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Abstract

Under the umbrella of Theoretical Physics, progress in ‘Beyond the Standard Model’
(BSM) physics proceeds broadly along two main avenues of investigation. The first is
concerned with constructing theories that attempt to explain observations, or address
theoretical problems, which cannot be explained within the tremendously successful
Standard Model (SM) of particle physics. The second involves looking for new ways
to observe or test BSM physics, and such tests are usually developed with current
experimental hints, or attractive theoretical models, in mind. This thesis contains
material which falls under both approaches.

Part I is concerned with Supersymmetry (SUSY). We review the basics of SUSY,
and the current state of this field, and then present a novel model for SUSY at the
TeV scale. This model has a Higgs sector similar to the SM and possesses a continuous
U(1)r symmetry, dramatically suppressing contributions to flavour-changing neutral
currents, which can be problematic in SUSY models. After this we demonstrate that if
more than one SUSY-breaking sector is present then this could lead to a rich spectrum
of states with mass roughly twice the gravitino mass. In particular, if SUSY-breaking
in a hidden sector arises dynamically then multiple ‘Goldstini’ and ‘Modulini’ states
can arise, which couple to visible sector fields via the ‘Goldstino Portal’. We also
demonstrate a new phenomenon which can occur in the context of multiple hidden
sectors. If one sector breaks SUSY then this can ‘stimulate’ other sectors into also
breaking SUSY, even if they are incapable of doing so on their own.

Part II focusses on the matter in our Universe. We review our current understand-
ing of how the visible matter in our Universe came into existence, and our current
understanding of the nature of dark matter (DM). Following this we describe how
DM could potentially be indirectly observed through its effects on cold white dwarf
stars. Alternatively, if DM were detected by independent means, then observed cold
white dwarfs could be used to place limits on the DM density in globular clusters,
giving clues as to how these clusters of stars formed. We then present a new model for
the co-generation of both the visible and dark matter in our Universe. This proceeds
by generating a particle anti-particle asymmetry in the dark sector, which is then
shared with the visible sector. This model predicts the existence of a light, m < 5
eV, scalar particle which derivatively couples to DM, and provides a final state for
the symmetric DM component to annihilate away into.

Work completed during the period of this D.Phil is contained in [1-8], however

only material in [3-6, 8] is presented in this thesis.
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Chapter 1

Introduction

1.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics took more than a century to construct,
and this culminated in the early 1970’s in a model containing the fundamental parti-
cles detailed in table 1.1, with the parameters in table 1.2 and the particle interactions
detailed in table 1.3. With the exception of the Higgs, all of the particles predicted
by this model have been observed. Their masses and charges have been determined
to good accuracy, and these are detailed in table 1.4. With the exception of the
last two parameters of table 1.2, which are again related to the Higgs sector, experi-
mental observations have either determined, or set bounds on, the remainder of the
free parameters. This leaves only 2 of the initial 19 free parameters undetermined.
The SM, with the addition of with General Relativity, provides a good description
of fundamental physics from scales larger than the size of the solar system down to
distances as small as one hundredth the size of a proton, and from times as early
as when nuclei began to form, when the Universe was less than 1 second old, to the
present day. It is remarkable that, when combined with the framework of quantum
field theory, such a successful model can be detailed in tables 1.1, 1.2, 1.3, and 1.4.
The SM is based on three theories, QCD, the electroweak theory, and QED, which
are examples of gauge theories. A gauge theory is a theory where global symmetries
under which the matter fields transform are promoted to local symmetries, i.e. symme-
try transformations become dependent on space-time co-ordinates. When this is done
then new gauge fields are required which also transform under the gauge symmetry.
In the case of the SM the gauge symmetries are Ggyr = SU(3). x SU(2)w x U(1)y,
and the gauge fields are the gluons, W and Z bosons, and the photon. QED is an

abelian gauge theory, based on Maxwell’s formulation of electrodynamics combined



with quantum field theory [9-14], whereas the electroweak theory and QCD are non-
abelian, or Yang-Mills [15], theories. If the gauge symmetry is unbroken then the
gauge field must be massless to maintain the gauge symmetry, explaining why the
photon is massless. Massive gauge bosons can arise if the gauge symmetry is sponta-
neously broken, and this is well described by the Higgs mechanism [16-18]. In section
1.1.1 we will consider the successes of QCD, the electroweak theory, and QED, and
we will see that the overarching structure of gauge theories has been extremely effec-
tive in explaining the structure of interactions in the SM. This general structure of
particle interactions, dictated by gauge theory, is detailed in table 1.3.

Following this, in sections 1.1.2 and 1.1.3, we will discuss the failures and puzzles
facing the SM. These problems, some of which are purely theoretical, justify the
motivation to look beyond the SM, particularly above the electroweak scale, and

provide hints towards what physics might lie above this scale.

Field | SU(3), x SU(2)w x U(1)y | Spin
Qi (3.2.5) 3
U (3,1,-3) 2
Dg (3.1,3) 3
L; (1,2,—3) 3
E¢ (1,1,1) :
B, (1,1,0) 1
W, (1,3,0) 1
G, (8,1,0) 1
H (1,2,4) 0

Table 1.1: The particle content of the Standard Model, before electroweak symmetry
breaking. The subscript ‘i’ denotes the generation of the particle, of which there are
three.

1.1.1 Swuccesses

Undoubtedly one of the great successes of the SM is that it describes the interactions
of the known particles detailed in table 1.4. The existence of many of these particles,
including the charm [19, 20], bottom and top quarks[21] , and the W= and Z° bosons
[22-24], was predicted well in advance of their discovery. By way of indirect measure-

ments the masses of the weak gauge bosons were predicted to good accuracy before



Parameter Role
g1 U(1)y coupling constant
g2 SU(2)w coupling constant
g3 SU(3)¢ coupling constant
Auet Up-type quark Yukawa coupling to Higgs
Ad.s,b Down-type quark Yukawa coupling to Higgs
Aeur Charged lepton Yukawa coupling to Higgs
012,13,23 Angles in quark mixing matrix
) Phase in quark mixing matrix
foco QCD vacuum angle
my, Higgs mass
An Higgs quartic coupling

Table 1.2: The free parameters of the Standard Model.

their discovery. Although the SM does not explain the magnitude and structure of
fermion masses, it does allow for an adequate description of their mass as a result of
electroweak symmetry breaking through their Yukawa couplings with the Higgs field,
shown in table 1.3. With an exception for the neutrinos, which according to the SM
should have zero mass.

Both QCD and the role of quarks as fundamental constituents of composite nucle-
ons have been experimentally verified in a number of ways. The first hint that QCD
and the quark model are correct is that they lead to the prediction of the observed
baryons and mesons, and simplified models give good estimates for decay widths and
masses [26-28]. Deep inelastic scattering experiments in the 1960’s demonstrated
that the cross-section for electron scattering on protons, as a function of Q?, displays
a scaling behaviour consistent with what one expects if the proton is made up of
less massive constituent particles [29, 30|, known as partons [31, 32], which are now
known to include quarks and gluons. These experiments also showed that quarks
carry fractional electric charges. However, quarks were found to carry roughly less
than half of the momentum of the proton, hinting at the presence of additional neu-
tral particles. These particles, now known as gluons, the force carriers of QCD, were
observed as final-state radiation from quarks in the 1970’s at the PETRA collider
at DESY [33], an effect which was predicted earlier [34]. The SM also predicts that
the QCD coupling constant should become weaker at higher energies [35, 36]. This



Interaction Lagrangian term
Fermion gauge yHi(9, — i > Gany JARE)Y

Higgs gauge (0, — i DGy AU HI|?

Gauge boson | —3 > Fi F F = 8,A% — 0,A% + gf* A} A¢
Higgs Yukawa ~ A Hp + hec.
Higgs potential A (|H}? — %)

Table 1.3: The SM gauge and Yukawa interactions and the mass and self-coupling
of the Higgs doublet before electroweak symmetry breaking. The SM gauge group is
denoted by Ggjs, and the coupling constant is g for a given gauge group. Fermions
of the SM are represented by 1. The generators of the gauge group are denoted by
t%, and they satisfy the commutation relations [t¢,*] = i f®t¢. If we denote by v the
vacuum expectation value of the Higgs field, then we have the relation m,, = Ayv.

‘running’ of the coupling constant has been observed and verified over two orders of
magnitude. Many additional experimental tests involving the high energy scattering
and production of coloured particles verify the correctness of QCD. Non-perturbative
studies, such as those that can be performed on the lattice [37], have also shown good
agreement with observations [38].

The electroweak theory has also been unequivocally verified. This theory predicts
the charged current processes leading to nuclear S-decay and additional neutral cur-
rent processes. These neutral current Z-exchange processes are the only way in which
a neutrino can scatter elastically from a quark or an electron, and were observed at
CERN in 1973 [39]. Since then the W and Z bosons were both discovered at CERN,
and their masses have been measured [25]. These masses have been measured down to
a fractional precision of about 1073, and agree well with the predictions of electroweak
theory [25]. Additional observables, such as decay widths and branching ratios, have
been measured to a high degree of precision and agree well with theory. Trilinear
couplings between the electroweak gauge bosons and photons are predicted by the
SM gauge symmetry and experiments have shown that the full set of these couplings
is required in order to describe diboson production. The mixing between quark mass
eigenstates participating in the weak interactions describes the decays of the strange
and bottom quarks well.

QED also stands up extremely well to experiment, and precision tests now verify
QED predictions down to less than a part in a billion. An example of such a precision

test is the measurement of the anomalous magnetic dipole moment of the electron,



Field | SU3). | U(1)gm Mass [GeV] Spin
u 3 2 1.7-31x107% | 1
c 3 2 1.29709% .
t 3 2 1729£06+09 | 1
d 3 —5 | 41-5T7x107° | 3
s 3 ~1 10050 x 1072 | 2
b 3 ~1 4.671008 :
e 1 -1 511 x 1076 3

1 -1 105.7 x 107* 5

T 1 -1 1.78 z

121 1 0 my,, <2x 1077 3

2 1 0 m, S2x107° | 1L

Vs 1 0 my, S2x107° | L

Yu 1 0 0 1
Z, 1 0 91.2 1
W, 1 1 80.4 1
Gy 8 0 0 1

Table 1.4: The observed particles. Charges under the unbroken symmetries of the
Standard Model are given. Charged particles have an antiparticle with gauge charges
equal in magnitude and opposite in sign. Masses are taken from the Particle Data
Group [25].

which is predicted to be non-zero in QCD, and this prediction has been confirmed in

experiment [25].

1.1.2 Failures

Despite the manifold successes of the SM, some observations exist for which the SM
cannot offer an explanation. The first of these, which is also the closest to home, is
that the Universe contains unequal abundances of baryons and anti-baryons. Such
a baryon asymmetry can develop in the early Universe, in a CPT-invariant theory,
however this requires baryon-number violation occurring at a rate greater than the
expansion rate of the Universe, sufficient CP-violation, and out-of-thermal equilibrium
conditions. These are the famous ‘Sakharov’ conditions [40]. Although all three

conditions can be realised within the SM, unfortunately they are not satisfied to a



great enough extent to explain the observed asymmetry. The greatest problem lying
in the fact that the overall effective CP-violation in the SM is too small in magnitude.
Thus, if we wish to explain the observed baryon asymmetry, we are forced to look
beyond the SM for new sources of CP-violation, baryon number violation, or out-
of-thermal equilibrium dynamics. We will consider baryogenesis in more detail in
Chapter 6, and give a new model for baryogenesis in Chapter 8.

Another problem with the SM is that the lack of neutral right-handed neutrinos,
with no gauge charges whatsoever, leads to the prediction that neutrinos are massless
in the renormalizable model, however neutrino-oscillation observations imply that at
least two neutrino species have mass, and this mass is small m, < 2 eV [25]. This can
be remedied with relative ease by going beyond the SM. Although many solutions
exist, the simplest, and arguably most compelling, solution is to simply add right-
handed neutrinos. However this still leaves some open questions. If, once these extra
neutrinos are added, neutrino masses are purely Dirac in nature then one is left with
the question of why neutrino Yukawa couplings to the Higgs are so much smaller than
for other charged fermions. In fact, neutrino Yukawa couplings would need to be of
O(10~!") for this scenario to work. Alternatively, one can allow Majorana masses for
the right handed neutrinos and then make use of the ‘seesaw’ mechanism which leads

to Majorana masses for the lightest neutrinos of m, ~ A2(H)?/M,,,, where M,, is

R
the Majorana mass of the right-handed neutrinos.! Thus if A, ~ 1 we find the correct
neutrino masses for M,, ~ 10'° GeV. This scale is very large, and hence requires
some form of explanation. Thus we see that, if we wish to explain the small neutrino
masses by taking the conservative step beyond the SM of adding in right-handed
neutrinos, we face more questions that lead even further beyond the SM.

