, are generated at the same order in pertur-

bation theory. One way to see this is to look at the wave-function renormalization of
the field responsible for SUSY breaking, call it X:

0?Zx

K> Zy(H,, Hy, ..) XX D ————
2 Zx(Hu Har - )XIX 2 550

H, H;X'X (2.22)

Below the SUSY breaking scale X = z + 6*F, so that both a 1 and a B, terms are

generated:

0?7y ko Ff
=" Flp~n —— 2.23
F=omom, "~ 16m) X1 (2:23)
0?7y k  FiF
B,=————F'F ~ — 2.24
rOH,0H, (167)" XTX (2.24)

Where agif;éd ~ (1612 Q | X172, and where we've omitted the gauge indices. So its clear
that both p and B, are generated at the same order in perturbation theory, and B, is

larger than 2, which generically causes problems for EW symmetry breaking.

As we have mentioned, in GUT theories one must also explain why there is a missing
partner of the Higgs doublets at low energy. There is a variety of proposals for the
solution of this problem: the sliding singlet@, E}, the missing partner [59], also a
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dynamically generated potential @] As we shall see, the solution to this problem can

have interesting implications in models of gauge mediation with gauge messengers.

In this work, for simplicity, we shall limit ourselves to cases where the GUT group
is SU(5). An extensive work in the context of gauge mediation with SO(10) unified
theories was done in [61] where it is studied the possibility that the SO(10) unified
MSSM is the Seiberg magnetic dual of another high energy field theory.

2.4 Summary of the next chapters:

So, before plunging into the main body of the thesis, we pause to summarize the structure
of what follows: In the next chapter we will present the meson deformed ISS model. This
is a deformation of the ISS model by a dangerously irrelevant operator. This helped us
to understand the role of R-symmetry breaking and the influence of the light chiral

(adjoint) messengers in determining the soft SUSY breaking terms.

Soon after this work, the decisive factor in determining the soft gaugino masses
was uncovered in B] the vacuum should be perturbatively metastable. One of the
assumptions of this argument is that SUSY is broken by F-terms alone, so chapter |l is
devoted to an attempt to evade this by having simultaneous F & D-term SUSY-breaking.
Amongst other things we will see that (generically) this can only happen if there is a
dynamically generated contribution to the superpotential and if the minimization of the
tree-level potential implies the existence of F-terms that are not gauge singlets. As a
consequence any model of combined F & D-term breaking with direct or semi-direct

gauge mediation requires the understanding of gauge mediation with gauge messengers.

In chapters Bl and @ we will review the calculation of the soft terms in models with
gauge messengers. One particular problem is that, in most cases, squarks and/or sleptons
turn out to be tachyonic. We will show how this can be solved either by having two
hidden sectors or by extending the MSSM field content to solve the doublet-triplet
splitting.



Chapter 3

Meson-Deformed 1ISS:

“God not only plays dice, He also sometimes throws

the dice where they cannot be seen.
— Stephen Hawking, 1942-

3.1 Motivation

Clearly it is the interaction of the dynamical supersymmetry breaking (DSB) sector with
the visible sector that plays a crucial role in BSM phenomenology. As we have seen, the
Nelson-Seiberg theorem [24] tells us that in order to have a stable SUSY breaking vacuum,
we need a spontaneously broken R-symmetry. As we were then reminded by Intriligator,
Seiberg and Shih [62] (ISS), if we are willing to admit some amount of metastability,
then the R-symmetry does not have to be exact but can be only approximate. Since
we don’t want the metastable vacuum to decay to the real one, this symmetry should
be weakly violated. In any case, R-symmetry and SUSY breaking effects have to be

communicated to the MSSM if a viable soft spectrum is to be achieved.

This gives us (at least) two questions: why should there be an approximate R-
symmetry in the first place (or why should it be only violated by operators with small
coefficients) and how does this approximate symmetry constrain the soft terms we get
upon gauge mediation of the SUSY breaking effects to the MSSM. In this chapter we

will explore these questions, with special emphasis on the second one.

61
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In the context of ISS deformed models, an answer to the first question was given in M,

|: Murayama and Nomura noted that because the ISS model breaks supersymmetry
in a magnetic Seiberg-dual formulation, the R-symmetry breaking couplings of the DSB
sector can naturally be suppressed by powers of A,qs/Mp; (or some other high scale)
where A,gs is of order the Landau pole in the theoryd due to the compositeness of some
of the fields. Thus the magnetic theory can maintain an approximate R-symmetry even
if the underlying electric theory has no R-symmetry and is generic. The phenomenology
of this scenario is similar to standard gauge mediation although, because of the weakness
of the coupling to the DSB sector, the scale of supersymmetry breaking has to be much

higher than is normally assumed.

An alternative method of dealing with the R-symmetry question is to assume that it

is broken spontaneously. Several examples of both one-loop and tree-level R-symmetry
Eljla@] and very minimal models of direct medi-

ation (i.e. where the “quarks” of the dynamical SUSY breaking sector play the role of

breaking were developed in Refs. H,

messengers) ] based on a ”baryon”-deformation of the ISS model were developed

in Refs. [2]. These followed earlier developments in Refs. dﬂ@]

A distinction between the phenomenology of the two kinds of model was drawn
in Ref. @] where it was noted that, whereas the explicit mediation models are rather
similar to standard gauge mediation, the direct mediation models can differ significantly,
with much heavier scalar superpartners than usual. Several questions remained however
which we will address in this chapter. At first sight, one might suspect that this kind of
spectrum indicates a residual approximate R-symmetry in the model, possibly because
it is broken spontaneously at one-loop — indeed this would seem to be a mildly split

version of the argument presented in Ref. [87].

On closer inspection however, the precise reason for the suppression of gaugino masses
is a little more complicated, and as was shown later had to do with the fact that we

were expanding the theory around its global minimumﬁ].

Moreover the ISS-like DSB sector itself may become phenomenologically important
because, in direct mediation, it contains states charged under SM gauge groups that are
light (typically of order 1 TeV).

In retrospective, the paper on which this chapter is based followed the story of F-

term SUSY breaking to its logical conclusion: we catalogued the possible ways in which

IStrictly speaking it is the mass scale governing the identification of the composite meson QQ of the
electric ISS theory with the elementary meson ® of the magnetic theory, QQ = A;ssP
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supersymmetry and R-symmetry breaking ends up in the visible sector, using various

exemplary models of different types of breaking and gauge mediation (direct or indirect).

Perhaps more interestingly we studied the role of the pseudo-moduli in gauge medi-

ation, and found that they can have a relevant role to play in gauge mediation.

Generally the visible sector phenomenology ranges from a mildly split spectrum to
a very heavy scalar (split-SUSY like) spectrum. In addition, in direct mediation the
pseudo-Goldstone modes are expected to enter the visible spectrum, giving a rich source
of new TeV mass particles associated with the SUSY breaking sector. This is similar to
the effects of light pseudomoduli which have been found in Q in the context of explicit

R-symmetry breaking models.

We will also note that explicit mediation and spontaneously broken R-symmetry can
be problematic in ISS-like models, due to the possibility that messengers become tachy-
onic. Thus the best prospect for direct gauge mediation (i.e. with explicit messengers)

is explicit R-symmetry breaking of the form discussed in Ref. [63].

3.1.1 Overview

The starting point for the present chapter is, the model of Ref. H], which introduced
into the ISS superpotential a so-called "baryon deformation”. This projected out some
of the R-symmetry to satisfy the condition that some fields get R-charges different from
0 and 2 E

ISS model which at tree-level has a runaway to broken supersymmetry. Upon adding

]. This baryon-deformed, or 1SSb model, is a natural deformation of the

the Coleman-Weinberg contributions to the potential, this direction is stabilized and
R-symmetry is spontaneously broken. By gauging part of the flavour symmetry of the
ISSb model, and identifying this with the parent SU(5) of the Supersymmetric Standard

Model (SSM), gauge mediation is implemented in a simple way.

In @] it was shown that the Landau pole problem that usually plagues direct gauge
mediation can be avoided: this is because the ISS model itself runs into a Landau pole
above which a well-understood electric dual theory takes over. This results in a net
reduction in the effective number of messenger flavours coupling to the SSM above the
scale A,ss, and this in turn prevents the Standard Model coupling running to strong

coupling — a scenario dubbed ”deflected gauge unification”.
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In the next sections we will generalize these observations to a much wider class of
models. We will begin, in section B2 by introducing an alternative way to spontaneously
break the R-symmetry of the ISS model: adding a meson term (with some singlet
fields) to the superpotential. We call this the "meson-deformed” ISS model, or ISSm
model. This bears some resemblance to the class of models considered previously in

], although now the R-symmetry is broken radiatively rather than at tree-level, thus

allowing it to be somewhat simpler.

We then, in section B3 go on to show how the supersymmetry breaking can sub-
sequently be mediated, first in subsection B:3l with an explicit mediation where we
introduce an additional messenger sector, and then in subsection B.3.2] with direct me-

diation.

In the first case the phenomenology is similar to the standard gauge mediation picture
] — that is gauginos and scalars have similar masses governed by a single scale and
related by functions of the gauge couplings and group theory indices. The absence of
tachyonic messenger states requires additional explicit R-symmetry violating messenger
mass terms, and gauge mediation is very similar to what was discussed by Murayama

and Nomura [63].

In the second case, studied in subsection B3 we find that the directly mediated
meson-deformed model does avoid tachyons without explicit R-symmetry breaking and
gives phenomenology of a different sort, similar to that of the baryon-deformed model:

the gaugino masses are suppressed.

We then turn to the task of understanding why gauginos are so light compared to

the scalar spectrum, and give a particular argument. This has been generalized by
Komargodski and Shihﬁ].

However, in this class of models there is a slight twist: since the stabilization of the
potential requires the inclusion of the one-loop Coleman-Weinberg contributions, the
F-terms no longer obey their tree-level relations and generate non-trivial contributions
to gaugino masses at the leading order in F/M, and it is this effect which gives the main

contribution to the gaugino masses.

In addition, in this regime, we shall find that the contribution from the adjoint
pseudo-Goldstone modes, whose mass is lifted only at one-loop, can become important.
In subsection we consider this second point in more detail. We shall see that the

pseudo-Goldstone modes can have a significant impact on the SSM mass spectrum. This
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is because their one-loop suppressed mass makes them behave like a mediating sector

with a correspondingly lower messenger scale.

In order to give TeV scale SUSY breaking in the visible sector, the scale of hidden
SUSY breaking is typically taken to be order 12—7;2 TeV or slightly higher. Thus the one-
loop suppressed masses of the pseudo-Goldstone modes are typically around the scale of
SUSY-breaking in the visible sector. This is a generic prediction: models of direct gauge
mediation predict additional (with respect to the MSSM) scalar and fermion states in
the visible sector, corresponding to pseudo-Goldstone modes, whose masses are close to
the weak scale. We also note that the gaugino masses do not necessarily obey the usual

relation where their mass ratios scale with the ratios of the coupling constants.

In section B4 we repeat the entire analysis for the baryon-deformed model, and find
that the picture is similar. Finally, in section we present the discussion of these

results.

3.2 Meson-deformed ISS theory

As summarized in the Introduction, there are two simple types of deformation one might
contemplate adding to the ISS model in order to make it spontaneously break R symme-
try and generate Majorana gaugino masses in the visible sector. The first was presented
in Refs. [2, 66] and corresponds to adding a baryonic operator to the original model.
That possibility will be examined and extended in section B4l Here we will discuss an
alternative possibility which is to add appropriate mesonic deformations to the original

model.

We will work entirely in the low-energy magnetic (i.e. relevant to collider phenomenol-
ogy) description of the ISS model [62]; it contains N; flavours of quarks and anti-quarks,
¢ and ¢ respectively, charged under an SU(N) gauge group, as well as an Ny x Ny
meson ®;; which is a singlet under this gauge group. This is an SU(N) gauge theory
with N = Ny — N, which is weakly coupled in the I.LR.. The ISS superpotential is given
by

Wiss = M P85 — ;i) - (3.1)

The coupling h is related to the different dynamical scales in the electric and magnetic

theories (or equivalently the mapping between the two gauge couplings). The parameter
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,u?j is derived from a Dirac mass term mQQQ for the quarks of the electric theory:
w2~ A;ssmg where the meson field ®;; = TlssQ’QJ and where A5 is the Landau pole
of the theory. Equation Bl gives the tree-level superpotential of the magnetic ISS SQCD

theory; there is also the non-perturbatively generated

Dety, h®\ ¥
Wagn =N (=525 ) 52

Ny—3N
f
Azss

which gives negligibleﬂ contributions to physics around the SUSY-breaking vacuum.

The flavor symmetry of the magnetic model is initially SU(Ny). When we do direct
mediation, see section B3, an SU(5); subgroup of this symmetry is gauged and iden-
tified with the parent SU(5) of the Standard Model, so that Ny > N + 5. On the other
hand indirect mediation, considered in section B3], involves the introduction of explicit

messengers and in that case /Ny is a free parameter.

To visualise the the general set-up, let us first consider a simple example, which is
appropriate for either case: we shall choose an SU(2) gauge group for the magnetic dual
theory and Ny = 7 flavours, with the flavour symmetry broken by p;; to SU(2) s xSU(5);.
We will refer to this as the 2-5 model which was the also the prototype mode\é
in Refs. H, ] The matter field decomposition under the SU(2); x SU(5); flavour
subgroup and the charge assignments under SU(2)gquge X SU(2)f x SU(5)s x U(1)p X
U(1)g are given in Table Bl Note that we use an f-suffix to stand for “flavour” but

considered

one should remember that in direct mediation SU(5) contains the gauge group of the
Standard Model.

In the case of the 2-5 model, by a gauge and flavour rotation, the matrix u?j can be

brought to a diagonal 2-5 form:

21 0
2 — 5 Model : u?j _ [ CpE > A (3.3)

0 piIs

2The only exception to this is the R-axion field. For this the explicit R-symmetry breaking contained
in Waqyn gives a contribution to the mass ﬂa] which importantly facilitates the evasion of astrophysical
bounds m] For a recent discussion of the R-axion detection prospects at the LHC see [94].

3We will show momentarily that the meson-deformed ISS model actually requires a slightly more
general flavour-breaking pattern which can be described by 1-1-5 and 2-2-3 models or their general-
isations. For baryon-deformations all of these models, including the simplest 2-5 scenario will also
work.
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2-5 Model SU(2)mg SU(2)¢ SU(5)f Ulp | UD)R

SONERNG
SONENNG

Table 3.1: The 2-5 Model. We show the ISS matter field decomposition under the gauge
SU(2), the flavour SU(2) ¢ x SU(5) ¢ symmetry, and their charges under the U(1)p
and R-symmetry. Both of the U(1) factors above are defined as tree-level symme-
tries of the magnetic ISS formulation in eq. [l The (small) non-perturbative
anomalous effects described by eq. [ZA are not included. In the absence of baryon-
deformations, the R-charges of magnetic quarks, =R, are arbitrary and can always
be re-defined by considering instead a linear combination of U(1)p and U(1)g fac-
tors.

L
=
N——"
N[
=

—R

L
] =
N1
[

DO |

Now consider adding the following deformationH involving the meson plus some ad-
ditional singlet fields A, B, C"

Wmeson—def - h(m1A2 + mQBC + MNAB tI'((I))) . (34)

Here we chose to scale all the superpotential parameters with h. The meson deformation
of the ISS model is characterised by the dimensionless coupling constant A. In the
electric-dual ISS formulation this deformation is ~ MLPZABU(QQ) and thus

AISS

A\ ~
MPl

<1 (3.5)

The new singlet fields are constrained to have R-charges given in Table %these are

different from 0 or 2, so spontaneous R-symmetry breaking is a possibility [27, @}

The combined effect of W,gs + Wineson—det, ives a generic R-symmetry preserving

superpotential which defines the low-energy magnetic formulation of our meson-deformed

4A similar deformation involving a meson operator and two singlet fields was previously considered
in Ref. @] Their model, however, contained a runaway direction to a supersymmetric vacuum.
For generic values of parameters, this makes the non-supersymmetric R-breaking vacuum of @]
short-lived and unstable to decay in the runaway direction. We will see below that our version of
the meson-deformed model defined by eqs. B4l Bl with a 2-2-3 or 1-1-5 flavour patterns does not
have a supersymmetric runaway, and the resulting susy-breaking vacuum is stabilised.
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U)r
A 1
B -1
C 3

Table 3.2: R-charges of A, B,C singlet fields of the meson deformation in eq. [F4}

ISS theory. This is a self-consistent approach since, as pointed out in Ref. @], R-
symmetry breaking in the electric theory is controlled by a small parameterH Terms
quadratic in the meson ® that could arise from lower dimensional irrelevant operators
in the electric theory are forbidden by R-symmetry. Thus, our deformation is described

by a generic superpotential and W,gs + Wineson_def gives its leading-order terms.

Being an exact symmetry of the tree-level magnetic superpotential, the R-symmetry
of this model is actually spontaneously-broken, as we have already alluded to above. We
shall consider this R-symmetry breaking before we discuss the SUSY breaking and its

mediation.

First note that for any non-zero (AB) we can define an effective p? term

W2 = 1 — M(A)(B). (3.6)

Thus the magnetic quarks acquire vevs precisely as they do in the undeformed ISS but

with p? replaced by p’g;

(p) = (P =0 (3.7)
(00) = Hyen- (3.8)

The vevs of tr(®) and C will simply set (Fy) = (Fg) = 0; that is

o)) = - (39)
) = _A(A) <tr(®)):2m1<A)2 (3.10)

o m2<B> )

5In principle, it is known that the apparent R-symmetry of the magnetic formulation of the ISS SQCD
is an approximate symmetry of the underlying electric theory: it is broken by the anomaly as per
eq. (At the same time, the anomaly-free combination of U(1)x and the axial symmetry U(1)4
is broken explicitly by the mass terms of electric quarks mq.) However, the R-symmetry is broken
in the electric theory in a controlled way @] by small parameter, mq/A;ss = p? /A%, < 1. As
such the R-symmetry is preserved to that order in the superpotential.
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At this point the full tree-level potential is

7
V= W (udg)al® + |Fol® = 5h%|uk — MAB)J? + h*mj| BJ? (3.11)

=3

so there is a runaway to unbroken SUSY in the direction B — 0 and A = p% /A\B — oo
along which the R-symmetry is broken.

Now, in order to end up with broken SUSY we would like to stabilize this type of
runaway with Coleman-Weinberg terms in the one-loop potential. (Note that alterna-
tively one could stabilize the model at tree-level using a more complicated potential and
R-symmetry as discussed in Ref. M]) We therefore need a runaway to broken SUSY
since the Coleman-Weinberg contributions vanish where SUSY is unbroken. The classi-
cal runaway vacuum becomes non-supersymmetric if the components of the p% ;; matrix
on the right hand side of eq. BI1l are no longer degenerate. This is easily achieved by

breaking the flavour group into three rather than two factors.

For example, one can consider a 2-2-3 model. Here the original SU(7) of the ISS
SU(2)mg gauge theory is broken to SU(2); x SU(2); x SU(3);. This realisation can
be thought of as the 2-5 model above where the SU(5); flavour subgroup was further
broken to SU(2)s x SU(3)¢ X U(1)traceless by splitting the eigenvalues of the ,u?j matrix.
This does not cause problems for either explicit or direct mediation. Indeed in the case
of direct gauge mediation the SU(2), and SU(3). components of x7; (or equivalently
mg in the electric theory) renormalize differently below the GUT scale and so they are

not expected to be the same [.

Alternatively, one can consider an even simpler example of a 1-1-5 model with Ny =7
and N. = 6 so that the magnetic ‘number of colours’, N = 1, and the magnetic group
is trivial. By splitting the eigenvalues of the ,u?j matrix we choose the flavour breaking
to have the 1-1-5 pattern, SU(7); — U(1); x U(1);y x SU(5)s. For the case of direct
mediation the SM gauge group is SU(5);.

SNote that renormalization of ;2 above the scale A, s would be understood as renormalization of mQ
in the electric theory.
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N-P-X Model SU(Np)y SU(Nx); SU(N)me | U)p | U)g
Y N Z 1 O 1 11 O
;= N P M O Adj+1 O 1 1 O 1 0 2
Z M X 1 0 1 O O Adj+1
é 1 1
=\ o O 1 O + R
P 1 O
¢ 1 1
p=1| o O 1 O —% -R
i 1 g

Table 3.3: The N-P-X Model. We indicate 1SS matter field decomposition under the flavour
subgroup SU(Np)¢ x SU(Nx)s. In direct mediation we would gauge SU(Np)s x
SU(Nx)¢ % U(1D)traceless 07 its subgroup, and identify it with the SM gauge group.
We also show the gauge SU(N) and the charges under the U(1)p and R-symmetry
as in Table [T]

To give a unified treatment of the 1-1-5 and the 2-2-3 models one can consider a

general N-P-X model with N + Np + Nx = Ny and the ,u?j matrix given by:

Iy 0 0
py=1 0 pily, 0 MY > P, s P M (3.12)
0 0 Mg(INX

which corresponds to SU(Ny) — SU(N); x SU(Np)s x SU(Nx)y as well as traceless
U(1) combinations which commute with the right hand side of eq. BI2 For simplicity,
the rank of top left Y-corner is identified with N, the number of magnetic colours, thus
the original ISS rank condition which is responsible for the SUSY-breaking vacuum is
arranged so that Fp = 0 when ® =Y see eq. B8 and Fy # 0 when ® is either P or
X. The corresponding decomposition of ISS magnetic matter fields and their charges

for this models are given in Table

The minimization with respect to C' and tr(®) are as in eqs. BZOHZTIO before, but

minimization with respect to A, results in

_ Nppp + Nxpix 1

NN WEB) (3.13)

{4)
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and consequently the potential

Ny
Vo= > RPpd)al® + [Fol
i=N+1
Npp + Nxpk \ Npp + Nxpk )
— h2N 2 P X h2N 2 P X h2 QBZ
P(“P Np + Ny A o S VA e + mal B
NpN
2 PiVX 2 22 2,2 2
— h Bl~. 3.14
o = 1) + b B (3.14)

Again there is a runaway but now to broken supersymmetry as desired.

Note that in the case of explicit mediation the flavour symmetries in the ISS sector
are divorced from the gauge symmetries of the Standard Model. In that case one can
have a breaking of flavour symmetry that is more general than eq. BI2, in terms of y?2.

Defining the average p;; of the unbroken SU(N; — N) factor as

Ny
— 1
2 — E 2 1
i=N+1
we have
A P
— 1
(4) = 57y (3.16)

and then the generalisation of eq. BI4 reads

Ny
V=13 (i~ 1)+ hm3| B (3.17)

i=N+1
It is worth re-emphasizing that even in the limit A,C — oo and B — 0 the scalar
potential V' is non-zero, so we have a runaway to broken SUSY. Proceeding to one-loop,

the Coleman-Weinberg contribution to the potential is therefore expected to lift and

stabilize this direction at the same time as lifting the pseudo-Goldstone modes.

The Coleman-Weinberg effective potential @] sums up one-loop quantum corrections

into the following form:

m2

1 2 1
Str M* log &E — (Tr mi log ASQC

6472

2 2
1) _ 4 my 4 my
VYeH = A2 647r — me log F + 3mv log F)

(3.18)
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where A is the UV cutoﬂﬁ, and the scalar, fermion and vector mass matrices are given

by @]1

, WabWbc + DaaDozc + DagDa Wachb + Daa pac
2 (3.19)
WapW* + D, D°, W W' + D, D*¢ 4+ D¢ D"

WabT, s 2DaaDac _\/ﬁwabDﬁ
m2 = ’ b m? = D% D" + DD’ (3.20)
_\/ﬁDabWbc 2DacDﬁc

As usual, W, = oW/0d° = Fg)c denotes a derivative of the superpotential with respect
to the scalar component of the superfield ®¢ and the raised indices denote Hermitian
conjugation, i.e. W% = (W,)". The D-terms are D* = ¢z,7%z% and they can be
formally switched off by setting the gauge coupling g = 0, which we shall do for simplicity.
All the above mass matrices will generally depend on field expectation values. The
effective potential Vg =V + V;(é) is the sum of the F-term (tree-level) potential and
the Coleman-Weinberg contributions. To find the vacua of the theory we now have to

minimize Vg.

Now we can check the lifting of the classical runaway direction by quantum effects in
the Coleman-Weinberg potential. We have done this numerically using Mathematica and
have also checked it with Vscape program of Ref. M] The non-supersymmetric vacuum
is stabilised and in Table B we give values of the vevs for the 1-1-5 meson-deformed
ISS model for a specific choice of external parameters. It is worth noting at this point
that all the tree-level relations we have just derived get slightly shifted by the one-loop
minimization. As we shall see, these one-loop effects often give the leading contribution
to the mediation of SUSY-breaking and so it is important to keep track of them. This is
shown in Table B4 where in the generic N-P-X model vevs develop along the direction

(9) = €Iy (¢) = rly
(Y) = nly (P)=ply, (X) = xTIny, (3.21)

"Which is traded for a renormalization scale at which the couplings are defined.
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VEV klpx =&/px | n/px | p/px | x/px | Alpx | B/px | C/px
Tree-level constrained 4.761 0.000 —0.128 | —4.824 | 30.709 | 7.598 | 248.220
Unconstrained 4.761 0.003 | —0.113 | —4.828 | 30.797 | 7.562 | 248.960

Table 3.4: The 1-1-5 Model: Stabilized vevs for a meson-deformed 1SS theory with Ny = 7,
N.=6,h=1, m/ux = mo/ux = 0.03, py/px =5, up/ux =3 and A = 0.01.
We show both the constrained wvewvs (i.e. the vevs obtained when the tree-level
relations are enforced) and the true unconstrained vewvs resulting from complete
minimization.

accompanied by the A, B, C vevs as before. These are the most general vevs consistent

with the tree-level minimization.