Another observation that hints at more particle physics beyond the SM is the ob-
served abundance of dark matter (DM) in the Universe. The case for the existence of
non-baryonic DM is strong, and the evidence now comes from a variety of independent
observations (see e.g. [42] for a review). There is evidence resulting from velocity-
dependent observations such as galactic rotation curves and the velocity dispersions
of galaxies and galaxy clusters [43-49]. There also exist observations of gravitational
lensing of light passing by galaxies and galaxy clusters [50], the most compelling of
which is the Bullet Cluster, which shows a distribution of matter extending beyond
the observed hot gas, consistent with the expected behaviour of DM [51]. There are
also cosmological observations, such as the cosmic microwave background radiation

[52], baryon acoustic oscillations (see e.g. [53]), supernovae redshift-distance relations

1See e.g. [41] and references therein.



and even the formation of large-scale structure [54, 55]. Thus particle physicists
are obliged to try to explain these observations from a particle physics perspective.
Intriguingly the SM does offer a DM candidate in the form of cosmic neutrinos. How-
ever, as the neutrino masses are constrained to be less than ~ 2 eV, [25], the energy
density due to their relic abundance cannot constitute all of the DM [42]. In addition,
as these neutrinos are light they stay relativistic until late times and hence their mo-
tion also suppresses the formation of structure until late times [56], however, contrary
to this prediction, galaxies have been observed at high red-shift [57], adding to the
arguments against neutrino DM. As a result the predictions for DM are in conflict
with observations, and neutrinos are unsuccessful as a candidate for the majority of
the DM. As neutrinos are the only neutral matter in the SM, this forces us to consider
neutral, massive, particles which may exist beyond the SM. Building new theories of
DM is not a trivial task, as one must evade constraints arising from the lack of ob-
servations of direct and indirect DM interactions with matter, and also explain the
observed abundance in a cosmologically consistent manner, without spoiling any of
the successes of SM cosmology. Thus usually additional structure beyond the simple
addition of a neutral, massive particle is typically assumed, taking us further beyond
the SM. However it should be noted that simple models involving just the addition of
a single particle to the SM are still viable, for example in the ‘Minimal DM’ scenarios
[58].

We discuss DM in greater detail in Chapter 6. In Chapter 7 we describe a new way
in which the indirect effects of a particular class of DM, known as inelastic DM, could
potentially be observed. In Chapter 8 we present a new model that simultaneously
generates DM and baryon abundances in the early Universe, linking the two.

Finally, the SM has nothing to say about the quantum nature of gravity and
simply coupling classical gravity to the SM leads to a non-renormalizable theory, and
thus the loss of predictive power. The scale at which effects arising due to quantum
gravity should become important lies close to the Planck scale, Mp = 1.22 x 10
GeV, which is well beyond the energies at which we probe SM processes. However,
we will see in section 1.1.3 that such effects may well be important for physics at the
weak scale, and thus although the SM is a good effective theory below the weak scale,
steps towards a more complete theory, beyond the SM, should in some way allow for

the potential effects of quantum gravity.



1.1.3 Puzzles

In the previous section we discussed some observations which cannot be explained
without adding greater particle content to the SM. However there also exist an addi-
tional set of puzzles which hint at new physics beyond the SM, even though the SM
does not fail as an effective theory if these puzzles remain unaddressed.

The first of these puzzles has its origin in recent cosmological observations, which
suggest the presence of a cosmological constant, A, in Einstein’s field equations. This
constant cannot be forbidden by any symmetries and is thus perfectly acceptable from
a theoretical point of view. However, as this constant cannot be forbidden by any
symmetries, then from an effective theory perspective one would expect it to take
values close to the fundamental scale of the theory. For a gravitational theory we
would expect the relevant scale to be the Planck scale. However, if we write A = M2,
then observations suggest that M/Mp ~ 2 x 107%". This is a very small number.
Further, even if we wished to set the bare value of A to this value by hand then, by
the lack of a protecting symmetry, quantum corrections should drive it back up to
the Planck scale. Thus, even if one could find a consistent cosmology in which A = 0,
the problem persists - why not A ~ Mp, or even A ~ A§op? With the SM alone
one is then forced to choose an extreme fine tuning of parameters, such that the bare
value, plus quantum corrections, leads to the small value of A observed today. This
fine tuning might be indicative of some extra dynamics beyond the SM, which could
perhaps explain this mystery.

Another apparent fine tuning in the SM appears in a dimensionless quantity,
namely the QCD vacuum parameter: 6gcp. This, physical, CP-violating parameter
is allowed in the QCD Lagrangian, and enters as

2

£o-MIdach g (L)
If we define § = Ogcp — arg det(M,), where M, is the quark mass matrix, then if
0 ~ 1 this would lead to an electric dipole moment of the neutron comparable to
10~'® e.m. However, experimental limits on this quantity set an upper bound on 6 of
0 < 1079 [59-63]. Again, this is an unexpected fine-tuning of a free parameter in the
SM. It is possible to explain this small value if one is willing to go beyond the SM,
and the QCD axion is perhaps currently the most compelling dynamical solution to
this problem [63-67].

An additional puzzle arises when we consider the masses, and mixing structure
of the massive fermions of the SM. All charged SM fermions obtain mass after elec-

troweak symmetry breaking, however these masses span five orders of magnitude



(not including neutrino masses). Although the SM accommodates this possibility in
a technically natural way, it offers no explanation for why the SM fermions have such
a range of couplings to the Higgs. Further puzzles arise in the form of the mixing
parameters in the quark and lepton sector. The quark mixing parameters seem to
obey a rough hierarchy with 615 ~ €, 013 ~ €2, fy3 ~ €3, whereas the neutrinos have
similar, large 693 and 65, and small ;3. It behoves the theorist to explain the ob-
served structure in these parameters, however limits on flavour-violating rare decays,
and on hadron oscillations, are strong and suggest that any physics associated with
the generation of flavour structure should lie well above the weak scale.

The final puzzle concerns the sensitivity of the SM to physics at much higher
energies, in the UV. The SM fermions are protected from gaining mass until elec-
troweak symmetry is broken, due to the chiral nature of their gauge charges. The
vector bosons in the SM are protected from gaining mass by gauge symmetry, and
thus the electroweak bosons can only gain mass at the scale of electroweak symmetry
breaking. However the remaining, as yet undiscovered, particle, the Higgs boson, is
special.

Whenever we consider the new physics that we expect to exist at higher scales,
such as the Planck or GUT scales, then any corrections to the SM that might arise
due to these new fundamental degrees of freedom should come associated with these
mass-scales.? From an effective field theory perspective, then at low scales there
should be corrections to already existing operators, or even the generation of new
operators, in the SM involving powers of the Planck mass or the GUT scale. We
would then also expect the Higgs mass to be subject to these corrections, and expect
it to be dragged up to these high scales by integrating out the new physics, even if
the ‘bare’ mass is at the weak scale. The scale of electroweak symmetry breaking
is determined from the Higgs mass, and thus we are left with a well-defined puzzle:
why is Mgw ~ 107Mp, or Mpw < Mayr? Thus if we are to embed the SM into
a larger theory containing higher mass-scales, in the absence of any symmetry or
principle protecting the Higgs from these corrections, we have to accept unnatural
fine-tunings at all loop orders. This is the hierarchy problem, and has been a central

consideration to many ideas concerning physics beyond the SM. This puzzle hints at

2A clear analogy arises when we consider nuclear beta-decay. Nuclear beta-decay occurs at
energies many orders of magnitude below the weak-scale, however it can be well described by a non-
renormalisable four-fermion operator suppressed by a weak-scale mass-squared. Thus the presence
of new physics at energies of ~ 80 GeV could be inferred well before the W-boson was produced in
colliders.



some extra physics, or symmetry, which protects the Higgs mass down to much lower

energies, making it insensitive to physics at the Planck-scale, or any other high scale.

1.2 Beyond the Standard Model

Any theory of physics beyond the SM should attempt to address the failures of the
SM discussed before. However, as the number of possibilities in any such attempt is
very large, it is appealing to use the puzzles of the SM as a guide towards general
structures. Developing theories with DM candidates, small neutrino masses, or suc-
cessful baryogenesis, typically requires the addition of some new particles. However
the nature of the hierarchy problem is such that radical changes to the theory are re-
quired if the Higgs sector is to be protected from physics at energy scales 16 orders of
magnitude above the weak scale. For example, these radical changes can include ad-
ditional strongly-coupled sectors, of which the Higgs boson is a composite of strongly
coupled fermions. Or they can come in the form of small, warped, extra spatial di-
mensions in addition to the three we are familiar with from everyday experience. Or,
perhaps most radical, is to introduce additional, fermionic, space-time symmetries

under which the Higgs boson transforms. This last option is called Supersymmetry.
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Supersymmetry

11



Chapter 2

Supersymmetry

2.1 Supersymmetric theories

We saw in section 1.1.3 that in order to address the hierarchy problem it is necessary
to protect the Higgs from receiving large corrections to its mass from physics at high
scales. It is difficult to do this by charging the Higgs under a bosonic symmetry, such
as a U(1) symmetry, as the mass-term is already invariant under such a symmetry.
However, this is not necessarily true if we allow the Higgs be charged under a symme-
try which has non-trivial space-time structure. In 1967 Coleman and Mandula proved
that it is impossible to combine the Poincaré and internal symmetries in any but a
trivial way. Intriguingly, this proof only applied to Lorentz scalar, i.e. bosonic, inter-
nal symmetries, and in 1975 Haag, Lopuszanski, and Sohnius showed that, in addition
to internal and Poincaré symmetries, it is possible to extend the Poincaré symmetry
to include spin-1/2 generators in a consistent quantum field theory. This extension
is known as supersymmetry. The supersymmetry generators must commute with the
Hamiltonian, and convert fermionic states to bosonic states, and vice-versa. We call
the SUSY generators Q, (a = 1,2) and their complex conjugate Q,, (& = 1,2). These

are spinor quantities, and obey the commutation and anti-commutation relations

[PN’ Qa] = [P“aaa] =0 (2]‘)
{Qaa Qﬁ} = {@d’@ﬂ} =0 (22)
{Qa, Qp} = 207,P, (2.3)

where P* is the generator of translations. I have shown only the commutation and
anti-commutation relations for one set of supercharges, e.g. N' =1 SUSY, however it

is straightforward to generalise these relations to more supercharges. I will continue to
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focus on the case of N'=1 SUSY throughout this thesis. As these generators change
the spin of a state by a unit of 1/2, one would expect that in a supersymmetric
theory states come with some sort of ‘multiplet’ structure, in which there is a state
of spin S and a state of spin S + 1/2, where S = 0,1/2 for a renormalizable theory.
These multiplets are called ‘supermultiplets’, and we will now consider how they are
constructed.

In order to begin constructing such multiplets it is instructive to begin by consid-
ering the supersymmetry algebra as a graded Lie algebra. By extending the analogy

with space-time translations, we define the group element
G(x,0,0) = e znP"—0Q-0Q) (2.4)

where 6 and 6 are anti-commuting parameters. Now, using Hausdorff’s formula one
can show that under a transformation with parameters {x, 0, 8} followed by a SUSY

transformation with parameters {¢,} we have the set of transformations

o' — 2t +ifotC —iCot0 (2.5)
0 — 0+¢ (2.6)
0 — 0+C . (2.7)

This transformation in parameter space can be generated by the differential op-
erators () and Q

CQ+¢Q =~ (i — w“@"‘au) + ¢, (i — i@aa“.eﬁdﬁu) . (2.8)

00~ o 00, af

Again, by analogy with fields which are functions of space-time co-ordinates, we

can define a superfield as a field which is a function of the co-ordinates {z,6,0}.

Henceforth we will write superfields in bold font, and their component fields in plain

font. As @ and 6 are Grassmann parameters, the Taylor expansion of a superfield in

these co-ordinates terminates as, e.g. 6,6, = 0. Thus, calling our superfield F(z,6,6),

and expanding in the Grassmann parameters, we have

F(z,0,0) = f(z)+ 0¢(z)+ 0x(x) + 00m(x) + 00n(z) + 0o*0v,(x)
+000\(x) + 000 () + 0000d(x) (2.9)

which transforms under a SUSY transformation as
0 F(x,0,0) = (CQ+CQ)F . (2.10)
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By comparing individual powers of 6 after applying the SUSY transformation of
eq.(2.10) we can determine how the individual fields transform. Also, as the Taylor
expansion in # terminates, we can see that the product of two, or more, superfields
must itself be a superfield, where the individual component fields are products of
component fields of the original ‘fundamental’ superfields.

Now we have a linear representation of the SUSY algebra, however, this represen-
tation can be reduced. We define a chiral superfield, ®, by the constraint D,® = 0,
where Dy = —0/ 00" — i0%0".,0,. Thus our chiral superfield takes the form

®(r,0) = A(x)+i00"00,(x)A(x) + i@@@@ua“A(x)

%eeaﬂwaﬂé + 00F () (2.11)

and an anti-chiral superfield takes a similar form, following from D,®' = 0.