3.3 Models of Mediation: from the meson-deformed
ISS to the Standard Model

In the context of gauge mediation one can consider two distinct scenarios of how su-
persymmetry and R-symmetry breaking is transmitted to the visible Standard Model
sector. The first class is ordinary gauge mediation (i.e. mediation with explicit messen-
gers), and the second class involves the models of direct gauge mediation. In this section
we discuss how these two possibilities can be realized for the SUSY breaking models we

have outlined in the previous section

3.3.1 Gauge mediation with explicit messengers

We begin in this subsection with explicit mediation. In this scenario one imagines that
there is a third sector — the messenger fields — that is responsible for generating the SUSY
breaking operators required in the visible sector. The approach in this chapter is to try
to have a preserved R-symmetry that is broken spontaneously. What we shall find is
that we fall foul of the tachyonic messenger problem: ultimately we have to reintroduce
explicit R-symmetry breaking messenger masses to avoid this and we are forced back to

the explicit mediation scenario of Ref. [63].

To show this, let is first introduce an additional set of mediating fields f and f

transforming in the fundamental (and antifundamental respectively) of the Standard
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Model gauge groups. For concreteness we can take f and f to be (anti)-fundamentals of
the underlying GUT gauge group, e.g. SU(5)gur. In explicit mediation these messengers

couple to the ISS sector via additional messenger coupling in the superpotential

Winess = Tr(7®) f - f (3.22)

where 7;; is an arbitrary coupling which from the electric theory perspective should scale
as Arss/Mpy as in Ref. [63]. We remind the reader that there are no constraints on this
coupling coming from the Standard Model, and that the ISS parameters, such as N, Ny

are essentially unconstrained.

In order to see how the SUSY breaking enters the visible sector we need to exhibit the
mass matrices for messenger fields explicitly. At tree-level the SUSY breaking enters into
the scalar mass-squared matrices through the non-zero Fg-terms to which the messenger

fields, f and f couple. In general the matrices are given by (ignoring the D-terms)

WabWbc Wachb
Wachb Wab Wbc
ms = Wab 3 (3 . 23)

with the W,. being the SUSY preserving mass of the fermions, and the off-diagonal
terms W W, containing the SUSY breaking. In this case W, ; = Tr((7®)) is the Dirac
mass of the fermionic superpartners, ¢y and 1z, and the SUSY breaking contribution

appears first in the tree-level mass-squared of the scalars, S = (f, f*) We have:

v(r®)2 Tr(rTF}
L mter meE) ) o
Tr(7Fp) |Tr(7®)|?

Now, in order to avoid tachyonic messengers we must here impose the usual explicit

mediation constraint that:
| Te(7(®))|* > [Tr(7(Fa))| (3.25)

which is effectively a lower bound on the amount of spontaneous R-symmetry breaking
(since (®) is charged under R-symmetry). In particular this generally prevents us ar-

ranging a split scenario with gauginos much lighter than squarks and sleptons, since this
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would be a signature of approximate R-symmetry. (The situation is drastically different

in models of direct mediation as we shall see in the following sections.)

As we have said dimensional arguments give 7 ~ A\ ~ A,55/Mp; < 1 so the tachyonic
inequality is delicate. If one assumes that ® ~ p then it seems that the inequality
is actually always violated when 7 < 1. But note that the same inequality can be
equivalently written in terms of singlet vevs,

A T myp?

70 ~ T —

AB N B2

(3.26)

which shows that the situation is quite complicated and can only be analyzed numerically.
For the values in Table B4 taking 7 ~ A violates the inequality which suggests that it

may be problematic in general to avoid tachyonic messengers.

An explicit R-breaking mass term is a way to overcome this tachyon so that, as in
Ref. d@], eq. becomes

Wmess = TI"(T(I)) f ' .f+ Mf f ' .f (327)

Hence explicit gauge mediation and spontaneous R-symmetry breaking are inconsistent

when the DSB is based on the ISS model. Note that we could have also added a term

A%ff
Mp;

messengers is even smaller than (Tr(7®)).

; however since we have (A) ~ up < A the effective mass that this induces for the

From here on the calculation of the SUSY spectrum is rather standard with values
for gaugino masses being generated being of the same order as those for scalar masses;
and so one expects a similar phenomenology to normal explicit gauge mediation [90],
with the diagram that induces the gaugino mass in the present explicit mediation case

as shown in Fig. Bl

However there is one feature of the present set-up that is rather interesting. The
SUSY breaking effects in the visible sector, i.e. the gaugino and squark masses, are
all proportional to the combination W%\, = TT(TTF;)). But as we have seen in the
previous section, the F-terms at the minimum (with VEV-less messengers, so that the

SM gauge groups are not Higgsed) are given at tree-level by
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Figure 3.1: One-loop contribution to the gaugino masses from messengers f, f The dashed
(solid) line is a bosonic (fermionic) messenger. The blob on the scalar line indi-
cates an insertion of the F-term VEV into the propagator of the scalar messen-
gers and the cross denotes an insertion of the R-symmetry breaking VEV into
the propagator of the fermionic messengers.

which clearly obeys
Te(F)) =0. (3.29)

This can be seen to result from the minimization of the tree-level potential with respect
to A for a given B VEV:

ov

i ABTr(Fl) =0. (3.30)
Thus (at tree-level) the mediation of SUSY-breaking to the visible sector requires non-

degenerate couplings 7;;, and indeed we can write
Tr(rFy) = h(Tp® — 7p?) . (3.31)

That is, only if both 7 and p have non-degeneracy can there be unsuppressed SUSY
breaking mediation, even though SUSY breaking per se requires non-degeneracy only in
the latter.

However, as we have said, when the full minimization is performed, tree-level relations
such as Tr(th) = 0 are no longer expected to hold (for example, with the unconstrained
values in the table we find Tr(F}) = —0.0344%): typically one finds Tr(FJ) = p2/(1672),
since the effective F-term for mediation is one-loop suppressed. Thus when the 7 are

degenerate one can still get m) ~ ﬁug—;) ~ 1 TeV if u?/M; ~ 107 GeV.
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3.3.2 Direct gauge mediation

Now, let us compute gaugino masses for the direct gauge mediation scenario from the
meson-deformed ISS sector. We first consider the effects of those direct messengers
which obtain R-symmetry breaking masses at tree-level and which couple directly to
the largest F-terms. These transform in the fundamental representation of the SM
gauge groups, and this constitutes a strictly one-loop and formally leading order effect.
Then we will include additional, formally higher-loop, contributions from the pseudo-
Goldstone modes transforming in both adjoint and (bi-)fundamental representations of
the Standard Model gauge groups. It will turn out that the latter contributions can be

of the same order.

Strict one-loop contributions to gaugino masses

To present a general discussion relevant for any deformation of the ISS model, by mesons,

baryons or otherwise, we shall consider models of the form
W = hq)zg@z(ﬁ] - hu?](bjl + Wmeson—def(Aaa (I)) + Wbaryon—def(Am ¢7 Qg) (332)

where A, denote generic singlets. The superpotential depends on ® linearly, this is
dictated by the R-symmetry of the model and is a central feature of direct mediation in
the ISS context.

To keep the presentation simple in what follows we shall concentrate here on the 1-1-5
model, so that the parent gauge symmetry of the SM (in this case SU(5)y) is non-split.
This discussion can also be straightforwardly generalised to the 2-2-3 and other N-P-X

models by an appropriate reassembling of building blocks below.

The all important messenger/SUSY-breaking coupling in the superpotential is, in
this class of models:
1

T WD iypig; D pXp+ ¢Zp+ pZd+ dY d. (3.33)

The field @ is the pseudo-Goldstone mode, although note that F;, and F; are non-zero

as well as Fp — this will be important in what follows.

Gaugino masses are generated at one-loop order as indicated in Fig. B2 The fields

propagating in the loop are fermion and scalar components of the direct mediation ‘mes-
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Figure 3.2: One-loop contribution to the gaugino masses. The dashed (solid) line is a bosonic
(fermionic) messenger. The blob on the scalar line indicates an insertion of (F))
into the propagator of the scalar messengers and the cross denotes an insertion of
the R-symmetry breaking VEYV into the propagator of the fermionic messengers.

sengers’. Since gaugino masses are forbidden by R-symmetry one crucial ingredient in
their generation is the presence of non-vanishing R-symmetry breaking vevs. We are at
this point interested in the contribution to the gaugino mass coming from those messen-
ger fields transforming in the fundamental of SU(5), which formally give the leading-
order contribution. (We shall consider the contribution from the X fields separately in
section B332)

First we exhibit the mass matrices of messenger fields. As before, they are given by

(ignoring the D-terms)

WabWbc Wachb
mg, = , me = W (3.34)
Wabcwb Wabwbc

The fundamental messengers are p, p and Z, Z: we may define a messenger fermion

multiplet,

w = (pz ) Z@')ferm )
w = (ﬁl ) Zi)ferm 3 (335)

where i = 1..5. Then £ D ¢ mgpT where the fermion messenger mass matrix is

Y (3.36)

k 0
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written in terms of the vevs x, x and £ (c.f. BZI)):
(X)=xIs , {o=r , (9=¢. (3.37)
For the scalar mass-squared matrix, we can define equivalent multiplets
S = (pis Zs 51, 2 ) sc - (3.38)

To proceed one can diagonalize the mass matrices and compute the full one-loop contri-

bution to the gaugino mass. That is we define the diagonalisations:

mZ, = Q'm? (3.39)
my = UlmgV (3.40)
with eigenvectors
S = 5Q
by = YU
Vo = PV (3.41)

Here, the m; diagonalisation is in general a biunitary transformation.
In order to calculate the gaugino mass, we need the gauge interaction terms given by

L D iV2gada( TASE + 10 TASE + Uy TS5 + 0, T*4Sy) + H.C. (3.42)
= i\/igA)\A(i/Ang/:(U;Qm + U;QQQk) + Q&figk(QLg‘/li + QL;V%)) + H.C.(3.43)

Then the diagram in Figure amounts toH

M? = ANGA tr(TATP) S (U Qui + UL Qi) (Qh Vi + QL Vai) 1 (1 i, 1 1) (3.44)

ik

where I(mg, Ms) is the appropriate one-loop integral with a fermion and a scalar. Here

the “N” reinstates the possibility of an SU(N),,, gauge group. In the diagonal mass-

8More precisely, there are actually two diagrams of this type which are mirror images of each other.
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basis
Ak a 1 —a(n+1) 1 a 5 a? 9 a?
= 112 _ 272 _p2 2 2 2 _ 12 Az )~ A2
I(a,) /(27T) k? —a?k*—b 167 i 1672 a® — b [a log <A ) b"log A
(3.45)

and

2

n=-——+log(4n) — vg. (3.46)

4-—D

This integral is UV-divergent, but the divergences cancels in the sum over eigenstates

as required.

Using B4l we can now evaluate gaugino masses in Figure generated by funda-
mental messengers p, p and Z. Numerical values for the gaugino mass for a few different

values of parameters of the model are given in the Tables in section B33

It is instructive to complement these numerical calculations by a simple analytic
estimate, and in particular explain the smallness of these gaugino mass contributions.
When the F-terms are small compared to ;i one can expand eq. BZ24B.25 We define a

matrix of ‘weighted” F-terms as:
fab _ Wachc’ (347)

and to the leading order in F obtain,
2
M,, = % Ntr(TATE) Te(F - my) + O(F?). (3.48)

This is a well-known leading order in F approximation which is basis-independent. In
the Appendix we give the derivation of eq. B-48 in the general settings relevant to our
model(s).

Clearly the matrix F is determined entirely by the contribution in eq. ([B33)) to be

F, F-
F=WeWw,=n| * ¢ (3.49)

Fy 0
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0 1
and since m; 1 — " we find
1 _x
13 &k
2 F’~ F
A g
M7 = 8—;‘2 N tr(TATF) (?“5 + ?‘b) + O(F? (3.50)

Now consider the minimization condition for the tree-level potential, V = > _|F¢|? with

respect to Y*.

10V
207+

=0=Y WYF, =kF;+&Fy+ Woda _aiFa, (3.51)

meson—def
c

(For the constrained 1-1-5 vevs shown in Table B4l this trivially sets n = 0.) This
equation together with eq. implies that the tree-level leading order gaugino mass

1S zero
M(p’Z) =0+ O(f?’) (3.52)
>\A :

unless the additional singlet fields appearing in the meson deformation have non-zero
F-terms as well. (This would require an additional source of SUSY breaking beyond
the O’Raifeartaigh breaking of the ISS sector, and is therefore unattractive.) As we
have stressed, these relations are perturbed when the potential is stabilized by one-loop
effects (e.g. 7 is non-zero in the unconstrained model of Table B4l): then the estimate
in eq. is still reasonably good, with the F-terms being derived from the one-loop

equations.

This leading order suppression for the gaugino mass explains the relative smallness
of our numerical results in Table which shows the “reduced gaugino masses” my
defined by

2

g
My, = F;le/g. (3.53)

In particular these values are much smaller than those derived for the scalars in Table B4

where we show the “reduced scalar masses” mg defined by

4
} : g
mzferm = (1671:2)2 CASAmg ) (354)
A
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where C4 and S, are the standard Casimir/Dynkin indices as in Ref. @} We note
that this suppression is also related to that in Ref. [99], which tells us that Fg does
not contribute to the gaugino masses at leading order because of the structure of my
(in particular the zero entry). Here we find that the argument extends to quite general

models of direct mediation.

Additional contributions to gaugino masses

The effects considered above have so far generated rather small contributions to gaugino
masses. Thus, we have to consider additional contributions, due to the adjoint X and
P as well as the bifundamental M and M messengers. These messengers are massless
at tree-level and acquire masses only at loop-level. Thus their contributions to gaugino
masses are formally a higher-loop effect. After a careful consideration we find that these
indeed give a contribution to the gaugino masses which comparable to the strict one-
loop effect described above. Scalar masses being unsuppressed at leading order are not

significantly effected.

For 1-1-5 type models where the SM gauge group is SU(5)y, the new contributions
arise from the X;; fields with 4,5 = 1...5. They contribute through the diagram shown
in Figure Note that the scalar vertex exists because the Coleman-Weinberg poten-
tial induces an R-symmetry violating mass term. The fermion mass-propagator is also
absent at tree-level: since it is a Majorana term (and the X-fermions have R-charge 1)
it also violates R-symmetry and by the non-renormalization theorem it vanishes in the
absence of both R-symmetry and supersymmetry breaking. The naive expectation is
therefore that this contribution will be three-loop suppressed. As we shall see, this is
not the case, and in fact the contribution can be competitive with the previous contri-
butions. This is because the X modes are pseudo-Goldstone modes: all their masses
arise at one-loop, and the lightness of these modes corresponds to a suppression of the

effective messenger scale of the adjoints whose mass is in fact similar to Mgsygy.

Let us estimate these effects in more detail. First the mass-insertions: the scalar

mass-squareds come from the Coleman-Weinberg term

4

(1) M
Vg’ D Str(647T2

log M?). (3.55)

In particular there are terms involving W,,WZ#°PW,;W?° = h*'¢?|6X;;|> where X =

(X)40X. Since typically £ > > K one expects R-symmetry conserving mass-squared
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Figure 3.3: One-loop contribution to the gaugino masses from X-messengers. The dashed
(solid) line is a bosonic (fermionic) component of X. The blob on the scalar
line indicates an insertion of (Fy) into the propagator of the scalar messengers
and the cross denotes an insertion of the R-symmetry breaking VEV into the
propagator of the fermionic messengers.

for the adjoints of order

2 h*¢?

My s ~ T
.
6472

(3.56)

at the minimum. R-symmetry violating masses are induced by terms such as W,;W?PW,;W#° >
W (X6XT) 2 +h.c = h*x*(6X};0X7;)+h.c. Hence we expect a neutral mass-squared matrix
for X = (X4, X%) (where A is the adjoint index) of the form

I dap a b
x 64m2 \ 3 o |’
an~&E byt (3.57)
Assuming b is real, the diagonalisation of this matrix is m% = (Q%)Tm%Q* =
I diag(a + b, a — b) where
6472 )
1 1 -1
QX = — : (3.58)
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Figure 3.4: One-loop contribution to the Majorana masses of X -fermions. The dashed (solid)
line is a bosonic (fermionic) messenger. The blob on the scalar line indicates
an insertion of (Fy) into the propagator of the scalar messengers and the cross
denotes an insertion of the R-symmetry breaking VEV into the propagator of the
fermionic messengers.

We will call the two eigenvalues m% L

The R-breaking mass term for the adjoint fermion is generated from diagram shown
in Figure B4 The topology is identical to the one-loop gaugino diagram with internal
states 1), ¢ and S with the mass matrices and diagonalisations as in egs. and B0,
although of course the vertices are different: they come from the W O hpXp coupling

and are given by
V O h(X1)S; + h(X11)S; + h.c. (3.59)
In terms of the previous mass eigenstates these become
V' D hX (4h4i 55 (Uf Qs) + ¥_iSk(Q, Vi) + H.C. (3.60)

where the diagonalisation matrices (), U and V' are exactly the same as in eqs. B3940
Defining X;; = V2 X ATé‘, and with standard Feynman parametrization we find that the
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diagram in Figure B4l generates

My, = ANR*tr(TATP) Y " (Uf Qs) (QF, Vi) 1 (e i, e ) (3.61)
ik

where (1, Mg ) is the same integral B0 as in B4

Note that although the diagram in Figure B4 is similar to the fundamental con-
tribution to the one-loop gaugino mass, there is less suppression. This is because the
couplings of p, p and Z, Z to X are not degenerate as they are for the gaugino, indeed
there is no equivalent of the hpXp coupling for the Z, Z fields at all; hence unitarity
does not operate in the same way. Following the same steps as for the gaugino in the

Appendix we obtain a non-vanishing leading order result in F,

My ~ AN (TATP) > " Ap(US Vi) (UL, Vi) (i) J (i, g, 1) (3.62)

ijk
where the matrix A;; was defined in eq. and the function J is given by

1 a*b*log (¢ ) + a*c?log (5) + b2c? log (2)
82 (a* = %) (a® — ) (b* — 2) '

J(a,b,c) — (3.63)

A very rough simple estimate is

h*x Fx
v ™ 3272 ?

(3.64)
This should be compared to the equivalent contribution to the gaugino mass in sec-
tion which did vanish at this order (see eqs. BA3B07).

Having determined the masses of X messengers we can now make an estimate for

their contribution to the gaugino mass. The general expression is
X . .
MY = g Ny (H(Myy i) = 1(Myy i) (3.65)
where Ny is the rank of the X lower-right corner in eq. BT which in the case of 1-1-5

type models is Nx = 5, and I(mg, m;) was defined in eq B25

Equation B.68 allows us to evaluate gaugino masses generated by adjoint X-messengers.
Numerical values for the full mass expressions (without relying on estimates and expan-
sions in F) for the model given in Table B4l are presented in Table in section B33
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In this table we give contributions from the p and Z messengers in the first column
and from the X messengers in the second column. The third column gives the similar
contribution from M messengers which we will comment on momentarily (see eq. BGS).
The last column is the total result. Other tables in the same subsection follow the same

structure and give results for other models.

To understand the order of magnitude can also be understood with the help of the

following analytical estimates. As we have seen the masses are of the order

hx p?
MM{ ~ 3o ?
~ 92 h4 2 2

Thus for h < 1 we expect M2, < mg(i and we find
X

2 52 213 3,2
x)  9aNx mx gah® Nx x°p
M)\A 32772 ng log (F;) ~ m §4 s (366)

where the last expression is valid for x < £. Note that, although in a “mass-insertion
approximation” the leading order diagram is in principle three-loop, there is only a

two-loop 1/(167%)? suppression.

In addition to the contribution from the adjoint X fields we have a contribution from
the M and M fields. As can be seen from Table these are bifundamentals under the
SU(Nx) and SU(Np) groups.

My, = N* | > (U Qe Qi Vi) L0, il y) + (X = P)| . (3.67)
ik

Here, the labels P and X indicate the diagonalisation matrices for the SU(Np) and
SU(Nx) blocks, respectively (see Table B3). In particular, the X is the diagonalisation

for the p and Z messengers whereas P corresponds to the o and N.

The corresponding contribution to the gaugino mass is,

MM = 4te(TATP) NPZ QN(QM )i d (Mo, 1hurs i) (3.68)
k=1
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Figure 3.5: Two-loop diagrams contributing to the sfermion masses. The long dashed (solid)
line is a bosonic (fermionic) messenger. Standard model sfermions are depicted
by short dashed lines.

where OM is the M-analog of QX matrix given in eq. B5H8 As mentioned earlier
these contributions are shown in the third column of Table and similar ones in the
subsection B33l

Scalar masses

Having determined the gaugino masses in the preceding subsections, we now outline the
procedure for the generation of sfermion masses of the supersymmetric standard model.
As in Ref. [66] we follow the calculation of Martin in Ref. E] adapted to our direct

mediation models.

Sfermion masses are generated by the two-loop diagrams shown in Fig. In @]

the contribution of these diagrams to the sfermion masses was determined to be,

mfg = Z ZgﬁCaSa(mess.)[sum of graphs], (3.69)

mess. a

where we sum over all gauge groups under which the sfermion is charged, g, is the corre-
sponding gauge coupling, C, = (N? — 1)/(2N,) is the quadratic Casimir and S,(mess.)

is the Dynkin index of the messenger fields (normalized to 1/2 for fundamentals).

As in the calculation of the gaugino mass we use the propagators in the diagonal form

and insert the diagonalisation matrices directly at the vertices. For the diagrams|3.5(a)
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to we have closed loops of purely bosonic or purely fermionic mass eigenstates of
our messenger fields. It is straightforward to check that in this case the unitary matrices

from the diagonalisation drop out. We then simplEhave to sum over all mass eigenstates
].
The next diagram is slightly more involved. This diagram arises from the

D-term interactions. D-terms distinguish between chiral and antichiral fields, in our
case p, Z and p, Z, respectively. We have defined our scalar field S in such that

all component fields have equal charges. Accordingly, the ordinary gauge vertex is

the results for these diagrams computed in Ref.

proportional to a unit matrix in the component space (cf. eq. B:42). This vertex is then
‘dressed” with our diagonalisation matrices when we switch to the S basis, BZ3 This
is different for diagram B.5(g)} Here we have an additional minus-sign between chiral
and antichiral fields. In field space this corresponds to a vertex that is proportional to
a matrix Vp = diag(1,1, —1, —1). We therefore obtain,

Fig. = Z(QTVDQ)i,mJ(mO,Wu 10,:)(QTVDQ)m,i, (3.70)

where J is the appropriate two-loop integral for Fig. which can be found in @]

Finally, in B.5(h)| we have a mixed boson/fermion loop. The subdiagram containing
the messengers is similar to the diagram for the gaugino mass. The only difference is
the direction of the arrows on the gaugino lines. Indeed the one-loop sub-diagram corre-
sponds to a contribution to the kinetic term rather than a mass term for the gauginos.
(The mass term will of course contribute as well but will be suppressed by quark masses.)
Using eq. we find,

Fig. BEM] = Y (U} Qux + ULQal* + QL Vi + QL Vail*) L1 j24, g ) (3.71)
ik

where L is again the appropriate loop integral from @]

Summing over all diagrams we find the sfermion masses which are typically signif-
icantly larger than the gaugino masses calculated earlier. Indeed, the scalar masses

roughly follow the estimate

2 g 2 79
~ NS — . .
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This is precisely the leading order effect which in our direct mediation scenario is absent

for the gaugino masses.

So far we have taken into account the p,Z (or similarly the o, M) contributions
which as we just explained give a non-vanishing leading order effect. In distinction to
our earlier calculation of the gaugino masses we do not need to include the sub-dominant

contributions from other messengers (which were massless at tree—level)H.

3.3.3 Signatures in the directly mediated meson-deformed

model

Here we present and summarize our result for gaugino and sfermion masses for a variety
of our meson-deformed models. These results are most conveniently expressed in terms

of the reduced gaugino (mys)

My, = —lg;2m1/2a (3.73)
and scalar masses (m%)
2 gi 2
Meform = Z WCASAmO- (374)
A

We similarly define reduced masses for the pseudo-Goldstone components of the direct
messengers (appearing in Tables B, B, BT7) by including a factor of 1672,

Myeduced = 167“-27nphys (375>

The first three Tables BH, Bl and B summarize our results for the mass spectrum
at the high scale for meson-deformed 1-1-5 model specified in Table B4l

9Inclusion of such effects would be actually not completely straightforward because our mass-insertion
technique breaks down when used in the two-loop diagrams for the scalars. The reason for this can
be traced to the non-cancellation of the UV cutoff dependent terms. This problem would disappear
if one performs a complete higher-loop calculation. In any case since the leading order result for
scalars was non-vanishing we do not expect any significant changes from this.
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Contribution (in units of px) o, p. 2, 2 X M M total
Tree-level constrained 8.22 x 107° 0.00 0.00 8.22 x 107°
Unconstrained (tree level masses) 5.34 x 1073 0.00 0.00 5.34 x 1073
Unconstrained (CW improved masses) | 2.81 x 1072 | 4.49 x 1072 | 8.30 x 107 | 7.38 x 10~*

Table 3.5: Conlributions to the reduced gaugino mass myy for the meson-deformed 1-1-5

model of Table [57}

Contribution (in units of px) o, p, 2, 7L
Tree-level constrained 0.48
Unconstrained (tree level masses) 0.48
Unconstrained (CW improved masses) | not consistent

Table 3.6: Contributions to the reduced sfermion masses mq (only p, p, Z, Z contribution)

for the meson-deformed 1-1-5 model of Table [34)

indicates that the use of the full CW corrected masses is inappropriate in this case

Particle | Reduced Mass/px
sfermions 0.48
gauginos 7.4 %1073

Xt 0.13

X 1.33, 2.35
M;y, M; 0.42
M, M, 9.58, 9.73

The third line in the table

Table 3.7: Reduced masses for the various particles charged under the SM gauge group for

the meson-deformed 1-1-5 model of Table [F4), with Msusy/px = 2.7.