V200 (x) +

The components of the superfield in eq.(2.11) transform under SUSY transforma-

tions as
5A = V2 (2.12)
St = iV20"CH, A+ VAF (2.13)
o F = V2500 . (2.14)

From these transformations we see that the F-term transforms into a total deriva-
tive. If all fields vanish at infinity then the F-term of a chiral superfield forms a
SUSY-invariant Lagrangian term. It follows that the F-term of any product of chi-
ral superfields is a SUSY-invariant Lagrangian term. In addition, the 620" term in
®T® also transforms into a total derivative. This term is then also a candidate for a

SUSY-invariant term in the Lagrangian, and is given in component form as
o'd = I*F 1A*82A 182A*A 18 A*OrA
e = FEAATAL 0NN =50,
U — T—_
+§au1/10'#¢ — 51/10'# Nw (215)

clearly giving the kinetic terms for the individual component fields.
Thus we are in a position to construct a SUSY-invariant theory with chiral su-
perfields. We can introduce one further ingredient which simplifies notation. If we

define [df =0 and [ 0df = 1, then we can write our supersymmetric Lagrangian as
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where the first term is usually referred to as the Kahler potential, K, and the second

term is the Superpotential, W, so we can re-write this Lagrangian as
L= /d@d%K(cpj, P,) + /dZOW(cln) + /d2§W*(<I>;‘) : (2.17)

where W is a function of chiral superfields only, and not their conjugates. Because of
this we say that the superpotential is a ‘holomorphic’ function of the chiral superfields.
By defining W' = %bzo, and W% by analogy, then we find

/dQHW(@i) =W'F; — §W”1pi¢j — (total derivative) . (2.18)

By inspecting the kinetic terms for the component fields in eq.(2.15) we can see
that there are no derivative terms for the field F', and thus it does not propagate.
We can then simplify the supersymmetric Lagrangian by solving the Euler-Lagrange
equation for F', i.e. solving OL/OF = 0. After performing this final step we find
that F; = —W*. Using this, rearranging total derivative terms, and employing the
equations of motion, our final supersymmetric Lagrangian, in component form, is

. - 1, i ‘
L= QA A+ T — 5 (W”Wﬁj T WD w) —WEW, (2.19)

J

This completes the construction of theories with N’ = 1 supersymmetry containing
scalars and fermions.

In order to include gauge interactions we must also construct theories with vector
fields, which are contained in real vector superfields. These arise by considering a
superfield, V', which is constrained to satisfy V* = V. Such a superfield can be
constructed from the general superfield in eq.(2.9). The general form for V' contains
numerous component fields, however it is possible to remove some of these fields by
performing a suitable gauge transformation. The supersymmetric generalisation of
an Abelian gauge transformation acts on Vas V.— V + A + A", where A is a chiral
superfield. It can be seen by comparing eq.(2.9) and eq.(2.11) that this will correspond
to a gauge transformation of v, (x) = v,(x) + J,(A(x) — A*(x)), as expected.

By choosing the ‘Wess-Zumino’ gauge, in which the extra unwanted component

fields are gauged away, we have
_ __ _ 1
V = —0o"0v,(x) + 1000\(x) — i000X(x) + 50009D(x) , (2.20)

where v,(z) is a vector field, A\(z) is its fermionic partner, the ‘gaugino’, and D(z)
is a scalar field. We see that V is the supersymmetric generalisation of the Yang-

Mills potential A*. The transformation of the component fields under supersymmetry
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can again be calculated, and it is found that the field D(z) transforms into a total
derivative. We will also need to construct a gauge-invariant field strength. From
eq.(2.20) we see that the lowest gauge-invariant components are A and A. Hence we
can construct a gauge invariant chiral superfield W, = —%EDQV, where chirality
follows from E,B'Wa =0.

Now we can construct supersymmetric kinetic terms for the gauge fields as

/ d2eiwawa + / d@inWd = %D2 - %F””Fw — A" ON (2.21)
This completes the construction of an Abelian SUSY gauge sector, however it now
remains to include gauge interactions with matter fields.

The lowest component of a chiral superfield is a complex scalar field, which will
transform under Abelian gauge transformations by multiplication of a space-time de-
pendent phase. It is clear, then, that in the language of superfields, a gauge transfor-
mation of a chiral superfield will proceed as ® — e~9A®. By considering the gauge
transformation of a vector superfield we then see that the combination ®*e9V ® is
gauge invariant, however ®*® is not. Therefore, to construct a supersymmetric the-
ory with gauge interactions we use the gauge kinetic terms of eq.(2.21), we impose
that the superpotential W is gauge invariant, and we adapt the Kahler potential
terms to the form ®*® — ®*cIV ®

Finally, from eq.(2.21) we see that we have a new non-propagating auxiliary field,
D. Once again we can solve for 9L£/0D = 0 and find that D = ¢, ¢;A*A;. After
performing this final simplification, rearranging total derivative terms, and extending
to the case where the chiral superfields transform under a non-abelian gauge symme-

try, we have a supersymmetric gauge theory, with Lagrangian

1 ~a ; 1t
L = —JF"E, +iX "D + DMA*ZD“AZ- +ip T Dyt

+iv29 > (AT A — N ToAY) Z ZA*ZT“A

a

—% (W’wi% + W'D ) W W, (2:22)

where D, is the gauge-covariant derivative, and T is a generator of the non-abelian
gauge group. This completes the construction of supersymmetric gauge theories.
It is possible, but not required, that a supersymmetric theory can possess a global

U(1) symmetry under which 6 transforms. This symmetry is usually referred to as an
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R-symmetry, and it is special as it distinguishes between components of a supermul-
tiplet. If this symmetry is present, and 6 has charge gr then the superpotential has
charge 2qr and individual physical components of a chiral or vector superfield differ
in charge by a unit of gg. Any other global symmetries act on individual components

of a chiral multiplet in the same way, and do not act on vector multiplets.

2.1.1 Quadratic divergences

One of the most attractive features of SUSY is the absence of quadratic divergences.
This can be explained quite simply, although this section does not constitute a
rigourous proof. As shown before, the superpotential is a holomorphic function of
the chiral superfields. In addition, any relevant operators must arise from the su-
perpotential in a renormalizable SUSY theory. We can consider any parameters as
SUSY-preserving vacuum expectation values (vevs) of some background chiral super-
field, and can then write our superpotential with the understanding that all parame-
ters are actually vevs of fields, and assign global symmetry charges to these vevs to

find the selection rules. For example, we can consider a toy model with superpotential
m .o A3
W = Ed) + §¢ ) (2.23)

This theory has a global U(1)g symmetry and a global U(1) symmetry, which are
both broken by non-zero values for m and A, i.e. VEVs. However we can still use the
selection rules that arise as a result of these symmetries. We can then write down
all renormalizable, holomorphic, terms which behave well in the limits m — 0 and
A — 0. Doing this we find that the only superpotential terms that are allowed are
those already in eq.(2.23). Thus if we consider renormalizing this theory down to
some scale then no new terms can arise in the superpotential involving the cut-off.
This has been proven at a greater level of rigour for SUSY theories using supergraph
techniques [68-71], and using the holomorphicity of the superpotential [72, 73], and
is general referred to as the ‘Non-renormalization” theorem.

The Kahler potential gives the standard kinetic terms, which are still renormalized,
giving rise to wavefunction renormalization. Therefore terms in the superpotential
are only renormalized through wavefunction renormalization. Wavefunction renor-
malization is only logarithmic in the cut-off, hence no quadratic divergences occur in
this theory. Again, it can be shown, along these lines, that this is true in general for

SUSY theories.
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2.1.2 Supersymmetry breaking

As we have not observed any scalar particles with electric charge —1 and a mass of
511 keV we must conclude that the Universe is not supersymmetric, i.e. supersym-
metry is broken. However, this does not mean that supersymmetric theories don’t
offer a resolution to the hierarchy problem: If supersymmetry is restored at high en-
ergies then the hierarchy problem is relieved to the point that the only troublesome
hierarchy is between the electroweak scale and the scale at which the theory becomes
supersymmetric.

If we want a theory in which a symmetry is present at high energies, but appar-
ently absent at low energies, we require that the symmetry is spontaneously broken
somewhere along the way. As supersymmetry is inherently tied to space-time sym-
metries we must be careful if we want to break supersymmetry spontaneously but
not Lorentz symmetry. From the last of the anti-commutation relations in eq.(2.3)

we see that the vacuum energy, Fy, is given by

H = Py = 1({Qu@1) +{@2. @) (2.24)

As a result, in a globally supersymmetric theory, (0| H|0) # 0 implies that (),|0) # 0
or Q,4|0) # 0, and supersymmetry is broken. If we want to find a vacuum in which
supersymmetry is spontaneously broken we must then find one with non-vanishing
energy density. If we want to maintain Lorentz symmetry then the only fields which
obtain vacuum expectation values (VEVs) must be Lorentz scalars, hence the only
candidate terms are from the scalar potential. However the scalar potential comes
from Viealar = %F MR %D“D“. Thus we know that for a supersymmetric theory
to spontaneously break supersymmetry requires a cosmologically stable vacuum in
which F; # 0 or D* # 0.

By analogy with spontaneously broken global symmetries, which give rise to a
massless Nambu-Goldstone boson, when global SUSY is spontaneously broken this
leads to a massless Nambu-Goldstone fermion, named the ‘Goldstino’. Why this is so
can be seen quite simply for F-term breaking of SUSY. At the minimum of the scalar
potential we require that dV/dA; = 0 and this implies that W} W% = 0. If there is
F-term SUSY breaking then Abs[W;*] # 0, and hence W;; has a zero eigenvalue, with
eigenvector W;*. But the fermion mass matrix is given by W;;, and, as a result, there
must exist a massless fermion, which lives in the chiral multiplet that breaks SUSY. A
similar argument applies for D-term breaking, however in this case the goldstino is a

gaugino of a vector multiplet. In Chapter 4 we investigate the possibility of multiple
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‘Goldstini’ which might arise if SUSY is broken dynamically by a SUSY QCD-like
theory.
The spontaneous breaking of supersymmetry leads to mass-splittings between

component fields of a superfield. It can be shown that in a theory with spontaneous
SUSY breaking a mass-sum rule, Tr[M2 . ] = 2Tr[M?

cealars formions)» Where the scalars are

real, is obeyed. This rule implies that if SUSY is broken spontaneously in the visi-
ble sector we should have observed scalars with SM charges as light as the lightest
fermions. As these scalars have not been observed then SUSY must be broken in
another sector, and then this SUSY-breaking must be communicated to the visible
sector, raising the masses of the unobserved superpartners.

This pattern of SUSY-breaking can be accounted for if we allow for some ‘spurion’
superfield, X, with non-zero F-term in the vacuum, i.e. (X) = 6*Fx. Alternatively
one can consider a vector superfield with a non-zero D-term. If some ‘messengers’
which communicate with the SUSY-breaking sector and the visible sector have mass
My > Myea we can integrate them out, and include their effects by considering the
effective field theory, with higher dimension operators involving the field X and the

visible sector fields. Operators such as

Xtx

K> —
M3,

&P, WD MiM@icI)jcbk , WD MiMWO‘Wa : (2.25)
lead to SUSY-breaking mass-terms for the scalars of a chiral superfield, m = Fx /My,
trilinear scalar interactions, |A;jx| = Fx /My, or mass terms for the gauginos in a
vector superfield, My = Fx/M,y;. All such terms break supersymmetry ‘softly’, as
they do not introduce new quadratic UV -divergences into the theory, and only lead
to quadratic divergences up to the scale of the soft-terms.

The messenger superfields could be associated with some UV-completion, and
would thus typically have My, ~ Mp, where Mp is the Planck mass. This scenario is
usually referred to as ‘Gravity Mediation’. Alternatively they could potentially have
much lower mass, and communicate with the visible sector through gauge interactions.
In this case My is not set, but the soft terms come dressed with a loop-factor involving
gauge charges.

As SUSY must be broken in a ‘hidden sector’ this raises the possibility that there
may be multiple sectors which break SUSY. In Chapter 5 we show that even if only
one fundamental spontaneous SUSY-breaking sector exists this SUSY breaking can
lead to other sectors being ‘stimulated’ into spontaneously breaking SUSY at much

higher scales than the breaking experienced due to the fundamental SUSY breaking.
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In Chapter 4 we also study the implications that multiple SUSY-breaking sectors

would have for physics at the weak scale.

2.1.3 Swupergravity

General relativity (GR) is a successful theory of gravity on macroscopic scales, and
is hence desirable in any physical theory. We can think of GR as a theory of gauged
local Lorentz transformations, however, by going to a SUSY theory we have extended
the Lorentz group to include fermionic generators. Thus, if we gauge the Lorentz
transformations we must also gauge local SUSY transformations in order to maintain
SUSY. In doing so we find a theory of local supersymmetry. This theory is called
‘Supergravity’ (SUGRA). It is sometimes touted as a surprising, and/or compelling,
feature that gauging SUSY leads to GR, however this should really come as no surprise
as we still have the Lorentz group as a subgroup of the general SUSY transformations,
and one should then expect that gauging these transformations would lead to GR.