The following four Tables B.Y, B3, and BTl give results for the same 1-1-5

model but with a different choice of parameters. Comparing the last lines in Table

and Table we see that the contribution from the X messengers can be of the same

order but the relative sizes of the different contributions can vary quite significantly.

In total both models give rather similar predictions. with scalars being two orders of

magnitude heavier than the gauginos. This is a “slightly” split-SUSY scenario which is

expected in all of our direct mediation ISS-SSM models.
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In addition, as can be seen from Tables B BI1l, some of the messengers which
are charged under the Standard Model gauge group are relatively light with masses

somewhere in between the scalars and the gauginos.

VEV w/px =&/ px n/ux p/ux | X/px | A/ux | B/ux | C/ux

Tree-level constrained 4.76 0.00 —0.09 | —2.50 17.14 13.61 215.92

Unconstrained 4.76 2.00 x 1073 | —0.08 | —2.51 17.20 13.56 217.38

Table 3.8: Stabilized vevs for a meson model with Ny =7, N. =6, h =1, mi/ux = 0.05,
ma/ux = 0.01, uy/px =5, pp/ux =3 and A = 0.01.
Contribution (in units of px) 0, P, 24, Z X M M total

Tree-level constrained 5.91 x 107° 0.00 0.00 5.91 x 107°
Unconstrained (tree level masses) 3.45 x 1073 0.00 0.00 3.45 x 1073
Unconstrained (CW improved masses) | 1.78 x 1072 | 7.06 x 107% | 1.34 x 107> | 2.50 x 1073

Table 3.9: Contributions to the reduced gaugino mass myy for the meson-deformed 1-1-5
model of Table 8.

Contribution (in units of px) A
Tree-level constrained 0.53
Unconstrained (tree level masses) 0.54
Unconstrained (CW improved masses) | not consistent

Table 3.10: Contributions to the reduced sfermion masses mg (only p, p, Z, Z contribution)
for the meson-deformed 1-1-5 model of Table [Z3.

The remaining six tables in this subsection give an example for a 2-2-3 model — a
model with a non-trivial magnetic group. This model has very similar features with
the only exception being that the reduced gaugino and sfermion masses differ for the
different gauge groups. This shows that one can achieve a deviation from the simple
scaling of the full physical masses with the gauge couplings eqgs. and B.74 because

my2 and mg now actually depend on the index A specifying the gauge group.
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Particle | Reduced Mass/1x
sfermion 0.54
gauginos 2.50 x 1073

X1 8.83 x 1072

X 2.39, 2.71
My, M; 0.24
M., M, 10.20, 10.16

Table 3.11: Reduced masses for the various particles charged under the SM gauge group for
the meson-deformed 1-1-5 model of Table B8, with Mgsusy /ux = 2.7.

VEV K/px =&/ ux n/1x p/ux | x/ux | Alux | Blux | Clux
Tree-level constrained 4.56 0.00 —1.40 | —4.33 | 33.25 | 12.63 | 105.07
Unconstrained 4.56 2.00 x 1073 | —1.34 | —4.22 | 33.56 12.47 | 103.04

Table 3.12: Stabilized vevs for a meson model with Ny =7, N. =5, h =1, my/pux = 0.03,
ma/ux = 0.05, uy /ux =5, pp/ux =3 and A = 0.01.

Contribution (in units of px) 0,6, N, N P M M total
Tree-level constrained —4.50 x 1073 0.00 0.00 —4.50 x 1073
Unconstrained (tree level masses) 4.10 x 1073 0.00 0.00 —4.40 x 1073
Unconstrained (CW improved masses) | —4.52 x 1072 | -4.17 x 1074 | —=3.60 x 10~* | —4.60 x 1072
Table 3.13: Contributions to the reduced mass m(f/)2 of the SU(2) gaugino for the meson-
deformed 2-2-3 model of Table Z1A.
Contribution (in units of px) p, b Z, 7 X M M total
Tree-level constrained 2.80 x 1073 0.00 0.00 2.80 x 1073
Unconstrained (tree level masses) 1.10 x 102 0.00 0.00 1.10 x 102
Unconstrained (CW improved masses) | 1.05 x 1072 | 1.05 x 1072 | —2.40 x 10~* | 2.10 x 102

Table 3.14: Contributions to the reduced gluino mass m

model of Table [T13

3)
1/2

for the meson-deformed 2-2-3

We have generated the soft SUSY breaking terms of the SSM at the high (messenger)
scale. In order to determine the mass spectrum at the Electro-Weak scale the soft SUSY
breaking parameters given in the tables should be renormalization group evolved. But
we expect that the overall pattern remains the same.
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Contribution (in units of px) 0,6, N, N
Tree-level constrained 2.93
Unconstrained (tree level masses) 2.94
Unconstrained (CW improved masses) | not consistent

Table 3.15: Contributions to the reduced masses mgf) of the SU(2) sfermions (only p, p, Z,
Z contribution) for the meson-deformed 2-2-3 model of Table [Z13.

Contribution (in units of px) o, p, L, 7L
Tree-level constrained 1.74
Unconstrained (tree level masses) 1.74
Unconstrained (CW improved masses) | not consistent

Table 3.16: Contributions to the SU(3) sfermion masses mé3) (only o, &, N, N contribution,)
for the meson-deformed 2-2-3 model of Table [Z13.

Particle Reduced Mass/ 1 x
sfermions SU(2) 2.95
sfermions SU(3) 1.74
gauginos SU(2) 4.60 x 1072
gauginos SU(3) 2.10 x 1072

Xf 0.41

X 14.46, 15.06

P 0.62

P 5.40, 8.56
My, M; 0.47
M,, M, 11.79, 11.56

Table 3.17: Reduced masses for the various particles charged under the SM gauge group for
the meson-deformed 2-2-8 model of Table [ZIA with Msusy/ux = 2.96.

In summary, we see that all our direct models have the following features: 1) A heavy
scalar spectrum; 2) The pseudo-Goldstone direct messengers are relatively light and the
effective low energy theory is always extended away from the MSSM; 3) We can have
deviations from the standard gaugino/sfermion mass pattern dictated by the Standard

Model gauge couplings.
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3.4 The baryon-deformed ISS theory and its

mediation patterns

In this section we revisit models with the hidden sector given by baryon-deformed ISS
theory introduced in H, @] These models form extensions/deformations of the ISS
which are complimentary to the meson deformations discussed above. We will extend

the analysis to include the effects of the X and M messengers.

3.4.1 The baryon-deformed model

We start with an ISS model with N. = 5 colours and Ny = 7 flavours, which has a
magnetic dual description as an SU(2) theory, also with Ny = 7 flavours and following
,E} we deform this theory by the addition of a baryonic operator. The resulting

superpotential is given by
W = @055 — ;@i + MEapers 70} (3.76)

where ¢,5 = 1...7 are flavour indices, r,s = 1,2 run over the first two flavours only,
and a,b are SU(2) indices. This is the superpotential of ISS with the exception of the
last term which is a baryon of the magnetic SU(2) gauge group. Note that the 1,2
flavour indices and the 3...7 indices have a different status and the full flavour symmetry
SU(7)y is broken explicitly to SU(2); x SU(5)s. As before, the direct gauge mediation
is implemented by gauging the SU(5); factor and identifying it with the parent SU(5)
gauge group of the Standard Model. The matter field decomposition under the magnetic
SU(2) gauge X SU(5) s x SU(2) s and their U(1)p charges are given in Table Bl with R = 1.

Using the notation established in the previous sections for the meson model the
baryon-deformed model defined by eq. B0 is a 2-5 model. It is straightforward to
consider alternatives such as a 1-5 model where the magnetic gauge group is empty and

the baryon deformation is a linear operator,

or, for example, a 2-2-3 model as before. In all of those models Landau poles inherent
in the direct mediation can be avoided by using the deflected unification mechanism of

]. This works most effectively in the 1-5 model due to its minimal matter content.
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The discussion of these models is virtually identical to that which we will now present
for the 2-5 model.

At the Lagrangian level this baryon-deformed model respects R-symmetry. Thanks to
the baryon deformation, the structure of R-charges allows for spontaneous R symmetry
breaking and it was shown in H] that this does indeed happen. We also stress that our
baryon deformation is the leading order deformation of the ISS model that is allowed by
R-symmetry of the full theory imposed at the Lagrangian level. As explained in @] this
is a self-consistent approach. For example, terms quadratic in the meson ® that could
arise from lower dimensional irrelevant operators in the electric theory are forbidden by
R-symmetry. Thus, our deformation is described by a generic superpotential and B7T0

gives its leading-order terms.

Using the SU(2)y x SU(5); symmetry, the matrix y;; can be brought to the form
The baryon operator can be identified with a corresponding operator in the electric
theory. Indeed the mapping from baryons Bg in the electric theory to baryons By, of
the magnetic theory, is By AN < BpA;Ne (we neglect factors of order one). Thus one

expects

AISS ) Nf*2N B A3

155 3.78
Vo (3.78)

mNMPl( _M27
Pl

where Mp; represents the scale of new physics in the electric theory at which the irrele-
vant operator B, is generated.

The F-term contribution to the potential at tree-level is
Vo= ) YVt + Zp 4 2mean st (3.79)

+ Y N2 Xp Y |00V 2P+ DY 100 25 4 Xl
g as aj

ar

) N brs = 1560) P+ D |0mil* + D ppdsl® + Y (0355 — 13 635)1°

ij

where a, b are SU(2),,, indices. The flavor indices r, s and i, j correspond to the SU(2);
and SU(5)y, respectively. It is straightforward to see that the rank condition works as
in ISS; that is the minimum for a given value of X,Y, Z and Z is along p = p =0 and

(¢) = %Iz o (9) =¢0, (3.80)
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where ¢ parametrizes a runaway direction that will be stabilized by the Coleman-Weinberg
potential eq. This then gives Z = Z = 0. In addition Y becomes diagonal and
real (assuming m is real). Defining <Yrs> = n 1, the full potential is

2 12 2 12
V:2‘n§+2m%’” +2‘?7%Y +5uk (3.81)
Using R symmetry we can choose ¢ to be rea]@. Minimizing in n we find
& u%) -
n=—2m (— + = . 3.82
py o & (382)

Substituting n(§) into eq. B8l we see that £ — oo is a runaway direction along which

o202 (& & o 4
V(§) = 8m uy G + 2 + 5ty (3.83)
Y Y

Since in the limit & — oo, the scalar potential V' is non-zero, we have a runaway to
broken supersymmetry, hence the Coleman-Weinberg potential again lifts and stabilizes
this direction, which is indeed the case H] As in eqs. BZI we parametrize the pseudo-

Goldstone and runaway vevs by

(9) = €L (¢) =K1y (3.84)
Yy = nl (X) = xIL. (3.85)

Stabilized vevs for a 2-5 and a 1-5 model are shown in Tables and BTY, respectively.
Constrained vevs in these tables arise from using the tree-level equations of motion egs.
BRd and Again, the difference between constrained and unconstrained vevs is
rather small but the general discussion of subsection indicates that this difference

has crucial effects on the generation of gaugino masses in direct mediation.

Explicit mediation has been studied in @] and leads to the usual standard GMSB

pattern (as also discussed for the meson-deformed model in subsection BZ3TJ).

10The phase of & corresponds to the R-axion.
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Vev Klux | §/px | n/px | X/#ix
Tree-level constrained | 1.10 .18 | —0.08 | —0.35
Unconstrained 1.10 8.18 | —0.08 | —0.35

Table 3.18: Stabilized vevs for a 2-5 baryon-deformed model with Ny = 7, N. = 5, h = 1,
m/ux = 0.3 and py /ux = 3.

Vev k/px | &/nx | n/px | x/px
Tree-level constrained | 1.76 511 | —0.05 | —0.21
Unconstrained 1.76 5.11 | —0.05 | —0.20

Table 3.19: Stabilized vevs for a 1-5 baryon-deformed model with Ny = 6, N, = 5, h = 1,
k/u% = 0.3 and py /ux = 3.

3.4.2 Signatures in the directly mediated baryon-deformed

model

The basic equations for calculating gaugino and scalar masses are the same as in sub-
section B.3.2 Only the VEV configurations and the structure of the messenger mass

matrices know about the difference in the deformation.

Our results for the soft SUSY breaking parameters at the messenger scale are pre-
sented below following the same structure as before. The first three tables correspond to
the 2-5 model given in Table BT8 The next three correspond to the 1-5 model specified
in Table BT

Evidently, the dominant contribution to the gaugino mass comes from unconstrain-
ing the vevs and putting in the full one-loop mass matrices. Overall this leads again
to models with heavy scalars and, in distinction to our earlier paper @] (where the
constrained vevs were used), we do not need to fine tune the different p? parameters to
achieve a moderately split spectrum. It is remarkable that in all of the directly medi-
ated ISS models gaugino masses are this sensitive to quantum corrections (due to the

inevitable cancellation at tree-level).
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Contribution o, b 2. 2 X total
Tree-level constrained 4.17 x 107° 0.00 4.17 x 107°
Unconstrained (tree level masses) 1.74 x 1073 0.00 1.74 x 1073
Unconstrained (CW improved masses) | —1.57 x 1072 | 9.61 x 1077 | —1.57 x 1073

Table 3.20: Contributions to the reduced gaugino mass for the baryon-deformed 2-5 model of

Table [313

Contribution p, p, Z, Z
Tree-level constrained 0.70
Unconstrained (tree level masses) 0.70
Unconstrained (CW improved masses) | not consistent

Table 3.21: Contributions to the reduced sfermion masses (only p, p, Z, Z contribution) for
the baryon-deformed 2-5 model of Table [T13.

Particle | Mass/up

sfermion 0.70

gauginos | 1.57 x 1073
X; | 1.92x 102
X 2.92, 2.93

Table 3.22: Reduced masses for the various particles charged under the SM gauge group for

the baryon-deformed 2-5 model of Table [Z13.

Contribution o, b, 2. Z X total
Tree-level constrained 2.67 x 107° 0.00 2.67 x 107°
Unconstrained (tree level masses) 7.49 x 1074 0.00 7.49 x 107*
Unconstrained (CW improved masses) | —5.97 x 107 | 3.60 x 10~7 | —5.96 x 10~*

Table 3.23: Contributions to the reduced gaugino mass for the baryon-deformed 1-5 model of

Table [319
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Contribution P, Py, L, Z
Tree-level constrained 0.61
Unconstrained (tree level masses) 0.61
Unconstrained (CW improved masses) | not consistent

Table 3.24: Contributions to the reduced sfermion masses (only p, p, Z, Z contribution) for
the baryon-deformed 1-5 model of Table [Z14.

Particle Mass/up

sfermions 0.61

gauginos | 5.96 x 1074
Xt 1.10 x 1072
Xs 2.921, 2.919

Table 3.25: Reduced masses for the various particles charged under the SM gauge group for
the baryon-deformed 1-5 model of Table [Z14.

3.5 Conclusions

We have investigated different scenarios of gauge mediation which incorporate a dynam-
ical SUSY breaking (DSB) sector coupled to a supersymmetric Standard Model. The
DSB sector was realized in terms of two different types of deformations of the ISS model.
These models generate all SUSY breaking parameters at the messenger scale in a cal-
culable way from relatively simple supersymmetric Lagrangians. In all of the models
investigated we find rather model independent signatures for the direct gauge mediation

which include:

e Scalars are typically two orders of magnitude or more heavier than gauginos if we
expand around the global minimum, but can otherwise be of the same order of

magnitude as scalar masses.

e The low energy effective theory of the visible sector i.e. particles charged under the
Standard Model gauge groups is necessarily extended by light pseudo-Goldstone

messenger fields.

Because one requires to include quantum corrections to have a proper minimum of
the potential, many of the models considered here do not strictly fall in the kind of
models contemplated by Komargodski and Shihs argument[3]. Despite this, because

the tree-level relations between the F-terms are weakly violated, gaugino masses are
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“abnormally “ small. Contributions from non-standard (pseudo-moduli) messengers does

not substantially change this conclusion.

In M], a metastable vacuum was constructed in a model very similar to the meson

deformed ISS that we presented here that leads to a viable soft mass spectrum.

More generally, in extra-ordinary gauge mediationda], and then by using the frame-
work of General Gauge Mediation (GGM) [55], it was shown that the scales for soft
gaugino and scalar masses generically can only be described using two independent
mass scales (in [54] the actual “size” of the parameter space for GGM was described and

in [67) was discussed how this could be implemented in different models).

Finally we would like to briefly comment on how the usual little hierarchy problem
of the supersymmetric Standard Model manifests itself. First of all, the non-observation
of the Higgs at LEP requires that the mass of the lightest Higgs, mjo > 115GeV. On

the other hand, supersymmetric models predict an upper bound so that
(115 GeV)? < mjo < cos*(28)m% + rad. corr. (3.86)

where the radiative corrections ~ m?log(m;/m;). To fulfill this one needs a rather large
stop mass, which our models deliver. On the other hand, the conditions for Electro-Weak

symmetry breaking require that at the E.W. scale
my = —2(mi, + [passml?) + O(1/ tan®(5)). (3.87)

The scalar masses, including my,, and their loop corrections are of the order of m; and
are (as just argued) much bigger than the E.W. scale. This requires a fine-tuning of
pinssm of the order of 1072, In the direct mediation scenarios with a mildly split SUSY
spectrum, my; is bigger than the minimal required value from eq. resulting in a
somewhat higher degree of fine-tuning of the order of 1074 — 107°. In this chapter we

are treating pnssu as a free parameter and do not attempt to solve this problem.



Chapter 4

Searching for F & D-term SUSY
breaking:

“The possibility that we are living in a false vacuum
has never been a cheering one to contemplate. Vacuum
decay 1is the ultimate ecological catastmphe.l] i

— Sidney Coleman, 1937-2007

We now understand that the reason why gaugino masses vanish (or are small) does
not have to do with with how R-symmetry is broken, but to the fact that one is using
the global minimum of the potential as a vacuum and SUSY is broken by F-term vevs

alone.

This leads us to a picture where the vacuum is usually perturbatively metastable.
Since the life-time of the vacuum has to be much larger than the age of the universe,
this puts constraints on the amount of the metastability in the model, and consequently
the size of the R-symmetry breaking operators. In the ISS deformed models, these turn
out to be parametrically small, as they correspond to irrelevant operators in the U.V..

Their scale is suppressed by factors of A]\Z—Sls, where Ajgg is the ISS dynamical scale.
P

In this chapter we investigate an alternative to this picture. Specifically we will
investigate if it is possible to build calculable models with non-Abelian gauge symmetries
that break SUSY by having both F' and D-term vevs in the (global) vacuum. Models that

IThis playful quote is from his paper ” Gravitational effects on and of vacuum decay”.

101
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have this property, evade the argument of B}, and the universe can live in a perturbatively

stable vacuum.

In some special cases, as first noticed in @] and then M], the superpotential can
naturally be non-generic and SUSY can be broken even if there is no R-symmetry and
the vacuum is stable. In these models there is no tension between the stability of the
vacua, gaugino and axion masses. We will build a model with similar properties and

where SUSY is broken by having non-zero F and D-term vevs.

The hope was that by coupling this type of hidden sector models with the MSSM a
viable soft mass spectrum was achieved. However, since the allowed field content and
superpotential couplings are highly constrained by symmetries, it is very hard to build

a model where SUSY breaking is not communicated semi-directly.

Having non-zero D-terms clearly implies the spontaneous breaking of a gauge group.
In this chapter we will investigate only cases where the hidden sector gauge group can
have non-zero D-terms. The case where the MSSM GUT gauge group is Higgsed in a

non-SUSY way is considered in the last chapters.

4.1 Constraints on models of combined F and
D-term SUSY breaking:

In this section we will show that if the superpotential is renormalizable and the Kahler
potential is canonical, the model can only break SUSY through F-terms (globally), i.e.
when minimizing the function Vp + Vi one always finds Vp = 0. To do this we will find
a set of solutions that minimizes V» and then show that it’s always possible to chose

one that solves Vp = 0. Since Vp > 0 this is the global minimum of the model.

Since we want to minimize Vg, we start by reviewing some known results about

O’Raifeartaigh (O'R.) modelsﬁ, @]

Let us consider a renormalizable Wess-Zumino model with superpotential W (i.e.
W is a degree 3 polynomial in the ﬁeldﬁ), the Kahler potential is canonical. Then,
Vi = >, |[Wi]?, where W is the derivative of the superpotential with respect to the field

¢ and indices are raised and lowered by complex conjugation.

2If the theory is asymptotically free, the superpotential cannot have terms whose value for large field
vevs grows faster than ®3



Searching for F & D-term SUSY breaking: 103

Since we are assuming that the minimum of the potential breaks SUSY, not all the W
can be made to vanish simultaneously. At the minimum, the gradient of the potential
must vanish, W;;/W7 = 0 (i.e. we are not considering cases where there are runaway

directions, even though they might be interesting).

The tree-level boson mass is:

MEMp F*
m% = r (4.1)
F MpMs;
where F;; = Z’jka7 and Mp = W;;. In a consistent vacuum M?B must be positive

semi-definite.

We will now see that in the direction (W* W;) this scalar mass matrix has a zero

eigenvalue:

i |
W, MiMp  F Wi

. = 2Re(W'F;;W7). (4.2)
W F o MM W;

Since this mass matrix is positive semi-definite, this must vanish, otherwise it could be
made negative by rotating the phase of W*. An important point to make here is that in
principle, one can have derivatives of D-terms and D-terms in the bosonic mass matrix
as well. Since we will show that we can always choose a point where the D-terms vanish,
it is self consistent to ignore D-term vevs. Derivatives of D-terms are unimportant as
gauge invariance of the superpotential implies that W;D*" = 0. So W'F;;W7 = 0. It’s
possible to show, by performing an expansion of the potential to 3rd order, and using

this equation, that one actually has the stronger result: F;; W7 = 0.
If the superpotential is renormalizable, then the model has a classically flat direction
parametrized by ¢’ = (¢°)© + zW*
Wi = WizzWo + Wi (zWH) (2WF) = 0 (4.3)
This expansion is exact since higher derivatives of W vanish. So, the F-terms are constant
along this directiont.

We will now consider the two possible situations:

3In a few moments we will show that Vp is constant along this direction as well
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1. The F-terms do not break gauge symmetry;

2. The F-terms break gauge symmetry;

The first option is, for example, the case of the ISS model, the second case looks like
the 3-2 or 4-1 models, except that in those cases the superpotentials are not 3rd order

polynomials.

In the first case the non-vanishing F-terms are all gauge invariant. This means that
if we perform a complex gauge transformation on the vevs of the fields, the potential
remains invariant. In this case the symmetry group under which the potential Vg is
invariant is enlarged from SU(N) to SL(N). This symmetry is enough to solve all the

D-term equations.

One should note that this is not a true complex gauge transformation as only the
vevs of the fields, and not the fields themselves, are being rescaled. Meaning, if we were
performing a complexified gauge transformation, invariance of the potential would be
guaranteed by a shift in the lowest component of the vector superfield. In the case we
are considering, the SL(N) symmetry of the vacuum would still be there if there was no

vector superfield (i.e. gauge symmetry).

We consider two cases to illustrate the point: one explicit example and a general

argument.

Take an ISS model where we have gauged a U(1) baryon symmetry. The model has
gauge group U(1) and the flavor group is SU(6) (for this number of flavors the magnetic
gauge group of the ISS is empty, when N. = 5). The field content is: quarks, ¢, that
transform under the fundamental of color and flavor, antiquarks, gz~5, that transform as
anti-fundamentals of color and flavor, and some mesons, ®, that are color singlets and

transform under the adjoint plus a singlet of flavor.

The superpotential is:
W = h(Tr[36®) — p*Tr[8)) (1.4)
SUSY is broken by the rank condition:

Fo,, = h($;; — pi*035) (4.5)
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Since the number of colors is less than the number of flavors, it’s not possible to solve

all these equations and SUSY is broken. The scalar potential is then minimized to be:
Vi = 5h?p (4.6)
The moduli space up to global symmetries is given by:

0 0 } ) .
o = o= [ ) o= ) with dogo = u? (4.7)
0 X 0 0

The D-term potential in a random point of the pseudomoduli space is
g9’ 2 7 12\2
Vp = 5(|¢0| — |bol%) (4.8)

Under a complexified gauge transformation of the vevs,

¢ — e
o— e

And Vp(a) = (€2%|¢o|?> — e 2%|¢|?)2. This vanishes when a = iLog['é%‘;‘. Note that on

the F-term moduli space, neither ¢ or ¢ can vanish.

The general argument showing that in a SUSY theory pure D-term SUSY breaking
is not possible[12] was reviewed in section [[2, so we shall not repeat it here. This
can be trivially extended to the case when there are non-zero F-terms that are gauge

invariant[102].

We now look at models where the F-terms are not gauge invariant. In this case the
vacuum manifold does not have the enhanced symmetry, and the previous argument does

not hold. However, the vacuum manifold contains at least the direction parametrized

by ¢' = (¢")” + W™,

Since not all F-terms are gauge invariant, the heavy vector superfield will not be
SUSY; for example there will be mixings between gauginos and chiral fermion mass

matrices.
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One can still investigate how different matrix elements are constrained by gauge

invariance:
Wi(D*)" = Wi(T*)i¢? =0 (4.10)

Because the superpotential must be gauge invariant, note that this is an identity and is
not valid only at the minimum of V. Because of this we can get further identities from

differentiating the previous expression:

W@,j(Da),i + WZ(Da)j =0

: , : (4.11)
Wije(D*)" + Wi (D), + Wir(D*); =0
At the minimum of the Vg, the previous expressions implies that:
Wi(T*)W* = =Wy, W¥(D*)* = 0 (4.12)

We will now see that the D-terms are constant along the pseudo-moduli direction ¢; =
¢§0) + W

D(z) = D*(0) + 2Re(2(¢\”) (T W) + [2[PWi(T)iW; = D*(0) (4.13)

The linear term in z vanishes because of( EEI), and the quadratic term in z vanishes by
EI2).

We will now show that even though the D-terms are constant along that particular
pseudo-moduli direction, they can be made to vanish arbitrarily close to it. We will give

first a specific example and discuss why this happens and then give a general argument.
Let us take a model considered in M} we have two chiral/antichiral fields that
transform under a U(1), and a singlet. The superpotential is:

W = hS(¢X — %) + m1dd + maxX (4.14)

Except for S, the untilded fields have charge +1 under the U(1) and the tilded fields have
charge -1. The model has an R-symmetry with charges R(S) = 2, R(¢) = R(x) = 0,
R(¢) = R(x) = 2, and the superpotential is general.
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The F-term potential is given by

Vi = B2|ox — 171> + mi[X° + m3|g” + [hSX + migl” + [hS¢ + mox|*  (4.15)
The model breaks SUSY at tree-level, and the minimum is:
Vi = h?pt if  p? < me
F % L M 2h2 (416)
VF = 2m1m2,u2 — —mflLZLQ if ,u2 > —mzlh@Q

This as long as both m; and msy are positive. This model has pure F-term SUSY
breaking: In the first case no charged field gets a vev. The U(1) is unbroken and the

D-terms vanish.

In the second case the U(1) is broken. The vevs are:

b = _ may/ma(hPp?—mimo)
_ hmi
my(h2u2—mime)S
mi/ma
v/ mi(h2u2—mimsa)S
miy/ma

m1 (h2pu2—mims)

- hy/mo

(4.17)

= O
I

=1
I

for any value of S.

The flat direction is parametrized by:

S =50 _ z T2

= G0 — Yray it mms) , (4.18)
vmay/mi(h2p?—mimy)

X fr— X(O)
12 (mf—m3)*(mima—h?p?) b s
= 597~ 2h4m%m§ , which is

If we replace these vevs into Vp, we get that Vp
generally non-zero unless m; = my. Note that this is a constant and independent of z,

as we have seen it should be.
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We will now deform the vevs by € in the following way:

_Vmay/ma (h2u2—mimz)
hmi

<
I

m1 (h2pu2—mimse)S

mi/ma - ¢
my (h2pu2—mims)

S
4.19
mi/msa + € ( )

my (h2pu2—mims)

= O
I

hy/mo
g — (m§—m3)+/mi1(h?p2—mimo)
- 4dmyy/mah2e

=1

In this vacuum

2,,2
VF = 2m1m2,u2 — }1;”2 -+ (m% -+ m%)eQ (420)
Vp =0 (4.21)

So, if € — 0, we solve Vp = 0 and minimize V.

More generically will show that one can find a small deformation e of the pseudo-
moduli space, where the change in the D-terms is proportional to ez, while the change
in the F-terms will only be proportional to e. One can then take ¢ — 0 with ze fixed, to
solve Vp = 0, and Vp will approach it’s minimum value. This means that if we ignore
D-terms the model breaks SUSY at tree-level through F-terms, but as soon as we include
D-terms they either vanish identically on the pseudo-moduli space or there is a runaway
to broken SUSY.

The stabilization of this runaway direction has to be checked because in these models
one has the extra contribution from gauge fields to the Coleman-Weinberg potential, and
;é] and in the

last example model we show. Some cases where some metastable vacua with both F and

these are not positive definite. This fact can be seen, for example, in

L

D-terms and no flat directions have been built M]

We will consider that a gauge rotation of the fields has been made in such a way
that there is only one non-vanishing D-term in a direction defined by an element of the
Cartan subalgebra of the group, very much like when we dealt with the case that all the

F-terms were gauge invariant.

We will chose that the deformation is a complexified gauge transformation in the
direction defined by the same element of the Cartan subalgebra. This transformation

will generically change both Vi and Vp.
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Let T be the element of the Cartan subalgebra, then 7" = diag({u;}). Under this

complexified gauge transformation The F-terms change as

Wi(z) = W;(2) (e ™) = (W(O0).(e7);) = (W.diag({e™*})); (4.22)

(2

Where, again, we have used ¢ and dot product as a notation for the sum over all the

fields and the generator is in the appropriate representation.

Then, the change in the potential is
Vi(a) = Whdiag({e®}).W = Vp(0) + *W.diag({pi}).W + O(a?) (4.23)

This is because, as we’ve seen, the terms linear in the generator of the gauge group vanish.

The previous example where we had a U(1) gauge group agrees with this expression.

We now use the eq. evaluated at (¢) = ¢' + zW".

We get that:
D(z) = ¢'.diag({:})-¢ (4.24)
— 2Im(a)(¢" diag({i}})-6 + 2Re(2¢" diag({s}}). W) + |2"W.diag({17}).W)
(4.25)
When z is very large this is solved by:

= 2P W diag({12}) W

2

The solution « is small and the corrections in a® we ignored are negligible if we take

z — oo. Note that W;uZW* = >, [;W|?> and should be greater than zero if SUSY is

broken and the F-terms are not gauge invariant.

The conclusion is that in this class of models it’s not possible to have a model where

the global minimum has combined F and D-term SUSY breaking.

One should, of course, be careful to check if the description being used is correct
and one doesn’t go to a strong coupling regime or if one is using an effective theory, go

outside its regime of validity.
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4.1.1 Some consequences of this result

One interesting consequence of this result is in the context of tree-level gauge media-
tion. In this type of mediation, one requires the existence of F-terms that are not gauge
invariant that lead to the existence of non-zero D-terms at tree-level through the min-
imization of the potential: WITeW + ¢*(M,)®D® = 0 (i.e. there may, in principle be
vacua where WIT*W is non-zero, which leads to the existence of non-zero D-terms).
However this result shows that this is not possible unless the vacuum is metastable, the
Kahler potential is not canonical, or there is a dynamical contribution to the superpo-
tential that is not a cubic polynomial in the fields. An interesting possibility is in GUT
theories where the mechanism by which the doublet-triplet problem is solved through a
dynamical mechanism (i.e. an instanton type contribution to the superpotential). This
term is not polynomial in the fields and essentially affects the low energy physics of the

model (i.e. it behaves in very much the same way as the ADS superpotential).

4.2 Adding non polynomial terms to the

superpotential

In the last case, the discussion relied in the existence of the flat direction, so one question
is: what happens if we do not have a flat direction. One such possibility is to consider
the present model, but instead of a U(1) gauge symmetry, one considers a SU(V,) gauge
symmetry with N, > 2. In this case we have a SQCD theory with 2 flavours and a singlet
and N, > Np. This theory has a dynamically generated term in the superpotential that
comes from instanton contributions, and is not a polynomial of degree 3 (for simplicity
we take N. = 3).

The full superpotential is:

A?

W = hS(oxX — %) + M1 + max X + —= _
(6X = 17) +m1dg + max¥ Do T — o

(4.27)

At tree-level the superpotential is general and has an R-symmetry (this disallows shifts
in the vev of S to absorb the linear term). However, for Ny < N¢ this symmetry is
anomalous because of the dynamically generated ADS contribution, and the R-symmetry

is broken to a discrete subgroup.
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One may wonder if this model breaks SUSY globally. If this were to happen (SUSY
is unbroken), we could integrate out the gauge degrees of freedom and use the low energy

effective description with mesons:

A7
W = hS(Myy — u? M My + ——— 4.28
(Mg — p7) +mi Myy 4 my 22+Det(M) ( )
The "F-term” equations are:
Ws = h(Mns — pi?)

Wi, =m th?ﬁ?

Win, = hS + A28, (4.29)
Wit = Bt
WM22 mo DA;%}%

where W is the derivative of the superpotential with respect to the field ¢. These

equations can be solved asymptotically with

_ AMy
S = hDet(M)2

_ maA8
My = 35

M12 = [12 (430)

Adt mymyATO

o BALL
My = ez

_ mlAS
Moy = "3

where A is some finite mass scale and ¢ — 0 is some dimensionless parameter. Note

that in this limit all vevs but M, go to infinity.

In the D-flat directions the Kahler potential is given by:
K =2Tr(VMTM) (4.31)

Which is valid as long as the theory is weakly coupled (i.e) mesonic vevs are larger than

A.

The second derivative of the Kahler potential goes to 0 as ¢ — 0. One can, for

simplicity take m; = mo = m, diagonalize M with unitary transformations and do the
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computation explicitly (using Mathematica for example) and see that in the runaway
direction the Vi = K ,'WeW? goes to 2m?u?.

a

This can be understood since as € becomes very small, the scale at which the gauge
symmetry is broken becomes large and the theory is weakly coupled. The reason why the
potential doesn’t slope to 0 for very large vevs of the meson field is easy to understand
since in this regime the theory should be weakly coupled and the microscopic description
should be good. In this regime, the instanton contribution is rather small compared with
the tree-level superpotential, and there is an approximate R-symmetry that guarantees
that SUSY is broken.

The reason why we can’t just expand the Kahler potential around some scale to
get a “canonical” Kahler potential for the meson fields (normalized by the square of
the scale we are expanding around), is that there is no scale around which we can do
this, i.e. there is no scale around which the minimization of Vr will justify the fact
that we’'ve neglected higher order terms in the expansion of the Kahler potential (Vg
will be a function that slopes to 0 when the fields go to infinity). In other words, in
a theory with a non-canonical Kahler potential SUSY is unbroken if the vev of the
auxiliary components of all fields is much smaller than any other scale in the model
(either 0 or vanishes asymptotically). For a non-canonical Kahler potential this means:
K=Le, — 0. We've shown that there is a limit in which W, — 0, but in this limit

K~ is divergent and the product does not go to zero in any direction in field space.

Witten Index

One may wonder if the statement that this model breaks SUSY is in disagreement with
the Witten index argument, but note that taking m; and ms to infinity (the mass matrix
has maximal rank) allows us to integrate out the quark fields (mgy,s, << my,mo). The
scalar field is then light and survives to low energy. Doing this integration one sees that
at low energies the effective superpotential is W = —hSu? + NgA%y-,,. In this case the
Det(M) = myms, where M is the quark mass matrix (as in 1), and Agy s does not
depend on the vev of S. There is no mass term for S in the superpotential and because
of the linear term, the model breaks SUSY.

So, it is because of this clean separation of the dynamics into two independent sectors
that one can have SUSY breaking. One should stress that it is only because of the tree-

level R-symmetry, and in particular the rank condition. A discussion based on the
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Konishi anomaly that SUSY breaking should hold non-perturbatively in models with a
tree-level rank condition can be found in [69], and an example of another model where

SUSY is broken at low energies without an exact R-symmetry in .

Numerical Calculations

Using Mathematica one can compute the eigenvalues of the matrix MTM and do the
square root. The sign is determined by the physical requirement that the potential should
be bounded from bellow. It’s straightforward to compute the Kahler metric and invert
it to compute the Vr. One can then give values to the parameters and Mathematica

provides different numerical algorithms that help finding the minimum of the potential.

As a test example, we use m; = 1.2,my = 0.45,h = 0.8,A = 0.05 in units of x, and

g = 0.75. Using the mesonic degrees of freedom, we find that there is a minimum for:

S = —23.36

My, =243

My = 0.16 (4.32)
My, =101.10

My, = 6.49

with Vi = 0.62u*. However, this minimizes Vj along the directions where Vp = 0, and
may not be the right procedure. Instead of improving our understandinﬁ the Kahler
]

potential around the classical D-flat “pseudo-moduli space”, as in , we follow

Y

directly to the microscopic description.

We now minimize the potential using the microscopic description, and allowing for

non-vanishing D-terms. The V potential is:

AT(x.Xi — O XX N - AT(XXPi — X-OX
Ve = W65 — 12 + [maci — (x-X¢ ¢XX)|2+‘hSXi+ml¢i_ (X-Xdi — X-0%:) 12

(6.0X-X — X-06.%)? (6.0X-X — X-00.X)2
(‘b (le X ¢¢z) |2 ‘ ~‘ A7(¢ (sz ¢ X(bz) ‘2
(0 IXX — X-00.X)? v (¢ XX — X.00.Y)>

Where a sum over i is assumed. We chose some gauge fixing conditions: ¢, = 0, ¢35 = 0,
X3 = 0 and minimized the potential with respect to the other fields, where the lower

case index is a color index. Numerically we found that ¢3 = 0,3 = 0.
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The non-vanishing vevs are given (in units of u) by:

S =—-151x103
¢1 = 0.50
$1 =1.4x1073

¢y =1.36 x 104 (430
Y1 = 1.66 x 1072 '

Yo = —2.28 x 1073
71 =0.35
Yo = —0.67

And Vi + Vp = 0.58u*, which is lower than the previous result. This vacuum has
Ve = 0.54p* and Vp = 0.04p*, and so both D and F-terms are non-zero. This means
that by moving away from the “D-flat” directions we were able to find a global minimum
where SUSY is broken, and because the scale at which the gauge group is broken is much

larger than A, the theory is weakly coupled.

We note that the scale at which gauge symmetry is broken is only one order of
magnitude above the strong coupling regime, so quantum corrections are not negligible.
One can change the parameters (for example, decreasing g will increase the vevs of the
quarks), however, this does not change the fact that SUSY is broken. As a consequence
of this fact, this model should be taken in the sense of an existence proof more than

anything else.

To summarize what we have done: we have taken a model that had an R-symmetry
and written the most general superpotential consistent with this. We noticed that for
Ny < N, there are non-perturbative corrections to the potential that in practice make
this symmetry anomalous. Despite having no continuous R-symmetry the model breaks
SUSY because the superpotential is not generic and, for some range of the parameters,

the global vacuum of the theory has a combined F and D-term SUSY breaking vacuum.

The way this work makes contact with the work of @, @] is that we can look
at the gauge singlet as a Lagrange multiplier that deforms the “classical moduli space”
of SQCD. On the other hand, the singlet also changes the behavior of the potential at
infinity allowing the Witten index to change from the SQCD case. One can readily see
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that in this model it has to vanish (by looking at the case where the quark masses are
much larger than the SUSY breaking scale).

4.2.1 The microscopic description:

As we've seen, there is no SUSY vacuum for finite values of the fields, in particular, if
there is a vacuum it must exist for very large vevs so that a weakly coupled description
should be valid. Because of this, it makes sense to do the minimization of the superpo-
tential using the microscopic description. To a good approximation the Kahler potential
should be canonical, and this makes the minimization easier. I will focus on the case
with Ng = Ng — 1, but this argument can be used for larger number of colors as well. In
particular I will present only the case Np = 2 and N = 3 as it is the simplest. This case
is particularly interesting as the gauge group can be completely Higgsed if the quark
fields get vevs. We will show that the SUSY breaking scale cannot be made as small as
one wants (i.e. it’s unbroken), by assuming that this is possible, and then reaching a

contradiction.

So, the superpotential in the following form:

- A7
W = A®(p.X — p%) + mid.¢ + max.X + —=—— — (4.35)
(¢.dX-X — d-Xb-X)
Now, let Det(M) = (¢.¢x.X — .Xb.X)-
Gy = AOX + myp — A77¢§'§(}%‘é¢
oW _ ¢-9—dx-&
or = B0 max ~ A Sharin (4.36)
88% —= m1¢ — A77¢I>§;Z]\>}(§2X
ow ~ Vp.b—pd. X
Gy = maX — A7%

To go any further, we need to choose an appropriate gauge. Since there is no flavor
symmetry, we choose to do a QR decomposition, i.e. if ) is some m X n complex matrix
(with m > n), it can be decomposed as Q = UR, where U is unitary and R is upper
diagonal. This means that by a unitary transformation I can take my quark vevs to be
an upper diagonal matrix (for the particular case at hand this means that there are only

3 independent Q-vevs and Q is unconstrained.
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Now we need to understand the D-flat directions. The easiest way to do this is to
write down the generators of the Lie algebra of SU(N) using the components of the
generators of the Lie algebra of GL(N):

T = T (A (437)

Where T]“Z((Af,);) is the generator of the Lie Algebra of SU(N)(GL(N)), and T*" is the
component of T;"* along (A7)} For fundamentals the generators of (A3): = 650;. Which
means that D* = ¢T% — 0 if and only if D? = ng(Ai);gb — ao?. For Np < N¢ the
rank of the Q.Q" (where the ”.” is a sum over flavors) is not sufficiently large and a has

to be 0.
For the case where Np < Ngo — 1, the D-flatness conditions can be written as:
Df = ¢t lhgy o — fkgl — 0 (4.38)

Where f; is a flavor index, and k,n are color indices. The most interesting constraints

come from evaluating D¥, since for k > N this implies that ¢/o% — 0.

So, at this point the vevs have the form:

o1 X1 & N
Q=10 x| @=| & % (4.39)
0 O €31 €32

In this gauge, Det(M) = <Z51X2<<51>~<2 - >~C1(52>-

We note that this form does not solve all the D-flatness constraints, but as we shall

see it will suffice to show that they are not compatible with the F-term constraints.

Let us now look at them:

%-% = mx.¢

(4.40)
OF = \p.x — 1

From these two equations, we see that if SUSY is to be unbroken (or broken at a scale
arbitrarily lower than any other scale in the theory), it must be that F ;2@51 = 0, which

in turn means that ¢; — oco. Also, because Fp = Wg — 0, it must be that y; — 0.
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Now let us focus on the some of the other F-term constraints:

ow _ T_xeX
91 (m — AN peine )9

W _  ATxe(Fe+p?)
903 ADet(M)?

(4.41)

Since ¢ — 00, and Fg — 0, the last two equations are only consistent if:

m— AT=X22 ) )
— —

X2
NDet(M)2

Or in other words, Yo — oo. Now let us look at the D-flatness equations with this

information:
D% = |X2|2 - |§Z~52|2 - |>22|2 — 0 (4-43)

Since we’ve just shown that yo — oo, if this equation is to have a solution, it must be

that yo — oo. This means that, at this point the vevs are of the form:

ﬁ X1 ¢~>1 €3,2
_ 1 o 1 1
Q=10 ;5 | @=| ¢ & (4.44)
0 0 €31 €32

)

We will now show that the constraints are not compatible with the solving the remaining

F-term equations.

Take the following F-term:

oW 0N — o)
— = — AT 4.45
o N2 Det(M)? (445)
If we multiply this equation by %, if SUSY is unbroken, the product g—g% — 0. In
particular this means that the F-term equations imply:
F, 21 F 2
(m — Z2)mU=El — Aty — 0 (4.46)
p2+Fy =0 .
NDet(M)Z X2

Since 2 — 00, the second equation only has a solution if Det(M) — oo, while the first

equation is only soluble if Det(M) is finite, which is a contradiction.
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This shows that along all directions where the D-terms are much smaller than any
other scale in the problem, the F-term equations cannot all be solved (in the sense that
F-term vevs are very small). So that SUSY has to be broken in the region of parameter
space where perturbation theory is valid and SUGRA corrections are irrelevant. As

we’ve seen, for certain choices of parameters there are perturbatively stable minima.

4.3 Orthogonal groups:

For orthogonal groups the analysis goes through very much in the same way as for
unitary groups. One can focus in the region of number of colors and flavors where there
are dynamical contributions to the superpotential: Np < Ng — 2. So, unlike what
happens for the previous case, by giving vevs to the quarks one cannot fully Higgs the

gauge group. Consequently there is always an unbroken SO(Ng — Np) gauge group.
For concreteness let No = 6, Np = 2, with superpotentia]H:

«

(1.0102.002 — (P1.009)?)1/?

1
W = maoi.¢a + §A<I>¢>1.¢1 — 2P+ (4.47)
As we shall see, the F-term equations do not have solutions for finite values (including
the origin) of the fields. This, however, does not mean that SUSY is broken, as there
may be asymptotic solutions, or singularities in the inverse Kahler metric. The analysis
of E

indicates that the renormalized Kahler potential should yield a smooth inverse Kahler

] shows that at the origin this function is smoothed out by quantum effects, which

metric for all points in field space.

This means that the only possible SUSY vacua must live in the regime where SUGRA
corrections become important. In particular if we are able to find a stable vacuum, for

finite values of the fields, it should be perturbatively stable.

I will now assume that quantum corrections to the Kahler metric can are small and
analytical: (eg. Kyuantum = Keiassical + M TM), where € is small. Instead of using the
macroscopic degrees of freedom and their classical Kahler potential to show that there
are no SUSY vacua for finite values of the fields, I shall use the equivalent description
in terms of microscopic degrees of freedom. Unlike what happened for unitary groups,

we can’t choose a gauge where the quark vevs are upper diagonal. For the present case

4T'm considering the branch where the dynamically generated superpotential exists, see section [CTZA
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we can choose a gauge where:

P11 P21
Gr2 Pap
o=| © @ (4.48)
0 ¢24
0 0
0 0

Where ¢ 2, ¢2 4 can be chosen to be real. In this gauge Det(M) = ¢1.¢0102.02—(d1.02)* =
(Pr1022 — P12021)> + (011 + ¢12) (D35 + d34)

We’ll look with special attention to the following F-term equations:

O~ Shoud - (1.49)

SX - = mer + ﬁm(mm,g — $ra601) (4.50)
SZQ =M1 = BT )3/2¢11(¢11¢22 — $12021) (4.51)
T T IR 452

aa;z LT Det((])\})w G2.4(¢7, + ¢ ) (4.53)

682/7;, =0 (4.54)

ggﬁ =0 (4.55)

(4.56)

We can immediately see that both ¢;; and ¢; 2 cannot be finite if all F-term equations
go to zero. Since if both these values were finite, 2 569 W 4 = mep.¢1 — 0, and this is

clearly not compatible with %—g = %)\gbl.gbl — 2 — 0.

Since Fy, — 0, Fy,.Fy, — 0 also. Evaluating this quantity in this particular gauge
gives that:

(4.57)
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This means that whatever the vevs are, the combination Det(M) = ¢1.¢1Pa.¢00— (P1.¢92)?
is finite, if SUSY is to be unbroken. Equally, if % — 0, then ¢35 — 0 and ¢4 — 0 if
SUSY is unbroken.

So, if SUSY is unbroken, and because ¢;.¢; must be finite, Det(M) = (¢11¢22 —
<Z51,2<Z52,1) + 6,4 is finite where 64 = F‘I’J”‘ )(¢2 st ¢2 4)

Ay Foy _ m2)
)

~1/2
2(Fo+p?

In particular, Det(M) = +a(

In order not to carry all dependence on Fg, Fy, let us just define, for simplicity,

P1,1022 — P12021 = Ap, where Ap is finite and can be computed from the expressions

above.
Then:
A
go = DD T P11022 (4.58)
P12
Also, ¢11 = £i(p12 + 012), where 012 = \/gb % ¢12 s real as long as ¢ o is
r 2Fetp?)
sufficiently large (in which case § ~ s ).
We now turn to the D-flatness condition. One of them reads:
2Im(¢1,10] 5 + 2103,) = D (4.59)
And if SUSY is unbroken, D — 0.
Replacing all vevs and remembering that ¢, 2 was chose to be real, one gets:
2 Aj:) 01,2 2
=012+ Aip+ Im(gop—=) — (1 + —)\¢2 o|” = (4.60)

®1,2

And ;12 — 0, Ay is finite. Since ¢y 5 — o0, there is no solution to this equation with
D — 0. (Since |%| < |2, when Ap is finite and ¢ 5 — 00).

So there are no finite or asymptotic solutions to V' = Vg + Vp = 0. While this does
not mean that there is a stable vacuum, it does show that (neglecting gravity corrections)
there is no SUSY vacuum. As of the conclusion of this work, I have not found a stable

vacuum in this model.
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4.4 Conclusions

So, we've shown that it is hard to build models that simultaneously break SUSY by
non-zero F and D-term vevs. In fact, unless the Kahler potential is not the canonical
one, or the superpotential is not a cubic polynomial in the fields, the global minimum

can only break SUSY by having non-zero F-terms.

We’ve then solved this by noting that in SQCD, for Nrp < N¢, there is a dynamical
term that evades the perturbative non-renormalization theorems. Since the R-symmetry
is anomalous, this non-perturbative term explicitly breaks the R-symmetry, but since

the low energy effective superpotential is not generic, the model still breaks SUSY.

The advantage of such models is clear, it allows us to have massive R-axions in the
global vacuum of the model. Also, because the superpotential is not a cubic polynomial
in the fields, (and at the minimum SUSY is not broken by F-terms alone) Komargodski

and Shih’s argument[d] would not apply to the messenger sector.

It is not completely clear why the superpotential should have the R-symmetry at
tree-level in the first place. The main point is that it is consistent to impose such a
symmetry, even if it turns out to be anomalous. The reason for this is simple: while
in generic field theories, renormalizability of the (effective) field theory implies that all
operators that are consistent with the symmetries should be included in the Lagrangian,
in SUSY theories the (non-perturbative) non-renormalization theorems ensure that the
superpotential can only receive dynamical contributions. In other words, if a term is
not present in the superpotential at the cut-off scale, it won’t be generated by the R.G

equations.

In practice, the inclusion of messengers is the main problem of this sort of models as
the rank condition and the field content necessary to have these dynamical terms in the

superpotential put severe constraints on the possible field content of the model.

The inclusion of the messenger sector via semi-direct mediation will be studied in
the last chapter of this thesis. Next we will see what happens when we have F-terms
breaking the MSSM GUT group.
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Chapter 5

Gauge Messengers in direct gauge

mediation:

“And remember, no matter where you go, there you

”

are.
— Confucius, 551- 479 BC

5.1 Introduction:

A lot of work has been done in in recent years trying to understand the most general
way to describe the sort of mass spectra one can expect to find at the LHC if SUSY
is realized in nature and is communicated to the MSSM through gauge interactions

(H, El, @, @, @, @, @, hﬂi‘i, hﬂd, |l_ld41_ld]) A framework known as general gauge

mediation [55] (GGM) was constructed and, under very general assumptions, it describes

(in a model independent way) the possible set of soft terms one can expect with only a

small number of parameters. Sum rules for the squark/slepton masses were also derived.