There are many interesting features of SUGRA, which is a subject of much study
in its own right, however, for brevity, we will only comment on the features rele-
vant to this thesis. Perhaps the most interesting relevant feature of SUGRA is the
requirement of a new spin-3/2 field, called the gravitino, which is partnered with
the graviton. This field has its own set of Planck-suppressed interactions with other
SUSY fields. An interesting analogy with local gauge theories arises when SUSY is
spontaneously broken. When a global symmetry is spontaneously broken we expect
a massless Nambu-Goldstone boson, and if this symmetry is gauged we expect this
boson to be ‘eaten’ by the massless gauge boson, leading to a massive gauge bo-
son. Interestingly, when SUSY is spontaneously broken we have a massless fermion,
the goldstino, however in a SUGRA theory this goldstino is ‘eaten’ by the gravitino,
leading to a massive gravitino.

If multiple SUSY-breaking sectors are imbedded in SUGRA then only one com-
bination of the multiple goldstini is eaten by the gravitino. However, somewhat
surprisingly, the other ‘left-over’ goldstini acquire a tree-level mass of 2mg/, [74, 75].
In Chapter 4 we demonstrate this explicitly, along with alterations and additions to

this scenario that can arise.

2.1.4 The MSSM

Now we are equipped to construct a supersymmetric theory of the known particles

and interactions. We will consider first the minimal model, a.k.a. the ‘Minimal Super-
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symmetric Standard Model” (MSSM). In a supersymmetric version of the SM we will
have to introduce superpartners for all of the known fields of the standard model. It
is conventional notation to denote a superpartner of a SM field with a tilde, i.e. a €,
is the superpartner of the left-handed electron. The fermions of the standard model
are contained in chiral superfields, and thus we introduce ‘squarks’ in addition to the
quarks, and ‘sleptons’ in addition to leptons. Scalar partners of SM fermions are indi-
vidually named with an ‘s’ in front of the name of their fermion partner, i.e. sneutrino,
selectron, sbottom, etc. The gauge fields will have to live in a vector superfield and
will thus have fermionic superpartners. The partners of the gauge fields are termed
‘gauginos’ and, in specific cases, are differentiated from their bosonic partners by the
suffix ‘ino’. Thus along with gluons we now have gluinos, with W-bosons winos, and
with the hypercharge boson the bino. After electroweak symmetry breaking we have
charginos and two neutralinos from the electroweak gauge sector.

The simple extension of the SM to a SUSY theory enters difficulties when we
consider the SM Higgs boson. Because the Higgs is a scalar, in a SUSY theory it will
have a fermionic partner, the higgsino. This higgsino will have SM gauge charges and
is a new fermion contributing to anomalies in the previously anomaly-free SM. Thus
in order to cancel this new contribution we must add an additional chiral superfield
with the opposite gauge charges of the Higgs. Hence a supersymmetric theory has
two Higgs doublets, as opposed to one in the SM, and these doublets are ‘vector-
like’, as they have equal and opposite gauge charges. It is often stated that, as the
superpotential is holomorphic and terms such as HZT]QDC are not allowed, then an
extra Higgs doublet must be introduced in order to give down-type fermions mass.
However this is not strictly true, as we know that SUSY must be broken, and once
SUSY is broken such arguments do not apply. In Chapter 3 we construct an explicit
SUSY model which makes use of this fact. This model has only one Higgs doublet,
and thus the Higgs sector is very close to that of the SM, unlike in the MSSM.

The superfields of the MSSM are summarised in table 2.1.4. The kinetic terms
and gauge interactions for all fields are as in eq.(2.22), and the superpotential for the
MSSM is

WMSSM = ,uHqu + )\uHuQUc + )\dI‘IdQ.Dc —f- )\eHdLEc (2.26)

where the \ are 3 x 3 Yukawa couplings and summation over flavour indices is im-
plied. Additional gauge-invariant, renormalizable, terms which violate baryon or
lepton number are also allowed. These are LLE®, U¢D°D*¢, LQD*¢ and u;,LH,.

These terms can lead to rapid proton decay, amongst other forbidden processes, and
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Field Gauge rep. R-parity Supermultiplet
Q (3,2, ¢) -1 Chiral
Uc (3,1,-2) -1 Chiral
De (3,1,3) -1 Chiral
L (1,2,—3) -1 Chiral
E° (1,1,1) ~1 Chiral
H, (1,2,1) 1 Chiral
H, (1,2,-3) 1 Chiral
G (8,1,0) 1 Vector
w (1,3,0) 1 Vector
B (1,1,0) 1 Vector

Table 2.1: The superfield content of the MSSM.

thus should be suppressed. To do this we impose an additional global symmetry by
hand. This symmetry is a discrete Z, symmetry known as R-parity. The R-parity
charges of the MSSM superfields are shown in table 2.1.4, and the Grassmann pa-
rameter 6 is also odd under this parity, hence the name ‘R’-parity. As 6 is charged
under this parity superpartners within a supermultiplet have different charges. Thus
all SM fermions, gauge bosons, and both scalar Higgs doublets are even under this
parity, whereas all superpartners such as gauginos, squarks, sleptons and higgsinos,
are odd. Hence R-parity distinguishes between the SM particles and those which we
have added, with the exception of the extra Higgs doublet. The model in Chapter 3
extends this R-parity to a full, anomaly-free, U(1)g symmetry.

The model as described so far is completely supersymmetric, however we have
not observed any R-parity odd particles, and thus we must softly break the super-
symmetry. This is achieved at a phenomenological level by adding soft masses for all
scalar fields and all gauginos. We must also add to the scalar potential trilinear scalar
interactions with the same structure as the trilinear terms in the superpotential in
eq.(2.26), as well as a ‘B, term £ D BuH, H; which mixes the two Higgs fields. All
such soft-parameters are, in general, complex, and need not have the same flavour
structure as the SM Yukawa couplings. This completes the construction of the MSSM

as a phenomenological model.
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2.1.5 Successes and motivation

The greatest success of the MSSM is that it addresses the hierarchy problem by
removing quadratic divergences, thus stabilising the electroweak scale against correc-
tions from unknown physics in the far UV. There are however, additional hints that
add to the appeal of the MSSM. We briefly discuss these in no particular order.

It has long been hoped that all of the observed forces could be unified into one
unique structure. Including gravity in this unification would likely require drastic
measures, and one good candidate for such unification is string theory. However, a
more modest goal is to unify the three non-gravitational forces, strong, weak and
electromagnetic, into a grand unified theory (GUT). The weak and electromagnetic
forces are successfully described by the electroweak theory, however it still remains
to unify the strong with the electroweak. Evidence for such unification would arise
if all three coupling constants unify at a given energy, at which point additional new
physics enters the game and all three forces unite into one gauge theory. One hint
that the MSSM may underpin the structure of the SM comes from how the three
gauge couplings run. With the particle content of the SM, when you run the gauge
couplings for SU(3)¢, SU(2)w and U(1)y up to arbitrarily high energies they almost
converge, but eventually miss each other. When one includes the additional particles
of the MSSM and calculate the running of the gauge couplings at one-loop they meet
very accurately [76], however at two-loops the gauge-couplings have to be taken away
from their central values at the electroweak scale in order to maintain the unification
(see e.g. [77]). This happens at an energy scale of ~ 10'® GeV, however the precise
value depends on the masses of the superpartners. This could just be a coincidence,
but can also be interpreted as a hint that the MSSM may fit into a GUT, and is in
fact a hint of such structures at high energies.

An additional, unexpected feature of the MSSM is that, for a large range of
parameters, the mass of the up-type Higgs boson is driven negative by radiative
corrections. The result being that even if the electroweak gauge symmetry is unbroken
in the theory at high energies, when one runs all of the parameters down to the weak
scale the Higgs mass-squared becomes negative, and the electroweak gauge symmetry
is spontaneously broken. This is due to the large Yukawa coupling of the Higgs
multiplet to the top multiplet. Electroweak symmetry breaking in this manner is not
always guaranteed, however it does seem to be a fairly generic feature of the MSSM,
and similar extensions. Additionally, the Higgs seems to be special in this respect as

for most parameter regions no other scalars are driven to develop a vev.
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Another hint lies in the problem of baryogenesis. It is known that in order to gen-
erate an asymmetry between baryons and antibaryons in the early Universe the three
conditions of baryon-number violation, CP-violation, and out of thermal equilibrium
dynamics must be satisfied. It was once hoped that such conditions could be present
during the electroweak phase transition, as there is CP-violation in the quark sector,
baryon-number violation due to electroweak non-perturbative effects (sphalerons) and
if the electroweak phase transition is strongly first-order enough then in the bubble
walls, which separate the symmetric phase from the broken phase, there should exist
out of thermal equilibrium conditions. Unfortunately, in the SM these conditions are
not met to the extent that the observed asymmetry can be achieved. However, going
beyond the SM it is possible to meet these conditions, with the introduction of new
sources for all three necessary conditions. A plethora of models for baryogenesis exist,
but even within the MSSM such a scenario is now possible.

A further attractive feature of the MSSM arises as a result of protecting protons
from decaying. In section 2.1.4 we showed that an extra global symmetry, R-parity,
must be imposed in order to conserve baryon number and lepton number at the
renormalizable level. This extra symmetry largely distinguishes between SM particles
and their partners, and has the consequence that the lightest of the superpartners
cannot decay, and is thus cosmologically stable. If this stable particle is charged, or
coloured then this stability is disastrous, however if it is neutral then it may be a
candidate for DM. It turns out that there are ten neutral particles, four ‘neutralinos’
which are each a mixture of the bino, zino, and two higgsinos, and there are also
three neutral sneutrinos. The correct abundance of all of these particles can remain
as a result of the thermal freeze-out mechanism, suggesting that they could be the
DM. DM direct detection experiments place stringent bounds on how strongly the
DM can couple to nucleons, and this rules out the left-handed sneutrinos as DM
candidates, however if the lightest neutralino is dominantly made up of higgsino, or
bino, components then it can still make a good candidate for DM. Thus, as a result
of protecting the proton from decay, the MSSM contains a good candidate for DM.

The MSSM as described so far does not offer a mechanism to generate neutrino
masses, however simple alterations or additions can allow for the generation of non-
zero neutrino masses.

Thus we see that even the simplest supersymmetric extension of the SM comes
with appealing features, and may lead to remedies for the failures of the SM, while

offering a solution to the hierarchy problem.
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2.1.6 Experiment

As yet there exists no experimental evidence for the existence of SUSY. However,
a dearth of experimental evidence is at the moment no cause for concern, however
it does imply that supersymmetric models are pushed into parameter regions where
they become less natural as a solution to the hierarchy problem. This is because
experiments have only, within the last year, begun to probe the energies at which we
expect SUSY to become manifest. The limits on the Higgs mass from LEP, m; = 114
GeV indirectly suggest that, in a SUSY theory, the stop squarks should have a mass
at the TeV scale. This is because large radiative corrections are required to push
the Higgs mass up this high, and this requires a small hierarchy between the top
and stop to give large enough quadratic corrections. At the time of writing current
limits from the LHC running at 7 TeV, with 165pb ™" of integrated luminosity, require
that squark and gluino masses should be roughly greater than a TeV, [78]. This is a
model-dependent bound, and relies on the assumption that all squarks of the first two
generations are degenerate in mass. If one relaxes this assumption then the bounds on
squark masses are substantially weakened. It is not always clear how such limits will
translate to models other than the MSUGRA /CMSSM model that has been studied,
however, one would expect that the limits on coloured particles such as gluinos are
relatively robust against changes to the model, as the QCD processes contributing to
sparticle production are set by SUSY and gauge invariance, and cannot be altered.

The allowed parameter range for R-parity conserving SUSY theories is also limited
by DM considerations. One requires that the LSP must be neutral, and must also
not contribute more DM than is observed. In addition, bounds from both direct and
indirect detection experiments limit the dark-matter nucleon scattering cross-section
and the DM annihilation cross-section and products. These properties are set by the
parameters in a SUSY theory, and are thus indirectly restricted.

A quantitative approach aimed at understanding the experimental situation is to
consider how ‘fine-tuned’” a SUSY model which evades all constraints is [79]. If the
sparticle masses, and other parameters, need to be pushed too far then the fine-tuning
increases and SUSY becomes a less appealing solution to the hierarchy problem. It
should be noted that most models with low fine-tuning are already in conflict with
experimental limits, although some models with low fine-tuning have squark and
gluino masses in excess of 1 TeV, and are yet to be probed [79].

The LHC experiments have already collected 1fb™' of data, and results from
analysis of this data are expected to be made public soon. With this amount of

data the LHC will be probing much, but not all, of the favoured parameter space for
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SUSY models, and will have the potential to discover, or cast serious doubt, on SUSY.
Within the next few years the LHC should discover any new physics at the TeV scale,
and will thus give the final word on whether or not our Universe is supersymmetric
at the TeV scale.

2.1.7 Remaining, and new, puzzles

Although the MSSM has many attractive features, it does not explain why the cosmo-
logical constant is positive, and so small, although it does relieve the hierarchy a little.
This is because unbroken global supersymmetry implies zero vacuum energy, and un-
broken SUGRA implies negative semi-definite vacuum energy. Thus, when SUSY is
spontaneously broken, the vacuum energy is tied to the SUSY-breaking scale, which
is necessarily below the Planck scale. The magnitude of the SUSY-breaking scale
is not known, however it must be greater than a TeV, which is still many orders of
magnitude greater than the observed scale of the cosmological constant. In addi-
tion, although it is straightforward to implement solutions to the strong-CP problem
within SUSY, SUSY does not itself offer an explanation for this puzzle.

SUSY also comes with some new puzzles and problems. Possibly the greatest
problem once SUSY is broken lies in the flavour structure of squark and slepton
masses and trilinear couplings. There is no reason, a priori, for the flavour structure
of the soft terms to match that of the SM. However, unless there are hierarchies in
the squark and slepton masses, a high degree of degeneracy, or an identical flavour
structure to the fermion masses, then these particles lead to unacceptably high rates
of flavour violating processes. Thus particular structures must be imposed at the TeV
scale, or particular forms of SUSY-breaking assumed at higher scales. This puzzle
is taken seriously when considering how SUSY is broken, and how this breaking is
communicated to the MSSM. In Chapter 3 we present a model in which these problems
are ameliorated due to an R-symmetry which suppresses the processes which lead to
high rates of flavour-violating processes.

There is also the problem of the p-parameter in the Higgs sector. Although this
parameter is safe from quadratic corrections, it is supersymmetric and could thus, in
principle, take on any value, unlike the SUSY-breaking parameters which should all
be determined by the scale of SUSY-breaking. If we wish for electroweak symmetry
breaking to occur we then require that p is similar to the scale of soft SUSY-breaking
terms in the MSSM. Why this is so, and why u does not take on Planckian values, is

know as the p-problem.
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Another puzzle takes the guise of R-parity. As discussed, R-parity, or some suit-
able global symmetry, must be imposed in order to protect the proton from decaying.
However in the SM the proton is automatically stable as baryon-number conservation
is an automatic consequence of the gauge charges of the SM fields (at low temper-
atures). In effect proton stability comes for free in the SM, but not in the MSSM.
Why the Universe should choose to exhibit such a discrete symmetry is a puzzle.

These problems are not fatal, and are puzzles rather than failures. Simple solutions
or explanations exist for all of the new puzzles which have arisen as a consequence
of SUSY, and the puzzles themselves are useful in guiding us towards the possible

structure of physics well above the TeV scale.

2.1.8 Alternatives to SUSY

It should be noted that alternative solutions to the hierarchy problem do exist. One
very plausible solution is known as ‘Technicolor’ and protects the electroweak scale
from quadratic divergences by requiring that all fundamental particles are fermions,
making scales only logarithmically sensitive to the UV. In this way electroweak sym-
metry breaking occurs whenever some fermions, charged under a strongly-coupled
gauge group, condense. If this condensate transforms under the electroweak gauge
symmetry then its condensation will break this symmetry down to electromagnetism.
Such theories are, however, difficult to construct and study due to the strongly-
coupled nature of the problem. However Technicolor does still constitute a viable
alternative to SUSY.

Perhaps less plausible, but still worth considering, are extra-dimensional scenarios.
In this scenario the SM lives on a 4D ‘brane’ in a higher dimensional background. If
gravity propagates in the extra dimensions, (which could even be warped), but the
SM forces are constrained to the brane, then the extra dilution of gravity leads to
a natural hierarchy between the scale of gravity and the weak scale. This class of
theories has received a great deal of attention and are also interesting alternatives to
the SUSY paradigm.

2.1.9 Summary

We have seen that SUSY is a very rich framework in which to address the failures
and puzzles of the SM. While the ATLAS and CMS experiments at the LHC continue
to probe the energy scales at which we expect SUSY to become manifest, there is

much work still to be done from a theoretical perspective. Much focus, at the TeV
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scale, for the last thirty or so years has been concentrated on the MSSM, however it
is interesting to explore avenues along which the MSSM is modified. In Chapter 3
we present a new SUSY model for the TeV scale, which has a number of appealing
features over the MSSM.

It also remains to understand SUSY-breaking fully, and how such SUSY-breaking
fits in with our current ideas about physics in the far UV, up to the Planck scale.
In Chapter 4 we consider the low energy phenomenology of multiple SUSY breaking
sectors, and how this depends on the details of how SUSY is broken in each sector.
In particular, we show that if a hidden SUSY QCD-like sector lies in a metastable
SUSY-breaking vacuum then a rich spectrum of multiple ‘Goldstini’ and ‘Modulini’
can arise within this one sector, all with mass ~ 2msg /s, leading to novel possibilities
for probing the dynamics of hidden SUSY-breaking sectors.

One might also wish to understand how multiple sectors may influence each other.
In Chapter 5 we describe a novel phenomenon which can arise in the context of
multiple sectors. If one, primary, sector breaks SUSY spontaneously then this can
trigger other, secondary, sectors into breaking SUSY spontaneously, even if they are
incapable of doing so without the influence of the initial SUSY-breaking sector. This
process is, in some senses, catalytic as the resultant SUSY breaking in the secondary
sector can be much greater than the SUSY breaking it experiences due to the primary

sector.
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Chapter 3

A Supersymmetric One Higgs
Doublet Model

In this chapter we present a supersymmetric extension of the Standard Model in which
only one electroweak doublet acquires a vacuum expectation value and gives mass to
Standard Model fermions. As well as the novel accommodation of a Standard Model
Higgs within a supersymmetric framework, this leads to a very predictive model, with
some advantages over the MSSM. In particular, problems with proton decay, flavour
changing neutral currents and large C'P violation are ameliorated, primarily due to
the presence of an anomaly-free R-symmetry. Since supersymmetry must be broken
at a low scale, gravity-mediated effects which break the R-symmetry are naturally
small. The R-symmetry requires the presence of adjoint chiral superfields, to give
Dirac masses to the gauginos; these adjoints are the only non-MSSM fields in the
visible sector. The LSP is a very light neutralino, which is mostly bino. Such a
light neutralino is not in conflict with experiment, and is a striking prediction of the
minimal model. Additional scenarios to raise the mass of this neutralino to the weak
scale are also outlined. Prospects for discovery at the LHC are briefly discussed, along

with viable scenarios for achieving gauge-coupling unification.

3.1 Introduction

It is common lore that a supersymmetric extension of the Standard Model (SM)
requires the existence of two Higgs doublets, H, and H,, in order to give masses
to both up-type and down-type quarks (as well as charged leptons). This is because
holomorphy forbids the usual SM down-type Yukawa couplings HQD¢. Furthermore,
the fermionic partners of H, also contribute to gauge anomalies, which are cancelled

by the partners of Hy. Here we pursue the goal of simplifying the Higgs structure of
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supersymmetric extensions of the SM, as opposed to commonly studied variants of
the MSSM which often involve a more complex Higgs sector.

It has been noticed by many authors that after supersymmetry (SUSY) breaking
there is typically a contribution to down-quark masses from induced couplings to H,
(e.g. [80-86]). Recently, it was suggested that down-type masses might arise solely
from such supersymmetry-breaking couplings, so that either H; acquires a vacuum
expectation value (VEV) but does not couple to SM fermions, or can be left out of
the spectrum entirely [85-87]. The latter necessitates the introduction of a number
of new fields in the electroweak sector, in order to cancel gauge anomalies.

In this chapter, we advocate a different scenario. As the most economical way
to cancel the gauge anomalies of H,, the doublet Hy is retained, but forbidden from
acquiring a VEV, or coupling directly to SM fermions. As such, it is not really a
‘Higgs’ field at all; to reflect this we re-label it as 7, and the usual H, field simply
as H. In fact, as the usual B,-induced mixing with 7 is forbidden, the bosonic
components of H become indistinguishable from a SM Higgs. We will refer to this
set-up as the ‘Supersymmetric One Higgs Doublet Model” (SOHDM).

A very natural way to implement the above scenario is to impose an anomaly-free
R-symmetry,! which we describe in Section 3.2. We stress that this is a different
R-symmetry to those commonly studied in the literature, and has a number of com-
parative advantages. In particular, the field content of the model is smaller than that
of the ‘Minimal R-symmetric Supersymmetric Standard Model’ (MRSSM) of [109].
The R-symmetry forbids Majorana gaugino masses, so we are required to add chi-
ral superfields in the adjoint of SU(3)xSU(2), in order to give the gauginos Dirac
masses. These are the only fields in our model which do not appear in the MSSM.
The R-symmetry allows a p-term, so there is no need to introduce the extra doublets
of the MRSSM to generate acceptable chargino masses.

We expect effects from Planck-scale physics to violate any global symmetry, (see
e.g. [110-119]). Henceforth when referring to the R-symmetry we do so in the under-
standing that it is broken either by Planck-suppressed, or non-perturbatively small
operators. As such our continuous R-symmetry is to be viewed as an emergent ‘acci-
dental” symmetry of the low-energy theory.

The following sections will describe the model in detail, but it may be useful to

list its main features here:

! Although we assume a U(1) R-symmetry throughout, the Z, subgroup for sufficiently large p
does the same job and is well motivated from a theoretical perspective [88]. Previously discussed
models which consider some semblance of an R-symmetry, whether in the full model or solely in the
gauge sector include [89-108].
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Couplings between the Higgs and SM fermions are the same as for the SM Higgs.

One-loop corrections to the Higgs mass from stop/top loops automatically sat-

urate the MSSM correction, reducing fine-tuning.

Supersymmetry must be broken at a low scale, in order to generate acceptable
down-type quark masses. This suggests a gauge-mediated scenario, but the
usual p/Bp problem of such models is avoided, since the By term is neither

present nor required.

R-symmetry should be preserved at the TeV scale, allowing simple models of
SUSY-breaking to be employed, as comparable SUSY and R-symmetry breaking
are not required. R-symmetry breaking effects arising from the expectation
value of the superpotential, which is required in order to set the vacuum energy

density to a small value, are negligible.

The anomaly-free R-symmetry forbids all dimension four and five baryon num-
ber violation, implying a proton lifetime well above the experimental lower
bound. This is in contradistinction to the MSSM, where dangerous dimension
five operators are allowed by R-parity and must be suppressed by some other

means.

Flavour physics is necessarily connected to supersymmetry breaking, in contrast

to standard assumptions.

The R-symmetry has profound implications for flavour physics and C' P-violation.
All A-terms are forbidden, as are Majorana masses for the gauginos, and these
two facts significantly reduce the contributions to flavour-changing neutral cur-
rents (FCNCs) and C'P-violation relative to the MSSM [109].

The symmetries of the model allow small neutrino masses to be generated via

a standard high-scale seesaw mechanism.

The field content differs from that of the MSSM only in the addition of chiral
superfields in the adjoint of SU(3)x.SU(2), required to give gauginos mass in

the presence of unbroken R-symmetry.

The minimal version of the model predicts a very light neutralino, which is

nevertheless consistent with all experimental constraints.
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The layout of the rest of the chapter is as follows. In Section 3.2 we describe
the field content and symmetries of the model and in Section 3.3 we describe the
mass spectrum, including the generation of small neutrino masses. Between them,
Section 3.2 and Section 3.3 contain all of the original details of the SOHDM, and are
thus a self-contained reference for a reader interested purely in the structural features
of the model. Following these sections we discuss constraints and phenomenological
aspects, and review work by previous authors. Constraints from flavour physics,
C P-violation and precision electroweak physics are discussed in Section 3.4. A brief
discussion of gauge coupling unification is included in Section 3.5. Potential collider
signals and ways to unambiguously distinguish this model from other supersymmetric
models are discussed in Section 3.6. We conclude in Section 3.7.

Finally a word on notation. We will write superfields in bold, and use the
same symbol for their individual components. Component fields with R-charge +1
(squarks, sleptons, ‘—inos’) will carry tildes. So the left-handed electron superfield,
for instance, is

er =é;+V20er + ... . (3.1)

As already mentioned, since there is only one Higgs doublet, we refer to the superfield
with the quantum numbers of the up-type Higgs as H, and the superfield with the

quantum numbers of the usual down-type Higgs as n.

3.2 The model

The field content of the model is that of the MSSM, along with chiral superfields
in the adjoint of SU(3)xSU(2), needed to give Dirac masses to the gauginos.? We
will denote by O the SU(3) octet, and by T' the SU(2) triplet. We summarise the
spectrum, including gauge and global-symmetry charges, in Table 3.1.

Throughout, SUSY breaking will be parametrised by two spurion chiral super-
fields. The first source is the F-term of a chiral superfield X, to which we assign
R-charge 2 so that R-symmetry remains unbroken, and the second is the D-term of
an additional U(1)" gauge superfield W’. We will denote by M the generic messen-
ger mass scale, by which we suppress all interactions with X and W’. Note that
the p-term is not forbidden by our R-charge assignments, so in order to solve the
p-problem,; we also impose a discrete Zs symmetry which is broken by the F-term of
X ; the corresponding parities are given in Table 3.1. We will now proceed to discuss

the interactions allowed by this structure.