From this work other features that were necessary for a particular model to be vi-
able have emerged. One example is the requirement that the universe should be in a
perturbative metastable vacuum B, m, |. This conclusion arose from the fact that if

this is not assumed, gaugino masses vanish at leading order in % This would generally
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give a small hierarchy between gaugino masses and the soft scalar masses, which leads

to some tuning to get the correct Electro-Weak (E.W.) symmetry breaking scaleﬂ

In all these models, it was implicitly assumed that the field whose F-component was
not 0 was a gauge singlet. In the previous chapter we considered a more general case: we
allowed F-terms of fields that were not gauge singlets, and clarified the relation between
this and having a (global) vacuum where SUSY is broken by non-zero F and D-term

Vevs.

Having understood better how to build such models, and their vacuum properties,
we now turn our attention to communicating the SUSY breaking effects to the MSSM.
Since it is highly constraining, we will not require the models to have non-vanishing

D-terms in the vacuum.

In this chapter we will study models with F-terms that do not transform trivially
under the MSSM GUT gauge group. This is still different from the models described by
the GGM framework, as it allows for a new type of messengers: gauge messengers. These
are Higgsed vector fields that couple to SUSY breaking vevs through Kahler interactions

and thus act as messengers.

In M], it was noted that the predictions of GGM could be generalized by allowing
the presence of this new type of messenger field, and an extension of this framework
was constructed in [56]. One particular difference with the old perturbative picture of
gauge mediation is that gaugino masses are generated at leading order in % even if the
vacuum is not metastable.

This scenario is then richer than the one described by GGM: it allows for a more
general class of soft terms and the sum rules of GGM are changed M] The main
motivation of this work is then to explore the role of gauge messengers and see whether

these models lead to qualitatively different conclusions.

One problem that arose when trying to build models of this type is that some of them
have tachyonic squark and/or slepton masses M, @, |. This is because the leading
order (one loop) contribution to the soft scalar masses is always tachyonic. In [56] was

shown that this contribution can be suppressed with respect to the two loop corrections.

LA more general argument that any vacuum of a model with low energy SUSY breaking model should
be metastable can be made by saying that any spontaneously broken R-symmetry should be only
approximate in order not to have a massless R-axion. This is a much weaker assumption: it only
requires that SUSY is restored somewhere in field space (e.g. non-perturbatively), while the previous
argument requires that this vacuum must be accessible within the regime of validity of perturbation
theory.
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But even these are often negative, so that squarks/sleptons remain tachyonic even at

two loops.
In this chapter we will address this problem, and propose possible solutions.

Its structure is as follows: in section 2 we give a description of the basic model we
will be considering. The messengers will be adjoints of SU(5). We will show that in
the vacuum, and because we will couple these adjoints to some F-terms, the SU(5) is
naturally broken to the MSSM gauge group SU(3) x SU(2) x U(1). This is different
from many models where the GUT breaking respects SUSY and the choice of symmetry

breaking pattern is chosen.
In section 3 is a review of the results of M, m]

In section 4 we explore the problem of tachyonic squarks and sleptons and show that
in a large class of models the sign of the soft masses depends only on the field content
of the messenger sector, and not on the parameters: F'/M turns out to be universal for

both gauge and non-gauge messengers.

In section 5 we show how the constraints used to derive the previous result can be

evaded with two examples, and we present the conclusions in section 6.

5.2 A toy model:

The model for the messenger sector consists of two fields that are adjoints under the

SU(5) GUT and a singlet. The superpotential is given by:
W = —12® + AOTr(YoYy) + mTr(YaYy) + ATr(YaYoYo) (5.1)

Where ® is the singlet and Yy and Y, are adjoints of SU(5). This superpotential has an
R-symmetry such that R(Yy) = 0 and R(Y2) = R(®) = 2, and is general. The Y-fields
can be written using the generators of the Lie Algebra of SU(5): Y; = Yi(a)T (@) where
T are the generators (mode details in the appendix C). Note that linear terms in the

Y-fields vanish as the generators of SU(5) are traceless.

Let us start by analyzing this model in the limit where A = 0:

W = —12® + mTr(YaYy) + MNr(YaYYo) (5.2)
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In this case there are two independent sectors: one composed by the singlet and it’s
superpotential (singlet sector), and the second consisting of the adjoint and its superpo-
tential (adjoint sector). SUSY is broken in the singlet sector as Fy = pu?, and @ is the

Goldstino. The adjoint sector can have several SUSY solutions:

o Y2 = 07 }/1 = 07
o Y5 =0, Y = diag({1,1,1,1, —4});

o Yy =0,Yy =2 diag({2,2,2, -3, -3});

Where we use the notation diag({z1, s, ...,z,}) to denote a diagonal matrix with ele-
ments 1, ..., T,. Since SUSY is not broken in the adjoint sector the degeneracy between
these vacua is not lifted and (ignoring SUGRA corrections) all should be considered on

equal footing.

Let us consider now the beta function associated with the GUT gauge group: the

extra adjoints give a very large negative contribution above their mass threshold:

/
b :bMSSM - Smessengers =3 X Nc - Smatter - Smessengers =

1
3><5—3><;—3><§—1—2><5:—2 (5.3)

Where we take as matter content: the MSSM m, E] (a fundamental 5, an anti-

symmetric 10 and two Higgs, 5 and 5) and two adjoints for the messenger sector.

Above the GUT scale the gauge coupling will not be asymptotically free. This means
that we are implicitly assuming that above the GUT scale the MSSM is actually the
dual low energy description of some theory valid at energies well above the GUT scale
(other examples where the MSSM is considered to be the dual of another theory are
considered in |89, ]). In this context, the singlets of the low energy theory could be

thought of as composites of some other fields.

Now let us turn on the \ parameter: If A is small enough the solutions will change
by a small amount and in the minimum the symmetry breaking pattern should be one
of the exhibited by the previous solutions (a more detailed discussion of the general

minimization of the potential is presented in the appendix A).

At leading order in A one gets:
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Solutions
Yo=0
Yo=0
o=y

1/2 =Y d’l(lg(l, 17 17 17 _4)

Yo = (14 2\(£)2)diag({1,1,1,1,—4})

3\

b = yg -+ 3y% — y)\(% -+ 18XM4)

m4

X 2

= 6OATSES |y 21 4 aN(L)2)diag({1,1,1,—3/2, —3/2})

P = yix + Yane ~

Table 5.1: Structure of the different vevs in the toy model: for A > 0 the global minimum

breaks SU(5) to the SM gauge groups.

Where, as expected, there is a flat direction associated with the fields with R-charge

2, parametrized here by y. An important point to make is that there are no new complex

phases associated with these vevs, so there are no new sources of CP violation.

We noted that when A = 0 there were three possible solutions and that they all

should be considered on equal footing. By coupling the adjoint sector to the singlet

sector (SUSY breaking sector), this degeneracy is broken. By choosing A to be positive

we see that the preferred vacuum is the one required in the MSSM and none of the

others.
The non-vanishing F-terms are:

ow

Fp=—— = —p*+30m

T

ow
F (23) = — oy — —5\/§M2

Y, aY'Q(Q?’)

ow
F (24) = —— 5, — —3\/5M2

Y, aY'Q(M)

5 A

Y

A

X
A
=2

A

(5.4)
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Where:

T% = diag(1/(2V6),1/(2V6),1/(2V6), —3/(2V6),0)
T = diag(1/(2v/10),1/(2/10),1/(2v/10), 1/(2v/10), —2//10)

So, some of the F-terms are not invariant under the GUT gauge group. As we will see

this is a necessary and sufficient condition for the existence of gauge messengers.

Gauge messengers:

Now let us consider the gauge messengers. The form of a fermionic mass matrix squared

for a generic superpotential and field content is given by:

, Wi, Wik £ 2DeDsk  \/2DHW;
V2D DD + D Db

Where W;(W;;) is the first (second) derivative of the superpotential with respect to the
fields ¢; (and ¢;), D* is the D-term: D* = ¢, gb!T“gf)i and D¢ is its derivative with

respect to ¢;. Indices are raised and lowered by complex conjugation

In the usual models of gauge mediation the only non-vanishing F-term is associated
with a gauge invariant direction. This means that the off-diagonal terms \/ﬁDf’j W; in
the fermionic mass matrix (squared) vanish, so that the only fields that feel the effects
of SUSY breaking are the scalars.

This doesn’t have to happen: in our case, when A is not zero, there are some F-
terms that are not gauge invariant under the full GUT group. This means that the
Higgsing of the vector superfields is not SUSY: there will be some mixing between the
Higgsed gauginos and the fermionic components of messengers. The mass spectrum of
the components of these Higgsed vector superfields will not be SUSY, and because of

this they will act as (gauge-)messengers.

For this particular case, it’s the bifundamentals of the SU(3) x SU(2) that are Higgsed

and act as gauge messengers.

2Gauge invariance of the superpotential in the form of: Dak’j W; + Dad Wi = 0 was used to simplify
the mass matrix.
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The mass matrix for these fields at leading order in A is:

X
bif.\2
(0
25(m2 44 u2)g?  25(m2+22u2)g? 0
X2 2mA
bif\2 25(m?4+22u2)g? 25¢° 103\
(M) = (m 2 )9 2502 — (5.7)
0 _ 10i\%g 25(4m> +16M >+ X y)g” y?
A B

So we can see that the F-terms couple to the gauge fields at tree-level and the model

has gauge messengers. The fermionic masses are approximately given by:

2 25 2
M2 s = 255m? + 2 1000 G £ 10— (53)
A A 4m? + (Ay)?
8 ZX X 3 2)\2 4
ml:(m y + (Ay)?)* A (5.9)

mi(4m? + (\y)?)
And myg.,, 4+ are the masses of the gauge messengerﬂ.

We note that even though this is F-term breaking the mass splittings come from
(tree-level) Kahler potential interactions, not from the superpotential. This is the main

difference from the usual models of gauge mediation.

5.3 The soft terms:

The soft terms for a model of gauge mediation with gauge messengers has been recentl
computed in H, , |. We shall present a short review of these calculationsﬁ],

using only wave-function renormalization techniques @, El]

The main differences from the usual scenarios of gauge mediation are:

e gaugino masses are generated at leading order in ﬁ expansion (even without

metastability);

e soft scalar masses are generated at one loop;

3To compute the eigenvalue m; we computed the fermionic mass matrix to order A and then extracted
the eigenvalues, which we then expanded to order 2.
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e trilinear couplings are generated at one loop even at the messenger scale;

Gaugino Masses:

Diagrammatically we have that the contributions to gaugino masses are given in Figure
BT In most models of gauge mediation the second diagram actually doesn’t give any

contribution.

Figure 5.1: Where the external legs correspond to the un-Higgsed MSSM gauginos, and
the doubled wavy-solid (wavy) lines are Higgsed gauginos (gauge bosons), solid
(dashed) lines are messenger fermions (scalars). A cross is a mass insertion and
a double cross is an F-term insertion. These diagrams give the leading order in
F/M gaugino mass contribution.

We will now calculate this contribution: Let us assume that we’ve fixed some useful
gauge (eg. unitary gauge) to perform the calculations and that we call our goldstino
field X, so that in the vacuum < X >= x + #*F. Unlike in the usual scenario we will
allow x to not be a gauge singlet. So F dictates the scale of SUSY breaking while x
is one of the vevs responsible for the breaking of the GUT gauge group to the MSSM

gauge groups.
For now let us set F to 0 and work in the SUSY limit.

For the unbroken gauge multiplet, at a given scale u, the Lagrangian interaction is
determined by the X-dependent gauge function S(X, u), (where the reason why S can
only depend on X is that it must be a holomorphic function of X):

LD / d?0%S (x, p)W W 4 h.c. (5.10)

If we now turn on F a little bit (F/M? << 1), and since the dependence of S on < X > is
holomorphic, the only way that S can change (at one loop) is by the change < X >— X,
where X is now a spurion field. This replacement is called analytical continuation into
superspace, since the continuation of < X > to superspace induces a continuation of

both gauge coupling and wave-function renormalization to superspace as well (from their
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dependence on X). The validity of the procedure relies on the fact that this continuation

gives the correct R.G. equations for the soft terms.
And S is given by:

alz,p) O
167 3272

Sz, p) = (5.11)

Where © is the topological vacuum angle.

So, to compute gaugino masses at leading order in F we need only to solve the R.G.
equations for the gauge coupling in the SUSY limit and the continue them to superspace.
We note that even though S is holomorphic in the goldstino field, a=! = 16w Re(S) is
not. The one loop R.G. equation is

d . b

—a = — 5.12

dta 2w ( )
where t = Log(p) and b = 3N, — Ny for an SU(N) theory. Let us call b’ the S-function
coefficient in the U.V. (i.e. above the GUT scale), and b; the S-function coefficient of
the i-th gauge group below the GUT scale (so SU(2), SU(3) or U(1)). So that the

expressions for the holomorphic gauge coupling are given by:

B ¥ u B Y A, be i
S(p) = S(Avv.) + 327TL09(AU,V_)SG(N) = S(Avv) + 3972 LOQ(AU.V.) + 39,2 LOQ(Ax)
(5.13)

Where Ap.y. is some U.V. cutoff. And the first expression is valid above the messenger

mass threshold and the second expression is valid below.

The gaugino mass (at this order)His given by
my = g*(11)S|g2 (5.14)

So, below the scale x =< X > the gaugino mass is given by the #* component of the
gauge function S which is:
“ F
my, = 22 g E (5.15)

“ 47 x

4the gaugino mass, being an observable, depends on the physical gauge coupling, not the holomorphic
one. However at one loop there is no difference
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This generalizes for multiple mass thresholds (as long as F//M? << 1). However, it is
well known that if the hidden sector superpotential is a cubic polynomial in the fields and
one is sitting at the global minimum, the contribution from normal messengers vanishes
to leading order in F/M. which means that the only possible non-vanishing contribution

is from gauge messengers, and this is given by:

) iy F
= — N.— N.q 5.1
== N = N (5.16)

Where N/, N., are the number of colors in the GUT, MSSM “a-th” gauge group, and
—2(N/— N_,) is the contribution from the Higgsed vector superfields ((N.— N.,) from
the eaten would be Goldstone Bosons and -3(N) — N.,) from the vector field). Explicit
computations for the toy model at hand have been done and and it has been checked

that this contribution is non-zero.

Scalar Masses:

Scalar masses can be generated at one loop. This is because the gauge messengers couple

to non-zero F-terms already at tree-level. The diagrams are presented in FigureE.4. The

—_—— e e e e m Em e o - - —

Figure 5.2: Where the external legs correspond to the MSSM squarks, and the doubled wavy-
solid (wavy) lines are Higgsed gauginos (gauge bosons), double dashed lines are
the scalar messengers. The leading F/M contribution is given by the diagram
with the Higgsed gaugino (with 4 mass insertions).

crucial observation is that in the SUSY limit the mass of the Higgsed vector superfields
is given by (M2)48 = &1{T4 TB1®. One can take the simplifying assumption that
all the masses are the same and that we've chosen a basis where they are diagonal, i.e.
(M2)AB = (&, ®)048, where the inner product is defined as the (degenerate) eigenvalue
of the matrix ®{T4, TP} ®.
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The one loop R.G. equation for the Quark superfield is given by:

d C
—Log(Zp) = — 1
SLog(Ze) = —a (517
where C' is the Casimir of the Quark superfield representation under GUT gauge group
(C' = X=1 for an SU(N) fundamental).

2N

So that below the messenger threshold the wave-function renormalization function is

given by:

2Cq

a0t~ Zatoon) (S ) (YE g

and ' is the beta-function coefficient of the GUT gauge coupling and C,b are the corre-
sponding constants for the MSSM gauge couplings.

The gauge coupling below the messenger threshold is given by:

) ) y X.X). b 2
o (1) = o (o) + L Log(Ba X)) | 8 o
47 AU_ v

) (5.19)

We now need to continue these expressions into superspace and extract the SUSY break-
ing soft terms. The first step is to canonically normalize the fields: upon analytically
continuation 7Z picks up 02,52 and 620" terms with the constraint that it must be a real

function. So the 62 and the 8~ components are the complex conjugates of each other:
Z =2+ 76 + (Z]32) 0 + 7| ,26°0" (5.20)

Where the 7z is the “scalar® component of Z, Z|g2 is the §? component of Z and 2‘9252 is

the 68 component of Z.

Then after the redefinition of canonically normalized fields:
I 1)2 Z |«92 2

Where Q is the normal Quark superfield and Q’ is the canonically normalized quark

superfield.
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If we define the terms in the potential as:

ow ., oW

V= ZmQ QTQ1+AQle 8722)*@

e+ ( (5.22)

Qi

And integrate out the auxiliary components of the quark fields using the previous ex-

pressions, if follows that:

AQi = Log<ZQ¢>|92 (523>
szi = —Log(Zg) 525

Because the correct mass threshold for gauge messengers is of the form (z,x) and not
XX, the expansion of the gauge coupling into superspace is given by:

@20 = () + o P g DS = D), 5
0z (1) = 03 (1) + & ;ﬂba (6° ((i i)) + ng)) gL F)(x’ﬁ;)(f’F)(F 7)) (5.26)

Where a,!(u,) is the gauge coupling below the gauge messenger mass threshold and
(X, X)) is the gauge coupling at the messenger mass threshold (after analytical

continuation).

If we now replace these expressions for the gauge couplings in the expression for the

squark masses, we get:

(F.F)(x,z) — (x, F)(F, :E)+

iy =21 -y + L) )
+2(48) (0e+vie - 20+ (2 - g0 - oy ED

Where y = O‘((—M) Where we note that the one loop contribution is often tachyonic since

C <C" and (F.F)(z,z) — (z, F)(F,z) > 0.

The case with two messenger thresholds is a simple generalization of this, and at
leading order (i.e. ignoring the running of the gauge coupling) the result is a direct sum
of the result we got for gauge messengers and the usual result for normal messengers.

So the contributions for the soft terms coming from different messengers add u

5See appendix C for more details
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5.3.1 A-terms:

The relevant diagram to compute is:

Figure 5.3: Main diagram contributing to the trilinear couplings at leading order in F/M.

As we saw in the previous section, the A-terms are given by:
Aq = Log(Zq)le (5.28)

Being that this expression is readily extracted from considering the expression for the
wave-function renormalization: B.I8 and the expression for the gauge coupling

analytically continued to superspace.

The result is given by:

A =S -0 TR+ e -cpa-vEs 6
Where x = %
so that the main contribution is
A ~ W o - oy @ F) (5.30)

2T

5.3.2 Suppression of the one loop contribution to squark

masses:
An important result of B] was to show that when the scalar partner of the goldstino
(sgoldstino) gets a large vev, these corrections are suppressed.

It is a well known result that in O’R. models where the superpotential is a cubic

polynomial in the fields, the vev of the scalar partner of the goldstino parametrizes a
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flat direction of the potemtiauldg7 @}

r—1 =x+z2F = 0;W(x)— oW ()= ,W(x) (5.31)

(F,F)(z,x)—(z,F)(F,x)

The one loop contribution is proportional to the coefficient )

, which along

the flat direction scales as:

(F,F)(x + 2F,x + 2F) — (v + 2F, F)(F, v + 2F)
(x + 2F,x + zF)?
(F,F)(:L‘,l‘)—(l‘,F)(F,l‘) _ (F,F)(l‘,l‘)—(l‘,F)(F,l‘)
(x+ 2F,z + zF)? |z|4(F, F)?

(5.32)

Where we took the limit zF > z. Comparing with the suppression one gets for the
usual two loop contribution:
(Fyx+ zF)(x + 2F, F) 1
2

— 5.33
(x4 zF,x + zF)? H\z| (5:33)

So that the ratio between the one and the two loop contribution is:

(m)® - A7 c-c (£ F)(z,2) = (v, F)(Fz) 1 (5.34)
2)® ~ 5 (60 1 B(C— 30)) (F F)? EE '

(m

so that if we stabilize z sufficiently far away from the origin the two loop corrections can

dominate over the one-loop ones.

o \/ A C—C (F,F)(z,2) — (x, F)(F, ) (5.35)

a(p) (0C + v (C" — 20)) (F, F)?

We note that since (F, F)(x,z) — (z, F')(F,x) can be small when compared with (F, F')
due to some alignment, one can have a sufficient suppression of the one loop correction

without necessarily requiring a very large value of z.

_Z

If instead of z we had used y = W

to parametrize the flat direction, the limit is
approximately given by:

y>—M, (5.36)
Where M, is the mass of the Higgsed gauginos evaluated at the origin of the pseudo-

moduli space y = 0 (If there is some alignment between F and x this lower bound can
be violated).
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5.4 Model Building Constraints:

In this section we will show that in a large class of models, for large sgoldstino vevs, one

can show that for every messenger in a model:

Lo (5.37)
Mz
Where the pseudomoduli direction is given by: X; = xl(o) +ZFE. What this means is that
in a large class of models, F'/M is the same for all (gauge and non-gauge) messengers. In
other words: even if the mass thresholds of the messengers are different and the F-terms
they couple to are different, F'/M will be the same for all messengers. What this implies
is that the sign of the squark/slepton masses depends only on the field content of the

theory, not on it’s parameters L.
Let us be more precise about what kind of models we are considering;:

e The Kahler potential is canonical;
e SUSY should be broken at tree-level (no runaway directions);

e The vev of the sgoldstino parametrizes the only flat direction and it should be
everywhere stable (i.e. no metastability);

e The messengers couple linearly to the goldstino;

e The fermionic mass matrices for (non-gauge) messengers factorize into 2 x 2 matri-
ces;

e In order to suppress the one loop tachyonic contribution from gauge messenger to

scalar masses the sgoldstino is the largest vev in the model;

For example: the first four constraints are easily satisfied in renormalizable theories
that break SUSY by virtue of the rank condition (and we sit at the global minima). The
fifth condition essentially tells us that the messenger sector should not contain three

fields that can mix in complicated ways.

An important result B, H] is that in the global minima one has:

0

6Since the Kahler potential is canonical, in the vacuum, F; = W;, so both quantities can be used
"The overall scale, i.e. the value at which z is stabilized, will of course depend on the parameters of
the model. Also, if the mass splittings are too large R.G. effects should be taken into account.
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Where X is the vev of the scalar partner of the goldstino, and W;; is the second derivative
of the superpotential with respect to the fields ¢;, ¢;. This is nothing but the argument

that gaugino masses vanish at leading order in F'/M unless the vacuum is metastable.

We also note that if the superpotential for the messengers can be written in the form,

and there is an R-symmetry:
W= fX+ (M7 +XN9p'¢ (5.39)

then@]:

Det(M + XN) = Det(M) (5.40)

wether or not there is metastability, so that B%Det(Wij) = 0, and the following argument

still applies.

By manipulating eq. B238 and choosing a basis where the fermionic mass matrix is

diagonal, one can rewrite it as:

Wi F*
Tr(——) = 5.41
r(—2—) =0 (5.41)

And Wij = mzém
When the fermionic mass matrix factorizes to a 2 x 2 matrix, this means that:

Wi F* Wy F*

5.42
m1 o (5.42)

So, the contribution to the soft scalar masses is exactly the same for both fermionic mass

eigenstates (at leading order in F/M).

We now write down the general dependence of the mass matrix for the messengers

on the vevs of the model:
Wij = myj + Wi X* + Wisig' + 0(¢°) (5.43)

Where m;; is some mass matrix and Wjj; is the third derivative of the superpotential,
and we have separated the dependence on the goldstino field X from the other fields (¢’s).
The higher order terms are absent if the superpotential is a cubic polynomial in the fields.

Since messengers couple to the goldstino, the term W;;, X* cannot be identically 0.
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For large vevs of XH we have:
Tr(Wy;) ~ Wi X* (5.44)
This means that:

(W) ‘ (5.45)
Det(W,;) = constant

For the mass matrices we are considering, this implies that one of the mass eigenstates

is very light and the other is very heavy:

~ k

(5.46)
my ~ CVO[/:.L:?(TI?
So, for the heavy field, the contribution to the soft masses is given by:
kLT k k N k - (5.47)

mi WigXF Wi (dhO 4 2FF) T ZW R 2
And eq. tells us that this contribution is the same for both mass eigenstates.

Now, for the gauge messengers, we've just shown that the contribution to soft masses

is proportional to the square of ((f;))?), where the inner product (A, B); is defined as the
i-th eigenvalue of AT{T* T"}B.

For large vevs of X this is given by:

(F,X)  (Fx+zF)  z2(F,F) 1
(X,X) (@+2Fz+2F) 2(FF) = (5.48)

As we wanted to show.

5.4.1 Constraining models with gauge messengers:

We've seen that in a variety of models the ratios F'/M for the different fields approach
a universal value for large values of the sgoldstino vev. This means that the sign of

the squark and slepton masses generated is a function only of group theory factors (i.e.

8Note that eq. gives a bound on how big the other (non-gauge invariant) vevs can be in order to
have an appropriate suppression of the one loop contributions.
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the representations of the messenger fields) and does not depend on the superpotential
parameters. In particular, apart from R.G. effects, the ratios of squarks and sleptons

depend only on the representations of the messenger fields.

It is interesting to note that in these models, for large sgoldstino vevs, we recover
the condition for non-tachyonic scalar soft masses that was derived in [41]:
C/
V(2——=)<b 5.49
2-g) (5.49)
Where b (b;) are coefficients of the beta functions for the gauge couplings above (below)
the GUT scale and C” (C;) are the Casimirs of the representation under which the field

transforms above (below) the GUT scale.
The main difference though is that equality of F'/M for all messengers is not assumed.

This constraint can be easily evaded if we assume metastability. There are different
reasons why this scenario is probably not mﬁeferred. Metastability usually requires the

, @, E, @, @] Unlike in normal models

of gauge mediation (e.g. ISS[103]) to suppress the tachyonic contribution to squarks we

existence of an approximate R-symmetry

do not want the vacuum to be close to the origin of field space. It is hard to see how
a polynomial superpotential could have an approximate R-symmetry far away from the

origin.