2See below for why we omit the U(1)y adjoint i.e. a singlet.
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Field Gauge rep. R-charge Zo-parity
Q (3,2, ¢) 1 1
Uec (3,1,-2) 1 1
De (3,1,3) 1 -1
L (1,2,-1) 1 1
E° (1,1,1) 1 —1
H (1,2,1) 0 1
n (1,2,-3) 2 -1
/o) (8,1,0) 0 1
T (1,3,0) 0 1
X (1,1,0) 2 ~1
w’' | (1,1,0) 1 1

Table 3.1: The chiral superfield matter content of the
SOHDM. Gauge superfields are even under the Zs-parity,
have R-charge 1, and are not shown. The fields X and W’
are the spurion superfields parametrising SUSY breaking.

Due to its R-charge,  has no Yukawa couplings to SM fermions. Fermion masses
therefore come entirely from Yukawa couplings to H, with the charged lepton and
down-type quark couplings induced by supersymmetry breaking®

XTHT

M2

Lyuk = /d20 A HQU® + [ d*0 (Ap QD+ A\ LE®) . (3.2)

We therefore have a tree-level relation for the bottom-quark mass,

Mo Fx Fx 1
174 ~ — ~ )
e 74GeV ~5GeV = Wz 3N

(3.3)

If we require that the bottom quark coupling is perturbative, say A, < 1, this gives a

lower bound P .
X

= > —. 3.4

M? ™~ 35 (34)

In the Higgs sector, the p-term is generated by a low-scale Giudice-Masiero mech-

anism, and H also has a renormalizable superpotential coupling to T' and 1) generated

after SUSY-breaking

Xt by
Liiges = [ d*0 7 OuHn + MT HTn) — / d*0 (nHn + A\p HTn) . (3.5)

3For a model that generates this structure see [87].
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The effective p-term is therefore given by p = A, Fx/M; combining this with (3.3),
we get

M ~ 352—;:” . Fx o~ 352—%/3 : (3.6)
The requirements of a weak-scale u-term and natural couplings therefore dictate that
the scale of SUSY breaking is low. Notice also that (3.5) implies that the T' Yukawa
coupling is small, A\ < O(Fx/M?) ~ 1/35.

Dirac mass terms for the gauginos and their adjoint partners can be written as

/
Lp = /d29 v]‘\;‘* (Aa Tr(OG®) + Ay Te(TW®)) = M3 Tr(OG) + My Te(TW) + ...,

(3.7)
where M3 = A\gD'/M, and My = Ay D' /M.
Finally, soft scalar masses are given by Kéhler terms of the form
XtX
Loty = /d46 Ve (aQ'Q +...) (3.8)

where after QTQ we insert analogous terms for all chiral fields, to generate soft masses
for their scalars. Because the adjoint is a real representation, and our adjoint chiral
fields have R-charge zero, there are also holomorphic terms for their scalars, i.e. for
the triplet we get both Tr(TTT) and Tr(T?). The second of these terms gives squared
masses to the real and imaginary components of 1" which are of equal magnitude but

opposite sign, but this is not a problem if such terms are sub-dominant.

3.2.1 Discussion

We are assuming a combination of F- and D-term SUSY breaking in the hidden
sector, as the D-term SUSY breaking is necessary in order to generate large enough
gaugino masses (see Section 3.3) and F-term SUSY breaking is required for large

enough sfermion masses.*

This is not unreasonable, as although dominant D-term
breaking does not arise dynamically [120, 121] it is possible for a hidden sector to
give rise to SUSY breaking satisfying D < F', even for non-Abelian D-terms [121].
Some examples of hidden sectors with mixed F- and D-term SUSY breaking can be
found in [121-126].

Previous attempts to build models with an R-symmetry have required VEVs for
both H, and H,, and can be split into two classes. In the first, R-charges of Ry, = 0,

Ru, = 2 are assigned, and the R-symmetry is then broken at the level of a few GeV

4Given recent results on R-symmetric gauge mediation [107], it may in fact be possible to achieve
the same effective softly broken Lagrangian purely from F-term SUSY breaking.
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[127] in order to generate a small down-Higgs VEV and acceptable down-type fermion
masses. In the second, the R-charges are taken to be Ry, = Ru, = 0, such that Hy
can get a VEV with R-symmetry remaining unbroken. In this case it is necessary to
extend the Higgs sector by adding two extra doublets, as in the MRSSM, in order to
generate acceptable Higgsino masses [109]. The novelty herein is that, as a VEV for
H,; = n is no longer required, we can assign it an R-charge of 2 and still get weak-
scale chargino masses without the addition of extra SU(2) doublets. Thus the particle
content is more minimal than that of the MRSSM, but an unbroken R-symmetry is
maintained.

The extra Z, symmetry has been imposed in order to forbid a tree-level p-term,
thus solving the p problem in the usual way [128], but we will see that it has other
desirable consequences, in particular forbidding too-large neutrino masses.

The reader may wonder why we did not also add a singlet chiral field S of R-
charge 0, in order to give the bino a weak-scale mass like the other gauginos. The
reason is that Kahler potential terms such as XX S and superpotential terms such
as W' W' S would be allowed, leading to a large VEV for S, which causes problems
for the breaking of both supersymmetry and electroweak symmetry. As we will dis-
cuss in Section 3.3.4, these troublesome tadpole terms can be avoided by imposing
certain restrictions on the messenger couplings, but we find the simplest solution to
this problem is to simply exclude the singlet from the model. This leads to the strik-
ing prediction of a very light neutralino, which nevertheless avoids all experimental
bounds, as we explain in Section 3.3.3. In Section 3.3.4 we also discuss additional
scenarios for making this neutralino more massive in order to re-introduce a cold DM

candidate.

3.2.2 Electroweak symmetry breaking

Electroweak symmetry breaking is affected by the presence of the triplet T and the
associated Dirac gaugino mass term. This gives new contributions to the D-terms of

the SU(2) gauge fields, which pick up pieces linear in the triplet scalars
AD?) = —My(T? +T9) . (3.9)

We will see below that this leads to a small VEV for the neutral component 7V, but
for now we will ignore this, a posteriori justifying this approximation.

We will assume that all squared soft masses are positive at the messenger scale,
and appeal to radiative electroweak symmetry breaking. Indeed, if the top squark

masses are mg i 2 700 GeV at the messenger scale (~ 100 TeV) then, upon running
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down to the weak scale, the squared soft mass of H is driven negative as a result
of the large top Yukawa [129],° while all others remain positive. In the MSSM, this
nevertheless leads to a VEV for H; due to mixing induced by the By term, but here
this and similar operators are forbidden by the symmetries of the model. So we may
proceed in the knowledge that only H acquires a VEV due to radiative electroweak
symmetry breaking.

With all other fields set to zero, the Higgs potential is in fact the same as in the
SM, but with the coefficient of the quartic term determined at tree-level by the gauge

couplings (by convention we take m37 positive)

1 )
Viigss = 5(9” + ¢)H|" + (|ul* = mi) [HI” (3.11)
leading to a VEV
(0 =2, [T Gy (3.12)
R '

where the last equality is fixed by experiment.

We now have to ask whether this is in fact a stable vacuum. The form of the soft
masses guarantees that the Hessian of the potential will be positive definite, so an
instability can only manifest as a non-vanishing linear term. Since U(1)gy remains
unbroken, we cannot have linear terms in any charged fields, leaving only n° and 7.
Inspection of the F-terms following from (3.5) is enough to see that there is no linear
term in n° (alternatively, note that 7 is charged under the unbroken R-symmetry,
which therefore forbids a linear term). But with (H°) = v/v/2 = 174 GeV and all
other fields set to zero, the F-term for n° and the D-term for the neutral generator
of SU(2), along with the soft mass for T', give a potential for T°, the non-constant
part of which is®

2

1 — 1
Vi = (e = 59Me) (T + T0) + (mi + SXj0” + 203)| TP (3.13)

We see that there is a linear term in the real part of T°, and that it acquires a VEV

(%gMz - /\TM) v?

T = : 3.14
) AMZ + \2v? + 2m2 (3:.14)
®The squared soft-mass for H at the weak scale is given approximately by;
- - 3
m%(mg) ~ m%,(M) — W)\f(mi + mth) log(M/my) , (3.10)

where M is the messenger scale.
6 All parameters can be taken real, as we will discuss in Section 3.4.2.
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This naturally comes out at < 1 GeV which, as we discuss in Section 3.4, is compatible
with precision electroweak measurements. The fact that this VEV is much smaller

than (H) justifies our perturbative calculation.

3.3 DMass scales

Although we are considering an effective theory approach to TeV-scale model building,
it is instructive to consider the scales of soft parameters in complete models of R-
symmetric gauge mediation. Previous discussions of R-symmetric gauge mediation
and/or Dirac gauginos in gauge mediation include [93, 96-99, 101, 103, 104, 107],
however we focus here on the results of [103].

In [103] the messengers which mediate SUSY breaking have SM gauge charges,
but also couple directly to the extra chiral adjoint fields through Yukawa couplings,
which we denote A. As a result the adjoint soft masses-squared arise at one-loop,
along with the Dirac gaugino masses, and sfermion soft masses-squared arise at two

loops. The generic prediction for soft masses in this model is given as [103]

Ag
1672

e Gaugino masses ~ %

2
: 9- Fx
e Sfermion masses ~ TR

01 A (D Fx
e Adjoint scalar masses ~ E<ﬁv W)

Hence for A ~ ¢, gaugino and sfermion masses are roughly equal and the adjoint
scalars are more massive by a factor of ~ 47/g. Thus the spectrum is similar to that

of a gauge-mediation scenario, with the additional adjoint scalar masses an order of

magnitude greater than the SM superpartners.

3.3.1 The Higgs

The Higgs sector in the SOHDM is the same as in the SM (up to a small mixing with
the neutral component of the triplet T, which we ignore here and discuss further in
Section 3.4), and in particular it is much simpler than in the MSSM. As usual, we fix
the gauge so that the VEV of H is real and positive. If we package all contributions

to the low-order Higgs potential into the effective parameters my; and Ay, we can write

m A
Vitiges = =" |H[* + ZH|H[* (3.15)
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Here m,, is the mass of the physical Higgs boson, and if we write the VEV as (H) =
v/+/2, we obtain the relation

(3.16)

Since v is fixed, this is a relation between m;, and \,. To leading order, the coefficient
Ap is just %(g2 +¢),” and therefore we get m;, = My, the same as the tree-level upper
bound in the MSSM. In addition, the large contributions to the Higgs mass arising
from loops involving stop squarks and top quarks saturate the MSSM correction.

Thus the Higgs mass-squared is

2 2
4m n

m; = M + i)\fmf log <%) : (3.17)

whereas the MSSM correction is suppressed by a factor of cos?(a), where a = 0

corresponds to the situation where the Higgs boson lives entirely in the H, doublet.

This feature is attractive from a fine-tuning perspective as both the tree-level Higgs

mass and the one-loop correction are necessarily at the upper bounds of the MSSM
values.

Depending on how SUSY breaking is mediated to the visible sector an additional

reduction in fine-tuning might also be obtained from the following operator;

XX F?

as this operator increases the Higgs quartic coupling and, if sizeable, would lead to a

greater Higgs mass.

3.3.2 Fermionic superpartners

The chargino mass matrix is

T+ O™ Wt
W~ M, ~2My 0
m v 0 . (3.19)
T 0 0 M2

The zero entries are enforced by the unbroken R-symmetry. So there is one charged
Dirac fermion of mass Ms, coming from the third rows and columns, while the other
two mass states come from the upper left 2 x 2 block. In the limit Ay < 1 there are

two almost degenerate charginos with mass M, and one with mass .

"New contributions to the SU(2) D-terms involving T lead to small reductions to the quartic
coupling of O(4%).
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The neutralino mass matrix is more interesting. We have one extra neutralino
compared to the MSSM, coming from T". Three of the neutralinos (the wino, the
bino, and the neutral fermion in 1) have R-charge 1, while the other two (the neutral
fermions from H and T') have R-charge —1, so as for the charginos, all masses are

Dirac-type, with mass matrix

7’ WO B’ (3.20)
HO 1 — My cosby  Mysin Oy
I . (3.21)
"\~ M, 0

Clearly one linear combination of the R-charge 1 neutralinos remains massless;® ex-

plicitly, it is

)\TU (MMQ — )\TUMZ COS Qw)
—1,— : : . (3.22)
Myv/2 MMy sin Oy
Compared to p, My, we have A\pv ~ 0, so this is approximately
1
1,0, ——— | . 3.23
( T MZ sin ew) ( )

Since p 2 5 My sin 6y, this state is mostly bino, and therefore can avoid lower bounds

on neutralino masses, as we will now discuss.