If the gauge coupling (above the GUT scale) is asymptotically free, the mechanism
of [51] becomes available to stabilize the vacuum far away from the origin. However, this

doesn’t always happen. Also, the one loop contributions to the effective potential don’t
necessarily lead to the stabilization of flat directionsﬂ, @, @, B]

Another thing to consider is wether such local minima should be preferred with
respect to global ones. In |76, @] it was shown that generically thermal corrections in
the early universe make vacua close to the origin of field space preferred, this is because
close to the origin of field space there are usually more light fields, so thermal corrections

are smaller. Metastable vacua far away from the origin would not be favoured.

It is also possible that the number of messengers is sufficiently small so that eq, (B29)

is verified. However, two adjoints is already too many...

One could think of building a model with one adjoint field (plus messengers in other

representations), but this is very hard. Assume:
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e There is only one adjoint field Y (plus fields in other representations);

e In order to break SU(5) — SU(3)xSU(2)xU(1), Y is the only non-gauge invariant
field whose F-term and scalar component can get vevs (singlets can have scalar and

F-term vevs);
e Above the GUT scale, the model is SUSY;
e The sgolstino vev parametrizes a flat direction;

The second constraint is actually not very constraining as fundamental, symmetric
and anti-symmetric vevs don’t break SU(5) to the MSSM gauge groups. More compli-
cated representations are likely to contribute to the beta function so that eq. B9 is

violated.

The third condition means that no field that couples to any SUSY breaking vev can
be heavier than the GUT scaleH. In other words: the only SUSY breaking parameters

allowed at the GUT scale are F-term vevs of dynamical fields, there are no spurions.

In order to have gauge messengers, there must exist a non-gauge invariant F-term.

This means that in the vacuum:
Y =y + 0*F, (5.50)

And these vevs break SU(5) — SU(3) x SU(2) x U(1).

Since there is only one adjoint,it must be that:

Fy o< f(y) (5.51)

Since y is the only non-gauge invariant vev. If we assume the superpotential is a poly-
nomial function of the fields, we have that f(0) = 0.

However in models where SUSY is broken due to the rank condition, or where SUSY
is spontaneously broken and the superpotential is a cubic polynomial, the vev of the
goldstino parametrizes a flat direction. Since F), is non-zero, Y is part of the goldstino
(generally there may be more non-zero F-terms, so that the goldstino is a particular linear
combination of these fields). In any case, the scalar component of Y, y, parametrizes a

flat direction. So F, cannot depend on y and must vanish.

9We are ignoring the possibility of non-zero D-terms.
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So, with these constraints it’s not possible to build a model of gauge mediation where

gauge messengers exist.

Another possible way around this problem which we shall not explore here is to

embed the SU(5) into a product of several groups H, m]

5.5 Possible solutions:

A simple possible solution to this problem is to have a second independent flat direction
that does not couple to (all) normal messengers. This violates one of the constraints

and allows us to address the problem of tachyonic scalar masses.

We will now consider two ways in which this can happen: Where it’s assumed that

Case 1 Case 2

Solution to Doublet-

SUSY Sector 1

Triplet problem

\ Gauge Interactions / Gauge Interactions
v

~
Sus¥ Sector2

the solution to the doublet-triplet problem implies the existence of an adjoint field whose
vev breaks SU(5) to the MSSM gauge groups, or some other field whose vev contributes
to the mass of the Higgsed vector superfields.

5.5.1 Case 1:

In this case we create the second flat direction by adding a second sector where SUSY
is spontaneously broken and that does not contain gauge messengers. There are then
two goldstino fields. By changing the ratio of the vevs of the two sgoldstino fields
we can enhance the contributions from normal messengers to the soft terms, and get

non-tachyonic squarks and sleptons.
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As an example consider that we couple the model we presented in section 1, and

add a second sector with 2 chiral messengers in fundamental/anti-fundamental pairs
(Q1,Q2,Q1,Qs). The superpotential is:

W = — 2@ + NOTr(YoYo) + mTr(Ya.Y0) + ATr(YaYoYy) + A®Q1.Q1 — 2P 4+ m1Q2Q1 + maQ1Qo
(5.52)

Where ®, ®, Q,, Q> have R-charges equal to 2, and Yy, Q1, Q1 have R-charge 0. Since

there are no couplings between the fields of the two sector, we can study them indepen-

dently.

To simplify the discussion even further, we shall take m; = my = m. For m% > Ao,

the quarks do not get vevs, and the minimum of the potential is given by:

Q1 =0; Q2 =0;

- ~ (5.53)
Q1=0; Q2=0;

And @ is undetermined at tree-level.

Furthermore, since in this sector there are no gauge messengers dﬂ], quantum cor-
rections stabilize the vev of the goldstino at the origin of field space. It is not relevant
that R-symmetry is not spontaneously broken in this sector, what is important is that
the sgolstino vev of the sector with gauge messengers is non-zero (as this breaks the
R-symmetry). At the origin of field space, both quarks get masses equal to m, and
couple to an F-term equal to A\u?, so that

F A2

- = (5.54)
Mn.s. m
Where this contribution only affects soft scalar masses, and n.s. stands for “normal

messenger sector .

We have already studied the other sector, and for large sgoldstino vevs F/M is ap-

proximately given by:

F A2
- == 5.55
Mg.s. )\y ( )
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Where g.s stands for gauge messenger sector and y parametrizes the vev along the
sgoldstino direction. These contributions affect both soft gaugino and scalar masses. In

particular the contribution to the scalar masses is negative.

We will now specify the region in parameter space that we will be considering. In
order to keep the gauge couplings in the perturbative regime, all the particles should be
reasonably heavy. Also, to keep the scale of the soft terms much lower than the GUT
scale to avoid a large tuning for E.W. symmetry breaking, vVF < Mgyr. There are
several ways to do this. The way we will do it is by choosing the parameters around the
region where the F-term equations become degenerate and SUSY stops being broken,

i.e. if the superpotential was:

W = X1 fi(¢) + X2/2(9) (5.56)

We would choose the parameters in such a way that the two f;({¢,})’s vanish at the
same point in field space. A possible reason for this to happen could be an approximate
symmetry of the superpotential of the high energy theory (e.g. it is only violated by

some non-perturbative term).

In this work we will assume that the flat direction can be stabilized far away from the
origin. In @] it was shown that in models with gauge messengers, even if the R-charges
of the fields are 2 and 0 the sgolstino vev can be stabilized away from the origin. So,

Coleman-Weinberg corrections are a possible mechanism to achieve this.
The scalar two loop contributions are given by:

m? &~ O‘éﬁf (Nci(%m)2 (O =20 + b;C)(%g_s_)Q) (5.57)

where C’, C; are the quadratic Casimirs for the particular MSSM quark (for a fundamen-
tal of SU(5), C' = %, and C3 = %,02 = %), for this model ¥’ = —4,b3 = 1, and by = —3.
(gaugino and trilinear couplings are both non-zero at leading order in F/M and given by
the respective expressions), and we can choose the parameters in such a way that the

vev of the field y is such that all the squarks/sleptons are non-tachyonic.

We will now give an example point: In units of u. We assume that the goldstino

flat direction in the gauge messenger is stabilized for y = 23,85, and for the non-gauge
messenger sector is stabilized at the origin. Computing the mass of the Higgsed vector

fields, allows us to match g in units of Mgyr: = 0.022Mgyr.
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a2 m m
oA Ao | Az m m . | Yaur
110510501 ]1.1x10*]0.1291 | 1 1

Table 5.2: Sample parameter point in this two sector model.

The masses of the other fermionic fields are (in units of Mgyr): The “effective” F/M

Adjoints SU(3) (0.5,0.0002)
Adjoints SU(2) (0.5,0.0002)
Fundamentals 0.017
Bifundamentals || (1,1,1.92 x 1079)

one loop contribution is %(1) = (F'F)(x’g;gﬁ’F)(F’x) =4 x 107 B Mayr.

The two loop F'/M contribution is:

(F/M)gs =9,00 x 10713MGUT

(5.58)
(F/M)ns = 1, 03 x 10_11MGUT

Where in the sector with the gauge messengers, all F//M’s are approximately the equal
to the value F//M,,, , and for the sector with the quarks F'/M is given by F/M fynq.

We can now compute the squark and slepton masses, which we summarize in the

next table: Where these soft masses are computed at the messengers scale (i.e. close to

| Field | Q | U | De | L | E° | H, |

mQ

o 3,53 x 10713 | 2.96 x 10713 | 2.20 x 10718 | 2.60 x 1013 | 3.16 x 1013 [ 2.61 x 1013 |

Table 5.3: Squark and sfermion soft scalar masses.

the GUT scale) and we took all gauge coupling to be equal, and equal to 1.

A-terms are proportional to:

~—

2
g (F,x
A = (C (")

~ 3 x 10710, 5.59
81 (z,7) % GurT ( )
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While the gaugino masses are around@:

2

~_ 9

—~

F oz

(z, )

~—

~ —4 x 107" Meyr (5.60)

If Mgyt is take to be 109, then squarks and sleptons have masses around 3TeV and

gauginos have masses around 400GeV, at the messenger scale.

More generally, and in the worst case, one may expect an approximate upper bound

on the ratio:

A< (5.61)

So that even if the sgolstino of the sector with gauge messengers is not stabilized very
far away from the origin, the splitting between gauginos and squarks/sleptons is around

one order of magnitude.

In this model one does not expect unification to be automatic. At one loop, and with
the parameters we used, it is very simple to calculate the gauge couplings as a function

of the energy scale:

R.G. evolution of gauge couplings

60F 1
50; ay
40
F 1
30 —
[ a2
20F
Pl
10F — /
r as M
L L L L L L L L L L L L L L L LOglO(_)
5 10 15 GeV

Figure 5.4: One Loop R.G. equations for the Gauge Couplings.

As we can see, unification is possible without a large fine-tuning (but is not auto-

matic).

10T here is no problem with a negative gaugino mass, as the sign can simply be absorbed by a phase
redefinition.
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5.5.2 Case 2:

In this case there is a flat direction to which the gauge messengers couple, but the normal
messengers do not. Unlike in the previous example this flat direction is not associated
with SUSY breaking. So the normal messengers have masses of order m = X (where X
is the sgoldstino vev), and gauge messengers have masses of order @, where ® is the vev
along the second flat direction. In this case the suppression of the one loop tachyonic

contribution of the gauge messengers to the soft squark/slepton masses is lost.

The expressions of the soft terms is approximately:

~ i ’ -
mé ~ _<12T)Ng.m.<2$)2 + (1§w2)2Nn-m-(Y)2 (5.62)

Where the group theory factors associated with the number of messengers are encoded
in Ny, Npm and Ng,m.. Where X is the sgoldstino vev and @ is the vev along the flat

direction. One then needs % to be large enough so that m% > 0.

If % is large enough so that mé > (), a significant cancellation between the one

loop contribution from gauge messengers and the two loop contribution from normal

messengers is required to get mg ~ m,.

Example:

As a particular example, we now explore the possibility that this solution is actually
connected to the solution of the doublet-triplet problem. We will now briefly review this

problem m, E] .

In the context of SU(5) GUTSs the doublet-triplet problem can be understood in the
following way: take the two MSSM Higgs fields to be a fundamental/antifundamental
pair of SU(5). Below the energy at which the GUT symmetry is spontaneously broken
these representations split to two (3,1) and two (1,2) under SU(3) and SU(2) respec-
tively. The (1,2)’s are the MSSM Higgs fields. Since the triplets are absent in the low
energy theory, they must be massive. Below these Higgs triplets mass scale, they can be
integrated out. This generically generates dimension 5 operator that allow for proton

decay M] :

HStrictly speaking the dimension 5 operators that we are considering are the effective vertices one gets
from integrating out the Higgs triplet and Higgsed gaugino (i.e. Consider that the Higgs triplet and
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Q Q

~
laTala'ala'al
AVAVAVAVAVAV)
Q

Q

Where T represents the Higgs triplets, Q and L are quarks/leptons (for solid lines)
and squarks/sleptons (for dashed lines), and we suppressed the family and gauge indices.
This diagram is suppressed by the Higgsino triplet mass and the SUSY breaking scale.
Since there are very stringent bound on this decay, it means that the Higgs triplets

should actually be very heavy.

This problem can be addressed if one assumes the existence of a sliding singlet that

couples to the Higgs @]

W = X\, (H,.Yo.Hy + ®H,. Hy) + myTr[Yo.Yo] + X Tr[Y5.Y5.Yy) (5.63)

This superpotential has many different minima, all of which are SUSY. If all the Higgs

vevs are 0, we have:

H,=0 Hy;=0 Yy =0
(5.64)
— — o 2ma g
Hu =0 Hd =0 Yb - ﬁd’l&Q({Q, 27 27 _37 _3}>

Since we know that in any realistic model, below the E.W. scale, the Higgs doublets
spontaneously break the SU(2) x U(1) symmetry by acquiring vevs, we can look for
SUSY solutions that allow for this mechanism to happen. If only the Higgs triplets are

stabilized at the origin, there is only one solution that is:

Yo = B2diag({2.2,2,-3,-3}) & =32 (5.65)

Along this direction the Higgs triplets are very heavy while the doublets remain massless

(at tree-level):
2my .
M = Zdiag({5.5.5.0.0}) (5.66)

Where M is the fermionic mass matrix for the Higgs fields. We will now add to this

extended version of the MSSM the model we presented in the second section, and assume

Higgsed gaugino propagators are evaluated at zero momenta and contracted to a point). For clarity
we present the full diagram.
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that the solution which keeps the Higgs doublets light and the triplets heavy is the correct

minimum of the potential

The adjoints of SU(5) will decompose to (8,0)+ (0, 3)+ (3, 2) + (3, 2)+singlet. There
is no mixing between the adjoints of the two sectors and they all get masses close to the
GUT scale. The bifundamentals of the two sectors do mix: one chiral pair is eaten by
the gauginos and becomes heavy, the two other pairs are “light” and get masses of the

order of % due to a see-saw structure of the mass matrix.

If we take the parameters to be: The masses of the fermionic fields are (in units of

o A )\2 )\ac Xx % geur

=3

110.1]0.5|0.2887 | 0.0167 | 0.0025 | 0.05 1

Table 5.4: Sample parameter point for the model with doublet-triplet slitting.

MGU): So that if the GUT scale is 10'°GeV, the two “light” bifundamentals would be

Adjoints SU(3) (0.028,0.011,0.006)

Adjoints SU(2) (0.028,0.011, 0.006)
Higgs triplets 0.017

Bifundamentals || (1,1,1.63 x 1079,6.03 x 10719)

around 10°GeV. We note that both the Higgs doublets and triplets have SUSY spectra,
i.e. they do not couple to any F-terms at tree-level, as the vev of the F-term of ® is 0.

The Higgs sector is different from the quark and leptonic sectors since they can know
about SUSY breaking indirectly through loops with ® bifundamental.

Ignoring this effect which should be small if A, and A, are small, we can give an order
of magnitude estimate for the contribution coming from gauge mediation. One needs
to take into account the one loop contribution from gauge messengers and the two loop

contributions from both gauge and normal messengers. The one loop F'/M effect (given

in eq. B27) is (F/M)® = 3,91 x 10719,

12In practice this may require some tuning.

Mgy is taken to be the mass of the Higgsed vector bosons

1480, even though the MSSM fields only know about SUSY breaking effects radiatively, strictly speaking
this scenario is not pure gauge mediation.
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The two loop F'/M effects are given by:

£ — —12
Mgm. — 1.12 x 10 MGUT (567)
L =4,02x 10" Mgyt

So that the order of magnitude for the soft terms (at the messengers scale):

mqg ~ 10_11MGUT
my ~ 107" Mayr (5.68)

my ~ 4 X 10714MGUT

Where there are nearly three orders of magnitude between gaugino and scalar masses.
However, the values we present are computed at the messenger scale and R.G. effects
are important and should be taken into account, and R.G. effects may be sufficient to

solve this problem.

Even though this model allows us to use a solution to the doublet-triplet problem to
get non-tachyonic scalar masses, and is very simple, it should be improved in order to
become more realistic. A mechanism that makes the bifundamentals heavier would help

reducing the tuning required to get unification: Where this plot is the R.G. evolution

R.G. evolution of gauge couplings

60F 1
500 @
40+
L1
0l =

[ @2
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102——/
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5 10 15 GeV

Figure 5.5: One loop R.G. equations for the Gauge Couplings.

of the gauge couplings for the sample point we just presented.
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5.6 Conclusions

In this chapter we presented a model of F-term SUSY breaking with two SU(5) adjoint
chiral messenger fields and a singlet. Coupling these adjoint fields to the SUSY breaking
sector broke the degeneracy between vacua with different symmetry breaking patterns.
This gave us a natural mechanism that could explain why the SU(5) GUT group is
broken to the MSSM gauge group. In the particular model we presented this happened

when one of the Yukawa couplings was < 1 and positive.

In it’s simplest form the model was not viable as quarks and sleptons were tachyonic.
We showed that in a large class of models that have gauge messengers, this is associated
with the need to stabilize the sgoldstino vev far away from the origin, and is independent

of the values of the parameters.
To solve this problem we proposed two scenarios:

SUSY is broken independently in two sectors, and gauge messengers exist in only one
of them. There are two sgoldstinos that acquire different vevs. By choosing the ratio
between these vevs it is possible to enhance the contributions from normal messengers
and make both squark and sleptons non-tachyonic. We showed a concrete example where
this scenario is realized, and that indeed squarks and sleptons can be non-tachyonic.
Gaugino masses (and trilinear couplings) are generated at leading order in F'/M at one
loop (because of gauge messengers), and up to R.G. effects are lighter than scalars (up

to one order of magnitude).

In the second scenario there are also two sectors,but SUSY is only broken in one of
them. The SUSY breaking sector should have both gauge and normal messengers, while
the sector where SUSY is not broken should have a field whose vev breaks the GUT
symmetry. If this vev is larger than the sgoldstino vev, the contribution from normal

messengers can be enhanced and squarks and sleptons can be non-tachyonic.

One natural realization of this scenario is the sliding singlet solution to the doublet-
triplet problem (or other solutions to the doublet-triplet problem) together with the first
model we presented, as the hidden sector. We showed that with this extension of the
MSSM, there exists a region of parameter space and field vevs for which both squarks
and sleptons are non-tachyonic. This is not a complete model, however, and some of its

problems were identified.
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We also did not solve the problems with the Witten hierarchy ideadﬂ], but instead
argued that it should be the SUSY breaking scale that is much lower than the GUT
scale. This could be because of some approximate symmetry in the high energy theory:
if unbroken, this symmetry would make the "natural” choice of parameters in the low
energy model to be such that, despite the rank condition, SUSY is not broken. In other
words: one does not need small parameters to have unbroken SUSY, but there should
be some relations between the couplings of the low energy theory if the SUSY breaking
scale is to be smaller than the GUT scale. It is this relation between the couplings of
the superpotential that could be enforced by some (approximate) symmetry in the high
energy theory.



Chapter 6

Semi-Direct Gauge Mediation

“Nature uses only the longest threads to weave her pat-
terns, so that each small piece of her fabric reveals the

organization of the entire tapestry.”
— Richard Feynman, 1918-1988

In the previous section we studied the possibility of building phenomenologically
viable models with a perturbatively stable vacuum and where there are simultaneously

gauge and non-gauge messengers (it turns out that in most cases they come together).

In this section we investigate semi-direct gauge mediation. In this scenario the
messenger fields couple to the SUSY breaking sector only through (hidden sector) gauge
interactions. Since the superpotential for these messengers usually consists of a mass
term, adding fields in this way does not introduce (at least perturbatively) new SUSY
vacua. This makes semi-direct gauge mediation an attractive/easy mechanism to make
viable models out of the early and rigid constructions where SUSY is dynamically broken
(like the 3-2, the 4-1 and the model of chapter HI).

Hidden Higgsed MSSM MSSM
Sector Messengers Messengers Gauge Interactions

So, in this type of scenario one has three independent sectors:

e The hidden sector where SUSY is spontaneously broken

153
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e The messenger sector that mediates the SUSY breaking

e The MSSM

The messengers are charged under both the hidden sector and the MSSM gauge groups.
Because messengers only know about SUSY breaking radiatively, the MSSM soft terms
usually come with one more loop factor than in direct gauge mediation. 1 will be
considering mostly cases where the hidden sector has gauge messengers. Since this is
a generalization of the result where only chiral messengers exist, the result for that

particular case can be found straight-forwardly.

We will compute the soft terms using analytical continuation into superspace, so it

will implicitly be assumed that SUSY is softly broken at low energies and F' < M.
A useful formula is:

2

—2 2 2 2 2 2 —
Fu2 + 421g20% + co. + A020°) = F(u?) + 2L 121202 + ..+ (ZLB2 A + LB |12 )67
(6.1)

This Taylor expansion is exact by virtue of the anti-commutative properties of Grassman

variables.

What it tells us is that when we analytically continue a function into superspace,
the extra components depend on the derivatives of the function and not on the function
itself. So main ingredient to compute the leading F//M contribution to the soft terms is

the knowledge of the beta-function coefficients and anomalous dimensions.

It is widely known that gaugino masses are screened from messenger interactions.
What this means in practice is that (apart from effects from messenger Yukawa couplings)
the leading order in the F/M expansion two loop contribution to the gaugino mass

vanishes.

This can pose some fine-tuning problems when dealing with E.W. symmetry breaking:
in order to have evaded detection, gaugino masses must be sufficiently heavy, but because
of this splitting between gaugino and scalar masses, the large quantum corrections will

tend to make the Higgs too heavy.

In order to understand how much of a problem this can be, we need to understand
exactly what are the dominant effects that lead to the generation of gaugino masses
in semi-direct gauge mediation (with or without gauge messengers). Since we will only

use R.G. equations with terms up to two loops, we can only compute reliably gaugino
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masses up to two loops and squark scalar masses up to three loops. If some assumptions

are madd],we can compute gaugino masses up to 3-loops.

We will see that at leading order in F/M, gaugino screening is felt all the way up
to the three-loop level, so the dominant term usually comes from the two loop NLO
contribution in the F/M expansion. In order to have a viable spectrum one then needs
to have F//M < 1, but in turn this leads to the existence of light fields charged under
the MSSM gauge groups.

6.1 Gaugino Masses:

Since the messenger masses are SUSY at tree-level, the one loop contribution to the
MSSM gaugino masses vanishes, and we need to evaluate multi-loop effects. This means
that we will need to use the real gauge coupling instead of the holomorphic one. As we
have seen, the main difference between these two is that the real gauge coupling knows
about the GMZ evanescent term (i.e. is sensitive to the axial anomaly we mentioned in

the first section) and it is renormalized at all loop orders.

In the DR scheme, the relation between the holomorphic and real gauge coupling

is[32]:

T,
82

R(1) = 2Re(S (1)) + =2 Log(Re(S (1)) — Y w5 Log(Zi(1)) + O(Re(S(1) ™) (6.2)

82
T

Where S is the holomorphic gauge coupling, Ty is the Casimir for the adjoint rep. of
the gauge group. Z,,T, are the wave-function renormalization, the Dynkin index for

the field r, and 87 R = 1/a (where a = z

1, and g is what is commonly called the gauge

coupling)ﬁ.

We will now review the gaugino screening argument M]

1'We will assume that the SDR scheme is consistent with the NSVZ beta function for the real gauge
coupling in the limit where SUSY is not spontaneously broken.

2To avoid confusion with the holomorphic gauge coupling we will use the letter T instead of the more
standard S for the Dynkin index.
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At two loops (below the messenger scale), the real gauge coupling is given by:

Rlp) =Rlpo) + 12;2L09(ngss) * 16b7r2LOg(ml; )+ %LOQ(%)
N~ T o Zmlmess) )~ Lo g Za(k)
;WL N o) ) . s L9 G0 ) (6:3)

Where Z; is the wave-function renormalization for the quark fields, Z,, is the wave-
function renormalization for the messengers. Beyond the tree-level approximation, the

messenger mass threshold gets shifted due to interactions:

Hmess,0 — ,umess,O/Zm (64>

Where fi,es50 1s the bare messenger mass. Using this renormalized mass for the messen-

gers gives:
R(p) =R(po) + 1g;r2LOg(m7L%ss’0) + 16b7T2L09(m2u 0) + %Log(%)
-+ Z %Log(Zm(uo)) - %Log(zzj(iﬁ)))) 4 O((S(,u) + S(M)T)fl) (6.5)

So no gaugino masses are generated to two loops.

If we assume that we are using a scheme that is compatible with the NSVZ exact
beta-function, then we can (see appendix [Dl) reliably compute gaugino masses up to
three-loops. In the limit where the messenger Yukawa couplings are small (or non-

existent), no gaugino masses are generated (at leading order in F'/M):

dR
— =0 6.6
dLog(tehm) (6:6)
Which gives:
my ~ O(F?/M?) (6.7)

If the assumption doesn’t hold, one needs to know the MSSM gauge coupling beta-

function to three-loops to reliably compute gaugino masses.
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There were two effects that were not computed: the possible role of Yukawa mes-
senger couplings, and AZ—SE, two loop contributions to gaugino masses. In the messenger
sector, Yukawa couplings can split the masses of the messenger fields. This will give (at
low energies) a contribution to gaugino masses of the type: O(gGLog(%)), where

M frmess (MImess) 18 the mass of the heavy (light) messenger field.

The second effect comes from considering higher order terms in the F'/M expansion.
These cannot be computed with the methods we have used as these contributions come
from irrelevant operators that are generated from the integration of the messengers.

If ' ~ M?, these contributions are expected to be the dominant ones, and of order
O(g*37)
9 4.

6.2 Squark Masses:

Squark masses can be computed from the wave-function renormalization of the quark
fields. In the particular case we are looking at (the MSSM messengers are normal mes-
sengers) squark masses appear at 3 loops if the hidden sector contains gauge messengers,

and 4 loops otherwise.

This can be understood since if the hidden sector has gauge messengers, the MSSM
messengers get soft masses at one loop. It then takes two loops to communicate these
effects to the MSSM, making 3-loops. If the hidden sector does not have gauge messen-
gers, it takes two loops to communicate the SUSY breaking effects first to the MSSM

messengers, and two more loops to communicate them to the MSSM.

As before, the way to proceed with the computation is to analytically continue the
Higgsed messenger mass threshold to superspace. The soft terms will depend on deriva-
tives of the squark wave-function renormalization that can be re-expressed in terms of
the beta function coefficients and anomalous dimensions of the fields (see Appendix

for a more detailed treatment).

The squark mass is given by:

mg, = —Log(Zq) (6.8)

|92§2

Referring to eq. Bl we see that we will need both the first and second derivatives of
Log(Zg) below the MSSM messenger scale.
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The wave-function renormalization for the Quark superfield is given by:

Hmess d,u/ -
Log(Zg() == [ L)
I
Hhm dlul am Ho d,u/ m
- / —g" () = / —6" (W) (6.9)
mess 'u Hhm ’u

Where we have transformed the differential R.G. equations to an integral form with
boundary condition Log(Zq(p0)) = 0. The 4", 7“™, 4¢™s are the (unknown) exact
expressions for the anomalous dimensions of the quark fields below the messenger scale,

above the messenger scale and above the Higgsed messengers.

The squark mass is given by:

m2 <13L09(ZQ(M)) (F, ) (X, X) = (F,X)(X, F)  10°Log(Zg()) (X,F)(F,X)>
@ 2 aLog(,U'hm) (X7X)2 4 aQLog(Mhm) (X7X)2
(6.10)

Where pip,,, is the mass for the Higgsed hidden sector messengers.

For large sgoldstino vevs the first term is highly suppressed, and in this regime, the

previous expression becomes:

, _ 18°Log(Zo()) (X, F)(F, X)
O 1 PLoglinm) (X, X)?

(6.11)

This second derivative is given by:

d*Log(Zg) _ & Log(ttmess) 5 mess ALog(fmess) 497G (Hmess) | dSVE ()

d2Log(nm) — d2Log(pnm) dLog(pinm) — dLog(pnm) — dLog(jinm)
dLog(ftmess) d57$6“(u)‘ g (e
dLog(ptnm) dLog(pnm) """

(,umess) +

m ‘;U':Hhm

- [ G, [ S 612
P - d?Log(finm) mess W APLog(tnm) '
Where we used:
K hs(,,2\ — ~hm( 2y _ ~am( 2
Yo (1?) Y0 (1) Y0 (1?) (6.13)

09 (1?) = G" (1?) = g (1?)



Semi-Direct Gauge Mediation 159

Now, because we have assumed the existence of Higgsed hidden sector messengers, the

leading term is:

PLog(Zg) _  dvg" (1) |
d2Log(pupm) — dLog(ppm) """

(6.14)

If there were no such messengers squark masses would be generated at four loops.

Let us look at this point in a bit more detail:

dQLOQ(ZQ(H)) dVQam(“Q) dg () 32 4 2
~ — _ ~N m 5 m Nmessécm SCQ
d? Log(fthm) dg(p)  dLog(pnm) s (167T2)39MSSM(M sl i) !

(6.15)

If there were no Higgsed messengers, the Casimir of representation of the messenger

fields under the hidden sector gauge group would not change and this term would vanish.
So, if there are gauge messengers, the squark masses are given by:

8 (X, F)(F, X)
sz ~ Cq WQI%ASSM(/ihm)glzs(/ihm)NmeSSéCmvhSW (6.16)

So this is a three-loop mass contribution.

6.3 Summary of Results

Semi-direct gauge mediation is an attractive way to add messengers to rigid models of
dynamical SUSY breaking as this procedure doesn’t usually lead to any new SUSY vacua.
However, since the messenger mass threshold is SUSY, gaugino masses are generated at
two loops and at next to leading order in the expansion on F/M. This happens because,
at leading order in F/M, there is an ”accidental” screening of the effects of messenger

interactions.

In some scenarios, as the 3-2 or 4-1 models, where SUSY is dynamically broken in
a calculable way, there are Higgsed messengers. In these cases, squark masses squared
are generated at three-loops. This contribution can (at least partially) be suppressed
with respect to the four loop one, if the sgoldstino vev is very large and the MSSM and

hidden sector gauge groups are asymptotically free.
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So the scenario is one where gaugino masses are suppressed with respect to scalar
masses, the difference being larger in models with gauge messengers (as in these, scalar

masses are generated at three-loops instead of four).

Because of this, it doesn’t seem likely that gauge messengers will play a role if nature
decides to communicate SUSY breaking effects to the MSSM with a form of perturbative
semi-direct gauge mediation: in these scenarios the splittings between gauginos and
scalars will be too high. This means that in order to keep the Higgs mass close to the

E.W. scale requires more tuning.

In order to evade these problems, models of semi-direct gauge mediation without
gauge messengers and with F/M < 1 seem favoured. If this is to happen, some of the

messengers may be light enough so as to be detected experimentally.



Appendix A

SQCD

“In the book of life, the answers aren’t in the back.”

— Charlie Brown

A.1 Non-perturbative renormalization theorems:

This section is inspired by Weinberg’s discussion on the non-perturbative corrections to

the superpotential.

Let us look at the Kahler potential first, in the case where Nrp < Ng. If the rank of
the meson field M;; is maximal, the gauge group is completely Higgsed. In this case, we
can integrate out the heavy fields, and get a low energy effective theory that consists of

the light meson fields. The classical Kahler potential is:
K =2VMM (A.1)

If we are close to a point in field space such that one of the eigenvalues of M vanishes,
then the Kahler metric derived from this potential becomes singular. This is to be
expected: close to this point there is an enhanced symmetry where some of the Higgsed

fields become massless and must be included in the low energy description.

As we've seen, to all orders in perturbation theory the superpotential is not renor-
malized, the holomorphic gauge coupling is renormalized at one loop and the Kahler

potential is generally a complicated function.
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We can now generalize these arguments to include non-perturbative effects. We will
constrain this discussion to points in field space where the gauge group is completely
broken at low energies, and the group is asymptotically free. In this case, the gauge
coupling can be taken to be small and the leading non-perturbative effects are given by

instantons. Let us consider the (bare) Lagrangian density:
L =[@e ™V ®]p + 2Re[W(®)]p — Reli— > W.Wp (A.2)
8T

And consider the auxiliary model:
L= [®fe™V®)|p + 2Re[YW (®)]r — Re| z— Z W, W p (A.3)

This becomes the same as the original Lagrangian density when ¥ = 1 and T" = 7.
In perturbation theory, this system has several symmetries that are sufficient to allow
us to construct the full effective superpotential. Non-perturbatively, the path integral
includes a sum over different non-trivial backgrounds (instantons with different winding
numbers). Even though this invalidates the use of both the R-symmetry and the Peccei-
Quinn symmetry. We can, however, combine these two U(1)’s and define a new, non-

anomalous, "U(1)x”

0 — €0
o — P
V-V (A.4)
Y — Y
T—=T+(C—9S)¢/r
Where C' is the quadratic Casimir (N, for SU(N)) and S is the total Dynkin index

(given by Tr(TATP) = S648, where Tr is a sum over all chiral fields, as well as color

indices).
One can now consider the effective Wilsonian action at some scale p.
_ t T T . T a a
Ly = [Au(@, @V, T, T Y, YT, )lp + 2Re[—ie— > W+ B, (@, W, T,Y)] (A5)
T

The reason why the term linear in T was separated so that the shift 7" — T + (C' —
S)¢/m cancels the U(1) g anomaly. Because of the U(1)x symmetry and the holomorphic

properties of B, we can deduce that the only way B can depend on T is through positive
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powers of e El Another argument for this comes from considering that when the gauge
coupling goes to 0, instanton effects must be suppressed, and this can only happen (since
in the vacuum T is replaced by 7) if |27 | = |e2¥77| = ¢=27/9° — (), ie. v > 0. So,

only instantons with positive winding number can contribute to the action.

Under this non-anomalous symmetry, the term e**" has a definite R-charge, whose
sign depends on wether C' > S.C = S or C' < § (for SQCD this means Ngo > Np,
N¢ = Np, No < Np). Let us restrict ourselves to SQCD (otherwise just replace C with
N¢ and Np with 5).

In the first case, No > Np, the term under the anomalous R-symmetry, **™ has
a positive R-charge: 2(N¢ — Np)v. The anomalous R-symmetry together with Lorentz

invariance dictate that B has the form:

2inT

B, = YW, (®) + W W, 0(®) + eFe -5 v, (D) (A.6)

The function [, ,;(®) is constrained in the same way as before. For Y = 0, there is
a U(1)y, where all ® have charge 1, because of this all Y-independent functions must
depend on equal numbers of ® and ®'. This means that as before the holomorphic gauge

coupling only gets renormalized at one loop.
So far, we've shown that when we set Y = 1 and T" = 7, the renormalized Lagrangian
density is given by:

2inT

L, = [A(®, "V, T, 7"V, YT, .)]p + 2Re[—z’g—;Wawa W (D) + Ve NFu, (@)]
(A7)

Where 7, is the one loop running gauge coupling, and all the non-perturbative compli-

cations have been hidden in the function v,(®).

To determine this function we note that it does not depend on Y, so we can set it to
0. In this case, there is a U(1)4 for each of the ® fields, along with the flavour and color
symmetries. Then, it can be shown that the only invariant is the determinant of the
Meson operator D = Det(M;;). The set of U(1), transformations is anomalous but, for

each of them, one can form a non-anomalous symmetry by assigning a transformation

!The dependence of B in T must be such that shifts in T correspond to U(1)x transformations in B
and instanton contributions to the path integral are given by e?*™1 (271" for positive (negative)
winding number v
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law to T:.

b — 2P
(A.8)
T — T +n(d)Sqa/m

This means that v, must be an homogeneous function of degree —2n(d)S;/(Nc — Np)
fore every representation of the fields. (where Sy is the Dynkin of any single field
transforming under a particular representation of the gauge group, and n(d) the number
of fields that transform in that particular representation, so Sy = 1/2 and n(d) = Ny, for
SQCD). This means that in general for SQCD, the dynamically generated superpotential

will be a homogeneous function of the D=1/ (No=Nr)|

Since the superpotential must have mass dimension 3, the coefficient that multiplies

3¢=9)/(€=5) " Since the theory is renormalizable,

this factor must be proportional to m!
the Wilsonian action cannot depend on the cut-off or any other scale coming from a
method used to regulate the theory. This is sufficient to determine the whole function

up to an overall constant:

2inT ABNc—NF)

———)vu(®) = CNC,NF(W)l/(NC_NF) (A.9)

This constant has been determined using instantons (for Np = Ng — 1) and was found
to be CNC,NF = NC — NF

The other case that needs to be analyzed is when No = Ng. In this case, the term
e?™ does not have an R-charge. So, even though a linear term in B is forbidden by
R-invariance, it can still make an appearance in the Wilsonian action. For this case,
instead of one Y-field, we introduce a field Y, for every term of the form ®" in the
superpotential (e.g. a mass term m®.® — y,®.®. The Wilsonian superpotential is
then:

B, = W(yr, ®, ™) + Y W'W4, (D, ™) (A.10)
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2i1/7rT)

Where W, is linear in the y,’s. To determine the function {, ., (®, e we note that

there is a non-anomalous symmetry under which

O — 2P
T — T + Noo/w (A.11)
Y’T s e—iroz}/r

2T

Because of this symmetry, if we expand W, in powers of y, and e | a term proportional

to y (e*™1)* must be proportional to some ®%, where Ny = 3" rn, —2Nga. Since due

2i1/7rT)

to the R-symmetry W, (y,, ®,e must be linear in the y,s, a term proportional to

yr<€2i7rT>a has:
Ng =1 —2N¢a (A.12)

While very generic, this is not too usefull. There are two main cases of interest: r = 0

and a = 1.

If r = 0, then we are not considering a superpotential coupling, but the renormaliza-

tion of the gauge kinetic term, and:
qu = —2Nca (Al?))

So that no term with a positive number of ®’s is allowed (recall that only instantons
with positive winding number (a > 0) contribute to the action). The terms that do not

depend on @ correspond to the one loop renormalized gauge coupling.

The second case of interest is @ = 1, in this case it is easy to see that the term:

Wayn = Mo(aBB + bDet(M) 4 ce* ) (A.14)

is allowed to be generated. Where B(B) is a baryon (anti-baryon) operator, and M
is a meson operator (as defined in the main section). This term corresponds to a one

instanton correction (and €™ ~ AZNe),

To go any further, we need to use a deformation of the superpotential by a mass
term: i.e. add mM;. This breaks flavour symmetry from Np — Np — 1. By taking
the mass to infinity, we can integrate out one flavour and relate the original theory to

a case that we already know: SQCD with Np < N¢. It turns out that for consistency
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of the solutions in both theories, there must be a dynamically generated term in the

superpotential, proportional to equation [AZT4]

This term is special however: because the theory is asymptotically free, no term in
the superpotential should grow faster than ¢ for large values of the fields. So this term
should be interpreted as a quantum constraint on the moduli space of the theory with

Ao being a Lagrange multiplier and not a true contribution to the superpotential.

So, at the end of the day the results are equivalent to saying that: the superpotential

is not renormalized, and the moduli space is deformed according to:
Det(M) — BB = 0 — Det(M) — BB = A*Me (A.15)

where A is the dynamical scale of the theory.

For N¢ < Np it can be shown (we refer to E] or the lectures of Seiberg E]) that

the superpotential is not renormalized.



Appendix B

Meson-Deformed ISS

B.1 Leading order contribution to the gaugino mass

To develop a perturbative approximation of Eqs. (B:44)-([B4H) we note that when the
F-terms are small compared to p?, we may first go to the “fermion-diagonal basis”, by

making a rotation on the scalars given by

Qo = (B.1)

where the U and V matrices are the fermion-diagonalisation matrices defined in (B0).

In this basis the scalar mass-squareds are

mZ2 A
ml=QmiQo~ | (B.2)
Af 2
where
Aij = UL WPW. Wy, = (UTFV),; (B.3)

in terms of the F-term matrix F® = WW,. Evaluating the diagram for the gaugino
mass in this basis (cf. Eqs. (E24)-([E2H)) and suppressing the overall factor 2¢g2%tr(T4T?),
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yields,

Ik o 1 M
/ Z Z leO 1k + iTon,?k) (m) . <k2 _fm%) N <Qg,l3vlj + Qg,z4v2j)
SC 1]

kJl=11,j=1

2

d'k 1 -
— / (2m)? Z (UL U, + ULUs) <m)k " (k;2 _fm?) ” (ViVA, + Viva))
SC s ij

z'jkl 1

A~

m
E: (m( _ ) (711 ) 51, (B.4)
/ ”kll k? — k,(1+2) k? — g ij]

where, in the last step, we have made use of the unitarity of the U and V matrices.

The fermion propagator is already diagonal, but the boson propagator has off diago-

nal terms ~ A. Expanding in powers of A we have,

1 1 1 1 1 1 1
(W)k ) <k2 A Tt e e
(B.5)
Using that my is a diagonal matrix we find to lowest order in A,
Mya = 2% tr(TATEYTr(ATD (1) ) (B.6)
where
15} = diag(I (1)) (B.7)
and
1V (m) = / (;l:;t (k2 _mm2)3 321772 : (B-8)

Using the explicit form of I we have the leading order contribution to the gaugino

masses:

tr(TATP)Tr(Am; ') = 94 tr(TATH)Tr(Fm; ). (B.9)

M
A 1672

9ga
1672

This reproduces Eq. (B49).
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Gauge Messengers in Direct Gauge
Mediation

C.1 Minimization of the potential

The model is:
W = —12® + A0Tr(YoYo) + mTr(YaYy) + NTr(Y2YYy) (C.1)

We shall describe the possible vevs that the Y fields can have using the generators of
SU(5). The generators of the Cartan subalgebra can be written as:

= diag(1/2,-1/2,0,0,0)

= diag(1/(2V/3),1/(2V/3), —1/(/3),0,0)

= diag(1/(2V6),1/(2V6),1/(2V6), —3/(2V6),0) (C.2)
= diag(1/(2v/10),1/(2v/10)1/(2/10), 1/(2v/10), —2/v/10)

The other generators can simply be written with the help of the SU(2) generators.

Then the Y-fields can be written as
Y; = v2yhT* (C.3)
Where we take the v/2 factor to so as to canonically normalize fields:

K > Tr(Y]'Y;) = 2(y") ' Tr(THT") = (y5)Ty)! (C.4)
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We can now use the gauge degrees of freedom to align the Y vevs along the directions
spanned by the Cartan subalgebra (i.e. along the diagonal). We shall use letters from
the middle of the alphabet (usually k) to mean that the field corresponds to a direction
of the Cartan subalgebra of SU(5), and a letter from the end of the alphabet to mean
that the field is not along a direction spanned by the Cartan subalgebra (usually r).

We now analyze the F-term equations, we shall start by looking at the F-terms that
are not along the Cartan subalgebra directions. By virtue of the gauge choice, the F-
term equations for the yj directions vanish (not for the Cartan subalgebra directions),
and the F-term equations for the y; fields also take a very simple form:

Wy =0 (C.5)

Wy = f({ubys (C.6)

Where fi(y3', 3%, v3®, y3*) = m+ 2 A(5V6y32 + 5v/3y2* + 3v/5y3*), and different s have
different expressions. So, the solution to these equations is given by y5 = 0. The reason
why we can do this for these fields is that they do not appear in any other F-term
equations, so Vp will have a quadratic term in these yj with a positive semi-definite
coefficient given by | f.|?.

So, by choosing the Y, to be diagonal,one gets that due to the F-term equations Y3

is also diagonal.

We will now subdivide the problem of minimizing Vr = > W;WW’ into three cases:
The symmetry breaking pattern is SU(5) — SU(4) x U(1)?, SU(5) — SU(3) x SU(2) x
U(1) and generically when:

A1

(C.7)
A< 1
A

We start by analyzing the case: SU(5) — SU(4) x U(1)?. This particular case is
equivalent to choosing the vevs to lie along the direction spanned by 7%, so there are
only three complex variables in the problem: y2* and y3* and ®. We use R-symmetry
to choose @ to be real. so we can write y3* = yo, + i Yoi, Y3* = Yor + 1 Y2 and @ is a real

variable now.
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Then the Vr potential is given by:

Vi = it +m2(d + 8, + 43 + 1)) — B2m yor(45, + v + 2063, + 43) +
X SR+ W) (WR + vl + AR+ 1) +
+HAAMD(y2r Yor +yLi yai) — 2% (Yo, — Yoi) — EAPYr (U + 3:)
X (Y5, + yoi + 49°) (U6, + Ui (C.8)

One then has to find the extremes of the potential by solving the system of equations
corresponding to setting the gradient of the potential to 0 and check wether the solutions

one find are local minima or maxima. One gets the following set of solutions:

solution; = {yo, = 0,%0; = 0,92, = 0,12, = 0} (C.9)
, V5(9mA + \/ m2(9N — 160A2) + 16Au2(20A2 + 9X))
solutions s = {yor = — Yoi = 0,92 = 0,
4002 + 18X

—3m2Am? + 24 \u? & m\/ m2(9N — 160A2) + 16Au2(20A2 + 9X))
8VBA(2\u2 — m?)

¢ = y27"(

(C.10)
3vEmA(m? + 2 >

solutiony 5 = {yor = — ;
80A3 2 4+ 9N (m? 4 4\p?)

(m2 + 222) (9N 4 + 90ANM242 + 32X2(20A2 + 9N i)
Yoi = :i:\/g - 5
(80A312 4+ 9N (m? + 4 pu?))?

Y

_ SMYo;
5myor — 3V5A(Yg; + vo,)
~5m? — 6v/EAmyo, + 9N (43, + v3)

P = i C.11
2A(5myo, — 3VONYE, + 12)) v (©1)

Y2i Yor,

Where we note that solutions 4 and 5 do not exist for small A (and if A < 0 these

solutions are even more complicated).
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The value of Vg for solutions 1,2 and 3 is:

Vi = (C.12)
1 _ _ _ _
V) o= (5m*(81X" + 3600A2X° — 3200A%) + 200m2A(320A* — 360X — 81X )2+
8(20A% + X )3
+ 72(20N2X + X )2t £ 15mA((9X — 160A%)m? + 16A(20A% + 9N )?)*?)
(C.13)

Where we note that solutions 2 and 3 are not equivalent and have different values for
the potential at the minimum. One can now expand these solutions to linear order in A

and get the results mentioned in section 1.

The analysis of the case SU(5) — SU(3) x SU(2) x U(1) is very similar. We will
just outline the main differences. The vevs are now chosen to be along a combination of
the directions given by 7% and T%': y2* = /5/3y2%, y2° = \/5/3y3". Again there are
only 3 complex valued variables, and we can use R-symmetry to make one of them be
24
0

real: Y3 = yor + 1 Yoi, Y3' = Y2r + 1 Y2 and P is real.

The extremes of the potential are:

solution; = {yo, = 0,90; = 0, Y2, = 0, y2; = 0} (C.14)
3vH — — —
solutiony 3 = {yo, = 4_2(3711)\ + \/mQ()\2 — 24072) + 16Apu2(A + 30A2)), yo; = 0,
8(30A% + \7)

45m? — 24/BAmylr + 16X(y2, + y2,)
6A(15myo, — 4vVEN (Y2, + v3)
3vBmA(m? 4 2Xp?)

ZL(XQm2 + 4\ (3002 + XZ)) ’

y2@-=0,®=—

Yor (C.15)

solutiony 5 = {yor =

_ L 3VE | (mry 202) (Nt + 10AN M2 + 322204 (3002 + X))
=22 -

Yoi — —2
(m2X" + 4A\p2(30A%2 + \7))?

Y

o 15my0r
15myo, — 4V5A(Y3, + v3:)
45m2 — 24v/5Xmylr + 16X (42, + y2)

o ) C.16
6A(L5myo, — AVoNR, + ) } oo

Y2i Yor,
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As in the previous case these two last solutions only exist when A is not small. The

potential at the other three solutions is given by:

Vi =t (C.17)

1
Vlém) - 2

16(200% + X°)3

16(30A2% + )2t £ 15mA((N — 24002)m? + 16A(30A2 + A )u2)¥?)  (C.18)

(15m (X" + 600AZX" — 7200A%) + 600m2A(T20A* — 6AZN — X'+

And if we expand these values we get the results quoted in section 1.

We now turn to the general case where no preferred symmetry breaking pattern is
chosen. The first thing is to rescale all the Y-fields by <, as this simplifies the potential
(if A = 0 this makes the function to minimize independent of any parameter in the
model).

Then we not that the fields 5, due to their R-charge, can only appear in the Fyg
terms. These are n-equations in n-variables (the y5’s) and can be solved. This obviously
does not hurt the global minimization of the potential. The solutions are quite long and
not particularly deep, so we shall not present them here. The bottom line is that one has
only to consider the F-terms of the fields with R-charge equal to 2 in the minimization

of the potential.

The potential can then be written as:

Vi = Zro(ydt, ug? 8% 13") — 20555 Re((y3")? + (u82)? + (%)% + (18 + ' + O((%)?)  (C.19)

MU

Where v(x,y, z,w) is a complicated positive semi-definite function whose minimum is 0.
The reason this must be so is that when A = 0 the messengers decouple from the SUSY
breaking sector, so their F-terms vanish in the vacuum. We will now use perturbation
theory to minimize this potential where we will take % < 1 as the small parameter. The
minima of the function v can be found exactly since this amount to solving Fyg =0

when \ =0, i.e.

y2 (15 + 5v/6y2% + 53y + 3V5y2t) = 0 (C.20)
5vV6(ya")? + y22(30 — 5v/6y22 + 10v3y23 + 6v/5y3") = 0 (C.21)
5v3(1521)2 4 5v3(y2)% + 2y (15 — 5v3y2° + 3v5E2H) = 0 (C.22)
V() + V5(y5*)? + +V5(5s*)” + vt (10 = 3v/5yst) = 0 (C.23)
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This system of equations has 2% = 16 solutions out of which only three are independent:

Yo = diag({0,0,0,0,0}) (C.24)
Yy = Tdiag({2,2.2, -3, -3}) (C.25)

The rest being permutations of these solutions(there are 1+ (g) + 5 = 16 of these).

One can then use perturbation theory and expand around the solutions we found to
linear order in X—)‘Q to get approximate solutions to the potential. Since these approxima-
tions will respect one of the symmetry breaking patterns we have already studied we

shall not repeat this operation here.

C.2 The messenger mass matrices

Let us now assume that A > 0, and focus on the case when the GUT group is broken
down to the MSSM gauge group. Due to the Higgsing of the GUT group the adjoints of
SU(5) decompose under the unbroken SU(3) x SU(2) x U(1) as (8,1) x (1,3) x (3,2) x
(3,2) x (1,1), i.e. one adjoint of SU(3), one adjoint of SU(2), a vector-like pair of

bifundamentals and a singlet. The field content of the model then becomes:

GUT SU(3) x SU(2) x U(1) Representation

Vs Y 8,1) (3,2

V (f(g) +pl &1 3.2 + singlet
1/} VSU(Q) (37 2) (07 3)
Y 2,44 T 8,1) (3,2

Y, v + p2 8.1) (3.2) + singlet
T Y 2,40 (3,2) (0,3)
Y 0445 b% 8,1) (3,2

Yo 13 +p3 &1 3.2 + singlet
X YO0uq0 (3,2) (0,3)

P ) singlet
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Let us now get the fermionic and bosonic masses for the particles in the model. We

shall focus in the region of parameter space where A < 1, Ay > m.