3.3.3 The light neutralino

The R-symmetry protects the, mostly bino, neutralino above from gaining a Majorana
mass within the globally supersymmetric model discussed so far. However, we expect
that SUGRA effects will violate the global R-symmetry, and when this is combined
with SUSY breaking this could lead to an R-symmetry-violating Majorana mass for

the gauginos. As X has non-zero R-charge, gaugino masses of the form

X Fx — —
20— W = — 24
dHMPW Wa MpW W, (3.24)

are forbidden. This does not mean that Majorana masses are not generated, however,

as there would likely exist anomaly-mediated contribution not greater than [130, 131]

2
my = 52(;]2)7713/2 ; (3.25)

which, for the bino, implies a Majorana mass of

lla

= = 8. 1073 . 2
4WCOSQ(QW)m3/2 8.9 x 10 ms/2 (3 6)

ma

8This prediction is relaxed if we introduce additional fields in order to raise the neutralino mass,
as described in Section 3.3.4.
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Now, as we are considering low-scale mediation of SUSY-breaking, such as gauge
mediation, then for squark and slepton masses at the TeV scale we require Fx /M <
100 TeV. Furthermore, for the single-Higgs generation of down-type fermion masses
we require Fx/M? > 1/35. Combining these relations we find that Fy < 3.5 X
10° TeV?, and thus the gravitino mass is of order ms /2 S 83 eV. Therefore we expect
a Majorana bino mass of

my < 0.67 eV . (3.27)

Such a light neutralino, with SM couplings through sfermion-fermion-bino terms
in the Lagrangian might make the reader uneasy. However, it has recently been shown
that very light neutralinos can be compatible with cosmology and collider constraints,
so long as the neutralino is mostly bino [132].

This can be understood quite simply. Interactions between the large bino com-
ponent of the neutralino and SM fermions proceed via sfermion exchange. Thus if
there exists a small hierarchy between soft scalar masses and the weak scale such
that m = My, then these interactions are suppressed in comparison with neutrino
interactions, which proceed via electroweak boson exchange.

As the bino component carries no gauge charges, the only gauge interactions of the
lightest neutralino arise due to its small Higgsino component. Regarding electroweak
interactions, the lightest neutralino behaves in a similar manner to a neutrino, however
vertices involved in physical processes are suppressed by the square of the small bino-
Higgsino mixing angle. Thus it is clear that the lightest neutralino behaves very
much like an additional neutrino, but with a suppressed SM-neutralino interaction
strength.”

In order to demonstrate that such a particle is acceptable we summarise the results
of a recent study on neutralino mass bounds in Appendix A, however for a thorough

discussion we refer the reader to Ref. [132].10

3.3.4 Avoiding a light neutralino

Although a very light neutralino is compatible with current observations in particle
physics, astrophysics and cosmology, it may be to the taste of some readers to remove
any particles surplus to the SM with masses below the weak scale. For the bino this

can be achieved with a little additional model building.

9Such a light neutralino cannot constitute the DM of the universe. It is reasonable that the
DM could be made up of axions [133-135] or could originate from within some other hidden sector
[136-139].

0For earlier work on light neutralinos/photinos see e.g. [140-145].
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The simplest solution is to introduce a gauge singlet chiral superfield, S, with
R-charge Rg = 0. In this way a TeV-scale Dirac bino mass can be generated through

the operator

,
20" o o
d Q‘M‘ (SB*) . (3.28)

The problem that arises with the addition of this singlet is that, among other terms,

a Kihler potential term K D XTXS/M cannot be forbidden by the imposed sym-

metries. This term leads to a large VEV for S, which depends on the SUSY breaking

scale, and also the soft mass for S, as

B
M m?2

[(S)] (3.29)

Thus this VEV potentially leads to a large p-term, hypercharge D-term, or even
destabilisation of the SUSY-breaking in the hidden sector. This is a common affliction
of models involving singlet scalar fields. It is possible to build models of R-symmetric
gauge mediation which avoid large tadpoles for S. In [97] a C-parity symmetry is
imposed which forbids dangerous tadpole terms. In [103] particular structures in the
couplings between the adjoints and the messengers are chosen and a large tadpole
term is not generated. Finally in [107] it is demonstrated that these tadpole terms
can be avoided if the adjoint-messenger couplings respect SU(5) or if the singlet

originates from a complete SU(5) adjoint multiplet.

3.3.5 Neutrinos

Neutrino masses are straightforward to accommodate. The only dimension five oper-
ator which violates baryon or lepton number and is allowed by the symmetries is the

Weinberg operator H2L?2, or more explicitly

1
M,

1
/ d*0 eapeca H*HL'L® > 7 / d*0 (H®)?(vp)? , (3.30)
where M, is some mass scale. This is exactly what we need to generate neutrino

masses after electroweak symmetry breaking. The obvious way for this term to come

about is from a Kahler potential term

Xt
d*o WH2L2 : (3.31)

but fortunately this is forbidden by our Z, symmetry, as it would give rise to
Majorana masses of order M,, ~ Fxv?/M?, which are too large due to the low scale

of SUSY breaking.
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We can in fact implement a standard seesaw mechanism. We introduce singlet
chiral superfields IN which are even under the Z, symmetry and have R-charge 1.
These can then be given large supersymmetric masses, but the fermions can also get
weak-scale Dirac masses with the left-handed neutrinos after electroweak symmetry

breaking. The relevant Lagrangian is
L, = / 4’0 (MiN* + A\, HLN) . (3.32)

The mass scale suppressing the Weinberg operator is therefore the Majorana mass of

these right-handed neutrinos, leading to acceptably small neutrino masses.*!

3.4 Flavour, CP and precision electroweak

As we will see, the SOHDM is surprisingly robust against constraints from FCNCs,

C P-violation, and precision electroweak observables.

3.4.1 Flavour-changing neutral currents

The largest potential source for FCNCs lies in the sparticle spectrum. Considering
the flavour structure of (3.2) and (3.8), we see that, whilst remaining consistent with

any flavour symmetries, the sparticle soft masses can originate from terms of the form

XtX
Loty = /d4‘9 2 (QT(O‘EQ +agiAv Al + agApAh)Q + UM (of, + ap A Ay)U®
+ DT + apAbAp)De + LT(02 + apdpAL) L + EST(o2 + aE/\TEAE)EC) :

(3.33)

where we are suppressing flavour indices, and neglecting higher powers of the Yukawa
matrices A. It should be noted that in (3.2) both Ap and A\g come dressed with the
SUSY breaking field X, thus one would expect on general grounds to generate the
additional non-diagonal terms in (3.33), as well as the diagonal terms which may
arise due to a low-scale mediation mechanism such as gauge mediation. It is also
important to recall that, as a result of (3.2) the down-type quark Yukawas are of the
form (Fx/M?)\p, and similarly for the leptons. This implies that if Fyx/M? ~ 1/35
then the Yukawa matrix Ap can have large entries with A\p ~ O(1) for the bottom
quark entries. Thus the non-diagonal components of (3.33) involving A\p are not

necessarily small compared to the components involving Ay .

1We make the reasonable assumption that there are no R-charge 1 fields at the messenger scale
which have superpotential couplings to H L.
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We expect that FCNC processes within the SOHDM will be small and well within
current bounds. This is due to the following three effective FCNC-suppressing ingre-
dients of this model:

e Minimal flavour violation / flavour alignment.

e R-symmetry. This forbids A-terms that lead to left-right sfermion mixing after

electroweak symmetry breaking, and also forbids Majorana gaugino masses.
e SM fermions couple at tree-level to a single Higgs doublet.

It can be seen from (3.33) that, by extending the flavour rotations that diago-
nalise the SM fermion mass matrices to act on the whole supermultiplets, the re-
sulting sfermion mass-squared matrices m7, m%., mi. and m%. will be diagonalised
automatically.'> However, in order to diagonalise the mass-squared matrices mg),,
and 'rh%D it will be necessary to perform a further rotation proportional to the CKM
matrix, Vegy. This further rotation will introduce FCNC interactions at squark-
quark-gluino and squark-quark-neutralino vertices. However, the flavour structure at
these vertices will be proportional to Vegy and will thus satisfy ‘Minimal Flavour
Violation’” (MFV) [146]. Thus within the SOHDM all FCNC processes are governed
by the CKM matrix. Furthermore, the only relevant operators in the effective Hamil-
tonian below the weak scale are those relevant in the SM. This structure does not,
however, require that the squark masses are degenerate.

It is possible that some other physics, beyond that described within this model,
could lead to extra non-MFV terms in (3.33). However, the best-motivated source
for such terms would be through gravity-mediation effects, which would be small
(O(100eV)) in the SOHDM as the scale of supersymmetry breaking is low. The MFV
assumption is therefore well-motivated within the current framework.

The R-symmetry plays a pivotal role in suppressing FCNC processes. In [109] it
was shown that, when a supersymmetric model possesses an R-symmetry, the absence
of Majorana gaugino masses and trilinear A-terms, which generate left-right sfermion
mixing, leads to a strong suppression of FCNC processes. The suppression is effective
enough that, with Dirac gaugino masses of order a few TeV, and vanishing left-right
sfermion mixing, flavour violating sfermion masses (which violate MFV) of O(1) are

allowed.

12As an example, we can see that if the quark rotation {dr — U}‘%Td r,dr, — Uldy} diagonalises

Ap then the same rotation for the squarks dr — UI%TJR diagonalises the dr mass-squared matrix.
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The detailed reasons for this extra suppression are described in [109], and we
briefly summarise the results here. For the case of AF = 2 flavour violation the
strongest constraints come from K — K mixing, and next strongest from B mix-
ing. The R-symmetry suppresses SUSY contributions to these processes as the usual
troublesome dimension-five operators, such as;
idggLZstL , (3.34)
mg
are forbidden by the R-symmetry, and the leading operators are dimension six. In
addition the Dirac gauginos lead to finite, rather than log-enhanced, radiative cor-
rections to squark masses. The result is that the box diagrams leading to K — K
mixing are suppressed sufficiently to allow O(1) non-MFV flavour violation in the
squark sector. In [109] it is shown that phases in squark masses are still constrained
by limits on €x. In particular, with O(1) non-MFV flavour violation in the squark
sector, the phases are constrained to be 8 < 0.15. This constraint weakens if the
first two generations of squarks are approximately degenerate, which is fortunately
the case for the SOHDM if the dominant contributions to squark masses arise from
flavour-diagonal gauge mediated terms.

For AF = 1 flavour violation, such as b — sv, there is also a suppression due
to the R-symmetry [109]. This is due to the fact that the Feynman diagrams for
these processes involve a helicity flip, and this is not possible for an internal gaugino
line as the opposite-helicity state has no tree-level couplings to SM fermions. The
only contributing diagrams then involve a helicity flip on an external line. These
contributions are sufficiently suppressed to allow O(1) non-MFV flavour violation in
the sfermion sector. Similarly, constraints from €’/e do not lead to strong constraints
on flavour violation [109].

Thus the R-symmetry acts to efficiently suppress flavour-violating processes, in
addition to the MFV in the SOHDM.!?

3.4.2 (CP-violation

We have seen above that flavour violation imposes no significant constraints on the
parameter space, but we must also consider new flavour-diagonal sources of C'P-

violation.

131t has recently been noted that in R-symmetric models O(1) mixing in the slepton sector is not
allowed, and the allowed mixing is < ((0.1). This is due to limits on lepton flavour violation from
processes such as 1 — ey [147]. As we have the additional assumption of MFV then slepton mixing
parameters will be small and the SOHDM is safe from these constraints.
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First let us isolate physical phases in the Lagrangian. We can choose the phases
of O and T so that the Dirac mass parameters M, and Mj are real. A rotation of n
can then make Ay real. Finally, re-phasing H can make p real, thereby removing all
supersymmetric phases in our ‘flavourless’ sector. As a result, all new physical phases
lie in the scalar soft masses.

At a typical point in MSSM parameter space, large electric dipole moments are
generated at one-loop for leptons and quarks, whereas experimentally, such dipole
moments are constrained to be small. In the SOHDM, the R-symmetry forbids all
such one-loop diagrams.

The other contribution to the electric dipole moment of the neutron is the dimension-
six three-gluon operator first discussed by Weinberg [148]. This obtains corrections
from diagrams involving the Dirac gluinos, but it was argued in [109] that this imposes

no strong constraints for TeV-scale masses.

3.4.3 Precision electroweak tests

Since the SOHDM has a significantly modified electroweak sector, one might worry
that it is already ruled out by precision electroweak tests. In particular, we can ask
what contributions are made to the parameters S and T
At tree level, there is a contribution to 7' from the small VEV obtained by the
triplet. As before, we will write vy for this VEV; the tree level p parameter is then
M2, 14 2g°v,

=" = —_— 3.35
MZ cos? Oy, MZ cos? Oy, (3.35)

p:

The experimental upper bound is roughly p < 1.0012 [149], which implies vy <
3.6 GeV. The expression for the triplet VEV in the SOHDM was given in eq.( (3.14)).

As described in Section 3.2, Ay is small, and if we take Ay ~ 0, we get

N gMsv
vp <—8M22 n 47%%) v, (3.36)

which for typical values of the parameters evaluates to < 1GeV, so this gives no
significant constraints on the model.