If we focus first in the fermionic mass matrix for the adjoint fields of the unbroken
SU(3), (since we saw that all vevs are real values, we shall drop complex conjugation
symbols to simplify the formulas) we get that the fermionic mass matrix for these fields

is given by:

. Y@ .
a a 2, (ad, adj3

((Y255)", (Y 05) AP |0 (C27)
Yoadj3

And Y2443 = > Y243\, where A\? is a basis of the SU(3) algebra. Where M;’(adj) is,

at leading order in A\ given by:

— 2 _ -
25m? + %)\Qer?’ + %)\,LLQ(—A ﬁff +45) %\/gky%m + %A/ﬂ%

Mj%(ad]) —
%@Xy%m + %@Auz% 25m? + 80\ u?
(C.28)
To linear order in A and second order in %y we get (assuming \ > 0):
—2
4 Ny?  225m? 5m? + 28\ p?
2 _ 2, q 2 | = 2 442 _ 92
my = 50m* + 160Ap” + 9(5m + 4\u°) — 1 X2y2 (C.29)
225 ,5m? + 28 \u?
m; = —mQW (C.30)
4 N y2
The scalar mass matrix can be written as:
Y 2043
a T a T a T a T 2,(adj) Yogdjg
((Y2adj3)7 (Yoadj?))? (Yzaij) ) (Yoaij) )(Mb ) “ . (Cg]')
(Y2adj3)

(Y 05g3)°
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Or replacing the vevs:

25m? + 80Au2 + 4 X VIEm D) 10V/5 dy(m?2n) —10A? 0
A2 (adi) _ 105 Julm e 26m? + 80A” - -
hy a2 0 25m? + 80Au? + 42 V2OMIHOUT)  10v5 Ay(m+20%)
. 0 10/5 W 25m2 + 80Au>
(C.32)

And the eigenvalues are given by:

32,2 2 2 2 20432, 2 2
miy g = 50m? + 160A.% + §(5m? + 4A?) Yl — B S AR o SRyt (C.33)

2 _ 225m2 5m2+28)\u® 225 Am2pu?
mpy = 4 Ny2 + 2 Nyz2 <034)

For the adjoints of SU(2) the mass matrix is very similar, the fermion masses are:

~2
m3; = 50m? + 240 > + §(5m2 - 4AM2)Amz2 - 2254m2 5m2;;2%m (C.35)
m? = 225m> 5m2_+2 52\ (C.36)
4 N y2
And the scalar masses are:
Mm%, = 50m? + 24002 + 4 (5m? — 4\p?) iy — 22m? IS 5”2(4?{;45”2) (C.37)
mj = gt S gSANC 4 250 e (C.38)

So that for large values of the pseudomodulos vev one of the fields gets heavy while the
other gets light. This is a simple consequence of R-symmetry together with the fact that
these adjoints do not enter in the Higgs mechanism (i.e. they only get masses through
the superpotential). Since the superpotential is R-symmetric, one can generically show
that the det(M) does not depend of the vev of the scalar partner of the goldstino y (i.e
our flat direction). Since Tr(M) does depend on y, it has to be that for large values of
y one of the eigenvalues has to go with m!'~"y" while the other goes as (m!™"y~", for
some value of r. This gives us a sort of see-saw mechanism where as y increases one of

the field becomes lighter and the other becomes heavier.

The complete fermionic mass matrices (we take all vevs to be real):
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Adjoint of SU(3)

. Y 2@
a a (adj) adj3
<Y2adj37 Yoadj3>Mf <C39)
a
Yoadj3
Where:
M(adj) _ & (45m? 4+ 48vEmAay2t + 1800782 4 96vEANPy2Y + 6432 (3P )2 + (w2)2) 22 (15m + 8VEAYP)(150® + 4vBEAy )
f 2= (15m + 8vVEAy *Y) (1530 + 4v/EAyS?Y) 3= (15m + 8vEAy{*)2
(C.40)

(The adjoints Vs (s of the unbroken SU(3) are obviously massless)
The eigenvalues can be computed and are:

massy g = ﬁ((SXyéM) +3v5m)? + (4v/ 2)\y§24) + 3107 ®)?
+2Abs (AN + 3\/5@)\/ (8xy Y + 3v/5m)2 + (4Xyo[24] + 3v/BAD)?

(C.A41)
Adjoint of SU(2)
. Y2e .
a a (adj2) adj3
<Y2adj37 Yoadj3)Mf u <C42>
Y 0543
Where:
. 5,20
M(adﬂ) _ [ m- 4}_&&,\/5 1 aa?e? + WA + P2 - VB3  — 2o (5m — 4vEay{PY) (—5ad + 2VERy )
f — 52 (5m — 4VEAY Y ) (—5ad + 2vERY(PY) 2 (5m — 4vEAy(2Y)?
(C.43)

(The adjoints Vs (2) of the unbroken SU(2) are obviously massless)

The eigenvalues can be computed and are:

massy g = é((4Xy(()24) - \/gm)2 + (2v 2)\y§24) - \/E)\(I))Q

+ Abs(2¢/12)295) — VIOA®)(/2(439Y — VEm)? + (21/[2)% — VI0AD)?)
(C.44)
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if y2* is sufficiently large, the splittings in the scalar mass matrices are small, so that
F/M can be computed as the mass splitting over the mass (i.e. this is exact up to
(F/M)? corrections). By doing this one gets that:

F 3v5 2
F_3vs? (C.45)
Mo st

for both gauge and non-gauge messengers (for gauge messengers one has to do this for

the fermionic mass matrix, but the discussion goes through almost word by word).

C.3 Soft terms in models with two mass thresholds

Let us now compute the leading order contribution to squark masses assuming that
there are two mass thresholds (and one SUSY breaking scale). One of the thresholds
concerns normal (non-gauge messengers) and the other is with respect to normal gauge
messengers. Here we will assume that gauge messengers are heavier than non-gauge

messengers.

The computation of the running gauge function is done by solving the beta-function
R.G. equations, one gets three solutions: one above the GUT scale, one between the GUT
scale (where the gauge messengers are integrated out) and the non-gauge messengers,

and one below the scale of the non-gauge messengers. These are respectively:

bl/ ,u

-1 _ -1 v
a () = a (AU.v.)+47rLog< AU.V_) (C.46)
B B b// (X X) bl ,u2

1 o 1 e ’ _
o™ () = a”M(Auwe) + - Log(H==0) + - Log( ) (C.47)
B - b M b X’r ) b NZ

You)=a YA —L —L 2 — L 4
a () =a U.V.)+47T Og(AU.V_)+47T 0g<(X,X)>+47T Og(ngz) (C.48)

Where 0”0/ ,b are the gauge function beta-function coefficients in the three different
regimes. And the mass of the gauge messengers is 1/(X, X), and the mass of the normal

messengers is Xo.

We shall introduce now the following notation for the real gauge coupling and the
squark wave-function renormalization functions and spurion-like fields: if they have

a subscript s they are to be understood as the analytically continued functions into
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superspace, while if they do not have an s subscript, they are ordinary (scalar part)

functions.

Upon continuation to superspace one gets:

(X, X,) = (2,2) + 0%(2, F) + 0°(F,z) + 0 0>(F, F)

(C.49)
Xos = a9 + 0*F

And z, is the mass scale of the non-gauge messengers and F5 is the component of the
goldstino that they couple to. For the gauge messengers X is the goldstino and F is the

vev of the F-term associated.

We can now see how the expectation values of the auxiliary components of the real
gauge coupling get vevs upon this analytic continuation into superspace. Replacing the

definitions of (X, X;) and Xa, “spurions” into the equations of the real gauge couplings

we get:
o0 a7 M) + o1+ 4T :f) +OF g’, f>>> (C.50)
:_ILOM - 9295_2 + 9} +0°0° ||£||22) (C.51)
= bLog(l ' 95_ Fi + 07 )+ gLl i+ 07 P
(C.52)

One can now solve the R.G. equation for the wave function-renormalization Zg, and get
that:
S almy) ¢ alw) . ¢ alw

,/LOg( (AU ))+2b,Log( )‘|‘23L09(a

—Log(Z(p)) =2 ) (C.53)

b

Replacing the expression for the running gauge couplings in this expression and recalling

that in a general model

m = ~Log(Z(n))] 7 (C.54)
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We get that:

mg = %(c’ — " =208 —Xx1(¢E + )+ x2(b— ) (1 - &)) (F’F)(m’(mm);gf’m)(m’p)

—i—M((b — b’)c"FL‘z + (V' +b'( —2d) + 20’6’%)&1@;’1) + 2xlb”(c’%—/,/ + c”)i(F’x)(x’F)

872 2| (z,x) (z,2)?

(1—i)c’(—FZT(x,x)b/-l—azQ(F,x)(b’—b”))(FZ(x,x)b/—l—xZT(J:,F)(b”—b/))
—2x2— 222 (w2)2 )+ O(x1%,x2%)

(C.55)

Where y1 = 0;((1‘5)) —1,x2 = O;((”f)) — 1. So that we see that if we set x1 and x2 to zero,

we get a sum of the naive expectations for the masses.




Appendix D

Semi-direct gauge mediation

In this appendix the calculation for the soft scalar and gaugino masses is done in detail.
We will allways assume that both the hidden sector and the MSSM gauge couplings are
small so that they serve as a good parameter in a perturbative expansion. So, when
we present the leading order contribution to some quantity, it is shown the lowest order

term in an expansion in both the hidden sector and MSSM gauge couplings.

To perform the computations we will symbolically solve the R.G. equations for the
gauge couplings and wave-function renormalization of the quark fields (or in other words,
express the differential R.G. equations in an integral form) and then express the soft

terms with the help of the anomalous dimensions and beta-function coefficients.

D.1 Usefull quantities and notation:

Let us draw the picture for semi-direct gauge mediation again:

Hidden Higgsed MSSM MSSM
Sector Messengers Messengers Gauge Interactions

To simplify, we shall assume that the hidden sector can be described by a non-zero

F-term and one messenger mass scale: the Higgsed messengers mass scale iy, .

Then we have the messenger sector which we will denominate as normal messengers,

these have a much lower mass scale than the Higgsed messengers fiess-
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Then we have the MSSM, with the quarks and leptons.

There are three well defined energy intervals: from the U.V. to the pp,, from pp, to
Imess and finally below pp,, to the I.LR.. Because the field content of the theory in each
of these energy intervals is different, the R.G. equations for the gauge couplings and the

wave-function renormalization of the fields will be different in each of them.

We will denote the beta-function coefficients as ﬁ;‘m above the Higgsed messenger
scale, ;™ if we're considering an energy range that is between the Higgsed messenger
and the normal messenger scales, and ﬁ;’m is we are in an energy range that is below the

normal messenger scale.

We o,

The same superscripts are used for the anomalous dimensions of a field “”: ym ~am
and v*™ above the Higgsed messenger scale, between this scale and the normal messenger

scale, and below the normal messenger scale.

We will also use the notation 55;”” to denote the change of the beta-function coeffi-
cient at the Higgsed messenger mass scale due to the integration of these fields, 05" is
the change of the beta-function coefficient at the normal messenger mass scale. Identical

notation is used for the change in the anomalous dimensions of fields.

Group factors with a prime symbol are computed above the Higgsed messenger mass
threshold and non-primed quantities are computed below it. For example, S’ will be the
total Dynkin index (sum over all fields) above the Higgsed messenger mass scale and
S will be the same quantity below the Higgsed messenger scale. Generically C, ;1 =
Soateites, Spady = tr(teth ;) and Cy 0y = tr(tly b, ) where t¢, is the a’th generator of

the i’th gauge group for the representation r.

In order to compute gaugino masses, we need to understand the renormalization of
the (normal) messengers mass and the renormalization of the real MSSM gauge couplings.
To compute scalar masses we need to understand the wave-function renormalization of

the quark and lepton superfields.

We will the same symbol the the Higgsed messenger mass before and after analytical
continuation. Hopefully, it will be clear from the context which one we will be referring

to:

Lo = [ + 620 + (tnmlo2) 0" + AG%0” = (X, X) + (X, F)0? + (F, X0 + (F, F)6°0°
(D.1)
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D.1.1 Renormalization of the (normal) messenger mass

A very useful quantity both for the calculation of squark and gaugino masses is the
dependence of the renormalization of the messenger masses with the Higgsing scale of
the hidden sector. It turns out that we will need both the first and the second derivatives

of this quantity.

So, we need to evaluate:

dLOg(Mmess) . dLOg(Zmess (Nmess))

dLog(phm) dLog(ftnm)

The messenger wave-function renormalization is given by:

L 7 _ Hm d_lul am 12\ Ho d_lul hm, 12 L 7 D.3
09(Zmess(Ht)) = o (1) T (1%) + Log(Zmess(p0))  (D.3)
14 Hhm

Note the minus sign to give the correct R.G. equations.
So that:

dLOg (Nmess) 1 < am hm
= Tm \Mhm) — Vi (Hhm
dLOg(:uhm) 1 + %’fﬂm (,umess) ( ) ( )

Brm ! d
+/ e _nam '2) D.4
pimess W ALOG(finm) () (B-4)

Because the anomalous dimension is a one loop quantity (meaning that in perturba-

tion theory, the dominant contribution is given by one loop diagrams), Wyfﬂm(ﬂ&)

is two loops and represents the R.G. evolution of the ”finite” term 07" (1) down to

the messenger scale. At leading order, the equation reads:

M ~ —572Lm(/ihm> ~ —5me (D5)

dLOg (:uhm) n

Since the effects of the renormalization of the mass of the Higgsed fields is very easy
to take into account, from now on we will show only (for simplicity) the derivatives of

the functions with respect to the renormalized mass. To find the final result one needs

dLog(pnm)

to insert
dLOQ(th,O )

= 1 — vy, in the appropriate places.
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The second derivative of Log(jimess) is given by:

d?Log(pmess) 1 Ay (pmess) m o dy! d am
2 ( e = 7( am 2 ( — (7577}:1 (:u‘hm)‘i'/ — Tm (:u‘l2))
d? Log(thm) (1 + v (pmess))?  dLog(phm ) pnm 1 dLog(tnm)
N 1 Ay (bhm) A (Bam)  dLog(pmess) dym™ (pnm) | dva™ (1) e
(1 + 98 (pmess)) * dLog(pnm)  dLog(pnm)  dLog(pnm) dLog(pnm) — dLog(upm) " "™
Ho - dp! d? ~bh
() (D.6)
Hhm /J'/ dQLOg(/»‘Lh ) ))

And the leading order contribution is:

A2Log(fimess) AV (ptrm) AV (i) dyE™ (1)

~
~

- T - D.7
d?Log(ftnm) dLog(pnm)  dLog(pinm) — dLog(pnm) -~ (D.7)

In terms of the one loop beta function coefficients:

d2L0g (Mmess)

~ / Cm Sbhs o QCm Sb/hs ahs(,umess) D8
dQLOg(,uhm) ( m,hs”hs + h ) ( )

272

Where b"* = 3Ch"* — S and b" = 3C" — S"™ are the one loop coefficients of the

hidden sector gauge coupling below and above the Higgsing scale (and recall C, ps1 =
Za m,hs Zth’ SmhsOp = tr(t% hstbm ns) and Cps = C 50y = tr(tZdj,hstZdj,hs))'

More simply, the first derivative of the renormalized messenger mass is essentially

the messenger A-terms and the second derivative the messenger soft masses.

D.1.2 Renormalization of the MSSM gauge coupling

The real gauge coupling at a scale u below the messenger scale is given by:

Hmess d Hhm d
arass (1) = — / “ﬁb”% ) - / :ﬁ“’”( )
1% mess

Ko

= [ )+ s (D.9)
Hhm ’LL

Where 3™, 3% 3" is the beta function coefficient below the messenger scale, above

the messenger scale and above the hidden sector Higgs scale. For simplicity, we shall

assume that all messengers transform under the same representation of the gauge group.
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The derivative of the gauge coupling with respect to the Higgsed particles mass is:

dgnvissm(p)  dLog(fmess) .
= 5 mess mess + 5 m ) —
dLog(ttnm) — dLog(pnm) By (tmess) + 85™ (1onm)

/:u'mess d_[l/ d/@gm(u) /Hhm d,u/ d/@am( )
u W dLog(tthm) mess M dLog(pipm)

(D.10)

The result for the derivative of the MSSM gauge coupling above the messenger scale can

be easily derived as well.

We can look up the coefficient of these beta-functions up to two loops in @] If
we assume that the three-loop [-function coefficients are the same as in the NSVZ (-
function, we can write, neglecting terms of order O(¢°):

1
ﬁga( 167_(_29(1 ZS"'G_ (16 )an( )(_603,(1+2Cg,aZST,a+4ZST,aCT,a)+
BT S R (0)SaCrp + 2 gl () + 42 D (SeaCiafdCan = 32101k
() 2 9ot (g Coath) + 4fygza 2 (51 CialCus = 3 Susl
Ga b
_8(167(r2;3 Z(Si’aci’bci’cgg(u)gg(u)) 3 gaZSz aga Cgazsz vCi bgbga
i,b,c
(D.11)

Where, like before, Cy;1 =37 1% t%,, S, ,0% = tr(tl b1 ) and Cy 0" = tr(t!

J
ady, atad] a)

So that in semi-direct models, the renormalization of the MSSM gauge couplings
depends on the hidden sector beta function through two loop contributions. I'm ignoring

contributions from Yukawa couplings.

This means that:

3
mess gMSSM(MWESS) 1 2
gMSSM (/”Lmess) - 1672 Nm<1 + (167T2)gMSSM(MmesS)(QCg,MSSM + 4Cm,MSSM)
4 2
mess Cm S O 7 D.12
T (16W2)9hs(u )Com.ns) +O(g") (D.12)

Where N,, =>"._ _ Siwmssm, and:

m 4
5 _(]]—LMSSM(Mhm) :(].6 )QQMSSM(uhm)ghS(/j’hm)N 5Cm hs

8
+ (1672 )3QMSSM(Mhm)ghs(ﬂhm)Nm(Cg,MSSM — 2Cm55M ) Cm s

4
+ (].6 )3gMSSM(Mhm)ghs(uhm)N 5( m hs(gcg/),hs - 20, ,hs + Z 7, hs

(D.13)
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Where 5(C£,hs(30;,hs - 2Ctl(,hs +Z] Sj/',hs) = C;,hs(gcg,hs - 2Ctl(,hs +Z] Sj/',hs) - Ci7h8 (3097}18 -
2Cps + Zj Sjihs)-

For the hidden sector, the expression can be simplified:

By (phm) = mgi(uhm)(zwé —Si) = 3(C s — Cyns)) +O(g°)  (D.14)

)

Expressions for the integrals can be computed approximately using perturbation theory.

Neglecting terms of order O(g®):

/“hm dp A0 (W) _ /“hm di’ 0050, () dgnssn (1) | 98500 (W) dgns (1)
ess M dLOg(phm) S s 1 Oguissm () dLog(ptnm) Agns (') dLog(ptnm)

hm gl%/[SSM(Mhm) Hhm
~ 36 (uhm)i(z Sinmssm — Cgmssv) Log( )+

9gMSSM 167-(-2 mess
8 5hm 3 ( ) ( )ZS O L (,uhm>
m Ihs (1tnm) Gaissv (nm ) Ghs (Hhm - i, MSSM Ui hs LLOG Lo
(D.15)
Similarly, and keeping only terms to O(g%):
3 m
gussm (Hmess)” = gussnt (pam ) — W(Z Sissut — 3C assn) Gaissn (1) Log (-2
(D.16)

Replacing equations (DD TID.TAD.TE and [D.14) into equation ([D.IM), it all sim-
plifies:

dgMSSM(N)

- ~ O(g° D.17
dLOg(/,Lhm) ‘:u'_/»lfmess (g ) ( )

This is essentially a different way to see how the gauge coupling is insensitive to the
Higgsed messenger mass threshold, or in other words, it is nothing but the gaugino
screening argument. Interestingly, there is no 3-loop contribution to gaugino masses,

which is not a prior: implicit by the gaugino screening argument.
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D.1.3 Wavefunction renormalization of quarks/leptons:

At two loops, and ignoring Yukawa couplings, the anomalous dimension of a (general

chiral) field “r” is given by:

2 4 2.2
2: 9; 2 : 2 : 9i 9: 95
r = Cri Cri 39, 2_207’2_ Ssi -2 E CriCr'
i i s INEZ)
(D.18)

If the field is charged under different gauge groups. So, for the messenger fields, this is
the expression to use, while the quarks are only charged under the MSSM gauge group.

The change of the anomalous dimension at the hidden sector Higgs threshold is then
given by:

2 4 4
s Yhs Ins 9hs
57’?'1 (th) 5C’m7h5 47];.2 C;n,hs(gslG,hs - 207/n,hs - E Ss,hs)4(2—};_)4 - Cm-,hs('?’SG,hs - 2CVm,hs - g Ss,hs)4(2];_)4

9i 91%/1551\/1
—26C 1hsCm R D.19
s Cmassu =5 3 (D.19)

And is a one loop quantity, whereas the change of the anomalous dimension of the quark

superfield at this mass scale is a three loop quantity:

59 () = (") (D.20)
At the messenger scale, the change of the squark anomalous dimension is given by:

4
mess gmMssMm
o mess) — —C, Nmess — D.21
Y6 " (Hmess) Q.MSSM 1(2m)! (D.21)

We will also need:

9MSSM(M)2

16(1) =Comssm (D.22)

472
d/yg?(l/b) gMSSM(N’) dgMSSM(M) gMSSM(M)
dLOg(th) CQ7MSSM 272 dLOg(,Uhm) Q,MSSM Q72 gMSSM (/”Lh ) ( )

And it will is important to note that the MSSM gauge coupling here is above the normal

messenger mass threshold.
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D.2 Gaugino masses:

Gaugino masses are given by:

1 dgvssm (1)
2gmssm () dLog(fonm,)

ma = gassm (H) Rlez = — Log(tinm)|e2 (D.24)

Replacing the result of eq. [D.T4 this gives:
my ~ O(¢°F/M) + O(¢"F°/M”) + O(¢"'Y?) (D.25)

So, if Yukawas are small, gaugino masses are only generated at two loops at NLO in the

SUSY breaking parameters, a contribution that we cannot compute with this technique.

D.3 Squark masses:

Squark soft masses are given by:

my = —Log(Zg(1)) ez (D.26)

To get the wave-function renormalization we proceed as before: symbolically solve the
coupled R.G. equations for the wave-function renormalization, gauge couplings,... (we
will again ignore the effects of Yukawa couplings) and then perform the analytical con-

tinuation into superspace.

The wave-function renormalization is given by:

Hmess d,u’ - Hhm d,u/ am
Log(Za() == [ Lstputy = [ Lo
2 mess

— [ Bl 2 + Log(Zo(a) (D.27)

hm

Where, like before, vgm, 9" ylme are the anomalous dimensions of the quark superfield
above the Higgs messenger, between this scale and the normal messenger scale, and

below the normal messenger scale.

Since the fields are canonically normalized at scale pg, Log(Zg(uo)) = 0.
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To get the 620 component we again use eq. (E1]). It tells us that:

F? + 126207 + c.c. + AG* )|929 (agL )A+88‘£( )} 1262 (D.28)

Applied to our particular case this is:

OLog(Zo(1)) N 9°Log(Zo(1))
o2 D212

Log(Zo(p)lye g2 = ( 12lee[) (D.29)

So we need to compute the first and second derivatives of the wave-function renormal-

ization. The first derivative is given by:

dLog(Zq)  dLog(iimess) 2
_ 5 mess mess +5 m)—
dLog(pthm) — dLog(fthm) 1G™ (fmess) 09 ()

[ G )
12 l’L dLOg(l’Lhm) Hmess /J[’ dLOg(/j’hm)

(D.30)

Where 5'ymess(umess) is the change of the quark superfield anomalous dimension due to
the integration of the messenger fields, and 57225(,u%m) is the change in the anomalous

dimension due to the integration of the hidden sector Higgsed fields.

We also need the second derivative of the wave-function renormalization:

dzLog(ZQ) d2Log(,umess)5 ymess (g )+ dLog(ftmess) dé'ymess(ﬂme%) dMQf(ﬂim)
PLog(inm)  PLog(unm) @ " dLog(unm)  dLog(pnm) | dLog(jtnm)

dLog(ftmess) dévmess(u)| g N
dLog(pnm) dLog(pnm) """ dLog(pipm) "™

_ /ﬂms dp’ g () /“hm ' g™ (1)
H H

D.31
p d*Log(fthm) ess M d?Log(pnm) (D-31)

We can see at what order the terms in this expression can be generated. The only one
d’YQ (1?)

that can be generated at three loops is — W|“ P

and all the others are generated

at four loops.

This means that:

d*Log(Zg) 32
ELog(mm) D.32
dZLog(uhm) C (16 )3gMSSM<,uhm)ghs<,uhm) messéCr,hs ( 3 )
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Now we just need to add all the terms:

10Log(Zg(p)) A )+ 1 9 1 OLog(Zg(p
2 OLog(pthm) My 203, OLOg(ptnm) " 2043, OLog(ptnm

Log(Za(1)lps 2 = ( 2 il
(D.33)
Or simply:

laLO‘g(ZQ(,u)) (£ ) (X, X) - (R X)(X, F) EOQLOQ(ZQ(:U)) (X, F)(F, X)

Log(ZQule2 3 = (535 L oglrumm) (X, X)? 4 PLog(pnm) (X, X)?

(D.34)

We recognize this structure as the general structure of squark masses in models with
(F,F)(X,X)*(F,X)(X,F)
(X, X)?

(X)X o

gauge messengers. In this particular case, the term proportional to

can be seen to be generated at three-loops, while the term proportional to (XX

a four loop quantity.

(PEREX)-(FEX)XF) | y-1 ypile KDEX)

As we know, for large sgoldstino vevs, X7 SO

X2

In this limit:

10%Log(Zg(n)) (X, F)(F, X)

Loa(Za(i0)leg =~ § gy T T (D.33)

Where the second derivative is to be replaced by eq. [D311
So, the dominant term in models with Higgsed messengers is given by:

8 (X, F)(F, X)
mZ) ~ CQWQI%/ISSM(th)gzs(ﬂhm)Nmesséor,hsW (D.36)

In other models, squark masses can only be generated at four loops. The four loop
contribution can only be computed with the knowledge of the three-loop coefficients for

the anomalous dimension of a chiral field (we shall not do this calculation here).



Colophon

This thesis was made in IXTEX2¢s using an addapted version of the “hepthesis”

class M] .
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