In [150] the effects of an SU(2) triplet superfield T' on the S and T" parameters at

one-loop level are considered. The trilinear coupling

breaks the custodial symmetry of the Higgs sector, however, in [150] it is shown that

even for large Yukawa couplings the S and T" parameters lie within the current 68 %
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confidence level ellipse. In our model, this coupling is small (A < 1/35) and one-loop

corrections will remain within current bounds.

3.5 (Gauge Couplings

Due to the addition of the SU(3) octet superfield O, the SU(3) gauge coupling does
not run at one-loop [150] at high scales. In addition, above the mass of the octet,
asymptotic freedom is lost at two-loops. However, due to the two-loop suppression,
the SU(3) gauge coupling remains perturbative up to scales as high as 10'¥GeV and
no Landau pole problems arise.

It is also clear that, in comparison with the MSSM, there are no new contributions
to the U(1)y beta function, and T and O contribute differing amounts to the SU(2)
and SU(3) beta functions, so that gauge coupling unification is lost.

One approach to recover unification is to add extra vector-like matter superfields
L, f’, E’, El, FE’, E,, where the quantum numbers of the MSSM lepton doublet and
right-handed electron are implied [93, 150]. These fields can be given weak-scale
vector-like masses, and dangerous mixings with SM fields can be forbidden with
the imposition of an appropriate discrete symmetry. If five singlets are also added
then these new fields, in addition to the triplet and octet, would correspond to an
adjoint representation of the GUT group SU (3).x SU(3);, x SU(3)r C Eg [93, 150].1
Additional vector-like matter falling in a complete representation of this gauge group
must then be added in order to implement gauge mediation. This must contain at
most two pairs of 3,3 under SU(3). in order to maintain perturbativity up to the
GUT scale.

An alternative approach based on SU(5) would be to embed the triplet and octet
in an adjoint of SU(5) [93]. This requires the addition of a singlet and the vector-
like ‘bachelor’ superfields B, B with quantum numbers (3,2, —5/6) and (3,2,5/6).
Again, these fields can be given vector-like masses and unification can be achieved
[93]. For a gauge-mediated scenario it would be appealing to use these bachelor fields

as messengers.

0One of these singlets would play the role of the adjoint U(1) chiral superfield and three would
take the place of right-handed neutrino superfields, leaving only one additional singlet superfield.
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3.6 Collider Signatures

The SOHDM has a number of collider signatures which could be used to distinguish
this model from the MSSM. Some of these features arise due to the R-symmetry and
are common in R-symmetric models, whereas others arise as a result of the single-
Higgs nature of the model.

One striking aspect of R-symmetric models is the presence of Dirac, rather than
Majorana, gluinos and neutralinos, with restricted production and decay channels.
The distinction between the Dirac and Majorana cases has been discussed in detail in
[151-153], and processes which are allowed within the MSSM, but are forbidden in an
R-symmetric model, have been enumerated in [151]. We summarise these processes

below:
e Different-flavour quark-quark scattering: olqq¢’ — {Grq},qrdr}] =0
e Different-flavour quark-antiquark scattering: ol¢q — {Grq%, Grq.} =0
e Squark-gluino production: o[qg — {Grgp,qrgp}] =0
e Gluino pair production: lgg — {Gpdn, G5} = olgg — {pdn: 7535} = 0

Similar alterations to the electroweak sector occur. In [151] it is described how the dif-
ferences in decay processes could be used to determine sfermion handedness through
like-sign and unlike-sign dilepton signals at the LHC. If we ignore the small Yukawa in-
teractions of the first two generations, and focus on the gauge interactions, then right-
handed sfermions do not couple at tree-level to charginos, and thus decay dominantly
to a bino-fermion pair. However, left-handed sfermions can decay to a chargino-
fermion pair. Using this fact right- and left-handed sfermions can be discriminated.
Combining this with the differences in sfermion production processes listed above it
is in principle possible to separate a Dirac theory from a Majorana theory to a high
level of statistical significance at the LHC [151].

Colour octet and weak triplet scalars also have a distinctive collider phenomenol-
ogy [152-154]. However, as we require, and expect, that these extra scalars are heavy
(2 7 TeV) we will not consider their phenomenology here.

Another feature of the SOHDM are the R-charge R, = 2 scalars. In the MRSSM
[109], in addition to the standard Higgs doublets, with Ry, = Ru, = 0, two R-
charge Rr, = Rgr, = 2 doublets are required. These extra particles have been
found to have interesting collider signatures [155]. Although the particle content in
the SOHDM is reduced, and only the two doublets with Ry = 0 and R,, = 2 are
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Model Scalar Fermion
MSSM 39, 2% 49,,2%

MRSSM | 3% 20, 4+ 49, 4%

SOHDM | 1%,1%, 2% | 29 1%, 3*

Table 3.2: Multiplicity of electroweak-charged particles originating from the Higgs
and gauge sectors of related supersymmetric models. We only include particles with
masses at the TeV scale, i.e. omitting adjoint scalars. Neutral and charged particles
are discriminated by the superscript (0,+). For neutral scalars the subscript denotes
whether the scalar is real (1 d.o.f.) or complex (2 d.o.f.), and for neutral fermions the
subscript denotes whether the fermion is Majorana or Dirac.

present, the main features of collider phenomenology for these sets of particles are
similar; with a purely standard-model initial state any R-charged particles must be
pair produced at colliders. For the R, = 2 doublet this occurs dominantly at the
LHC through Drell-Yan production mediated by electroweak gauge bosons [155], and
for masses below 250 GeV the cross-section is O(10) fb. Since |R,| = 2, in contrast to
all other R-charged particles in the model, n-boson decay must result in a pair of light
neutralinos, and four light neutralinos for any event involving the pair production of
n-bosons.

The SOHDM could also be discriminated from the MSSM or the MRSSM at the
LHC through the observation of particles originating from the Higgs and electroweak
gauge sectors. We summarise the multiplicity of these particles in Table 3.2, where
we exclude the adjoint scalars as we expect their masses to lie well above the TeV
scale. One can see that, in particular, the charged particle multiplicities differ for
all three models, and this could be used to distinguish between these models at the
LHC.

Non-degenerate and non-diagonal flavour structure in sfermion masses would also
hint at some underlying structure which protects the extra particles from generating
unacceptable FCNCs in the SM sector, providing indirect evidence for the existence
of a suitable extended R-symmetry.

At future colliders, precision Higgs physics could provide strong support for a sin-
gle Higgs-doublet model. This is because the couplings of the Higgs to SM fermions
would be the same as in the SM, which is not the case in commonly considered su-
persymmetric models. Finally, it is conceivable that a super-LHC (or ‘SSC’) running
at v/s ~ 100 TeV could uncover the messenger and SUSY-breaking sectors as, in the
SOHDM, both sectors are required to exist at this scale.
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3.7 Summary

We have described a supersymmetric model in which only a single Higgs doublet
participates in electroweak symmetry breaking, this doublet providing mass to all
SM fermions. The extra doublet superfield required for anomaly cancellation, 7, is
merely a ‘spectator’ field, and does not acquire a VEV. The model has a number of
distinctive features, such as an anomaly-free R-symmetry which is imposed to protect
71 from mixing with H, but also helps to ameliorate FCNC problems of supersymmetric
models. This is particularly advantageous in models where fermion mass generation
is tied to SUSY-breaking. Thus a non-degenerate or non-diagonal sfermion-mass
flavour structure is allowed. The model requires a low scale of SUSY-breaking, and
the simplest version predicts a very light neutralino with mass O(0.7) eV.

The many attractive features of the SOHDM mean its implications for the LHC
need to be seriously considered. It also motivates further exploration of models of
low-scale mediation of SUSY-breaking which not only maintain an R-symmetry, but

also generate the flavour structure of the down-type fermions as in (3.2).
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Chapter 4

Multiple SUSY-breaking and even
more Goldstini

In this chapter we study the ‘goldstini’ scenario of Cheung, Nomura, and Thaler, in
which multiple independent supersymmetry (SUSY') breaking sectors lead to multiple
would-be goldstinos, changing collider and cosmological phenomenology. In super-
gravity, potentially large corrections to the previous prediction of twice the gravitino
mass for goldstini masses can arise when their scalar partners are stabilised far from
the origin. If the sequestered hidden sector is a metastable SUSY-breaking sector
of the Intriligator-Seiberg-Shih (ISS) type then multiple goldstini can originate from
within a single sector, along with many supplementary ‘modulini’, all with masses
of order twice the gravitino mass. These fields can couple to the Supersymmetric
Standard Model (SSM) via the ‘Goldstino Portal’. Collider signatures involving SSM
sparticle decays can provide strong evidence for the ISS mechanism of SUSY breaking.
Along with axions and photini, the Goldstino Portal gives another potential window

to the hidden sectors of string theory.

4.1 Introduction

If the Standard Model is UV completed by string theory — consistent with the hy-
pothesis of supersymmetry (SUSY) — the topological complexity of compactification
manifolds suggests the existence of many additional sectors sequestered from the
fields of the Standard Model. The dimensional reduction of form fields may result
in a proliferation of light axion-like scalar fields [156], or weak-scale abelian vector
fields and their superpartners [157]. Moreover, the presence of stacks of spacetime-
filling branes may lead to nonabelian gauge sectors with fundamental matter in the

four-dimensional theory. The mere observation that such supersymmetric nonabelian
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gauge theories possess metastable SUSY-breaking vacua [158] suggests that supersym-
metry may be broken in these different (purely field-theoretic) sectors. Furthermore,
there are numerous additional ways in which supersymmetry may be broken by intrin-
sically stringy objects — e.g., nonsupersymmetric flux backgrounds or the presence of
both D- and anti D-branes in the compactification manifold. On a topologically com-
plex compactification manifold with various nonabelian gauge sectors, fluxes, branes,
and antibranes, it is not unreasonable to expect a rich variety of SUSY-breaking dy-
namics to coexist. Thus, the existence of multiple (likely metastable) SUSY-breaking
sectors is not merely a theoretical novelty, but rather a well-motivated consequence
of physics in the ultraviolet.!

Historically, however, the study of SUSY breaking and its phenomenology has
focused on a single sector additional to the Supersymmetric Standard Model (SSM),
whose dynamics give rise to a nonsupersymmetric ground state. Recently it has
been shown [74, 75, 162] that relaxing this assumption to include multiple sources of
SUSY breaking can lead to interesting and appealing scenarios in which the conven-
tional phenomenology of single-sector SUSY breaking is significantly modified. In this
chapter we wish to extend the results of [74, 75] with an eye towards the underlying
physical context in which multiple SUSY breaking is likely to arise.

The mediation of this multiple-sector supersymmetry breaking to the Standard
Model may occur in any of the customary ways, leading to weak-scale soft masses
and the usual successes of the SSM. However, the multiple breaking of supersymmetry
gives rise to couplings between additional ‘goldstini’ and SSM fields. In this fashion,
the existence of new sectors may be revealed via what we may call the ‘Goldstino
Portal’. In this sense the goldstini and their companions are further distinguished
from moduli, whose masses are likewise around m3,, but whose couplings are Planck-
suppressed.

Specifically, in [74, 162] it was argued that the presence of multiple sequestered
sectors that break SUSY spontaneously gives rise to multiple ‘goldstini’ in addition to
the true global goldstino which provides the extra degrees of freedom of the gravitino
of mass mg/,, and in [74] it was shown that these additional goldstini would have
mass 2msg/,. It was further shown [74, 75] that such a set-up can lead to exciting new
signatures at the LHC which could confirm not only the validity of the supergrav-

ity framework but also the presence of multiple sequestered SUSY breaking sectors,

'Indeed, the fact that cosmological evolution preferentially populates the metastable vacua of
SQCD rather than the supersymmetric vacua [159-161] provides a strong argument that the mere
existence of multiple (reheated) nonabelian gauge sectors with light fundamental matter implies the
existence of simultaneous SUSY breaking in multiple sectors.
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providing indirect, but striking, evidence for the complexity of the string compactifi-
cation. Subsequently it was shown that this scenario can also lead to solutions of the
cosmological problems with a heavy gravitino LSP [75].

These considerations come with two caveats. The first is purely experimental; the
smallness of flavour-changing neutral currents (FCNCs) and other signs of Standard
Model flavour violation imply that the flavour-violating contributions to SSM soft
masses from all SUSY-breaking sectors must necessarily be small. In particular, this
requires that all SUSY breaking communicated via intrinsically flavour-violating me-
diation mechanisms such as (the non-anomaly-mediated part of) gravity mediation
must be many times smaller than that communicated via flavour-preserving mecha-
nisms. Although this is possible if all such contributions to SUSY breaking are conve-
niently small to begin with, it seems much more plausible that the smallness of flavour
violation arises from locality and warping [130] or conformal sequestering [163, 164].
Once again, this is a well-motivated consequence of physics in the ultraviolet. Se-
questering is known to arise readily in the presence of strongly warped backgrounds
such as warped throats, e.g., type IIB string theory [165], and the ubiquity of warped
throats on realistic compactification manifolds is well-known [166-168]. The pairing
of multiple SUSY breaking and sequestering via warped throats is suggested by more
than just FCNC considerations alone; the very existence of multiple goldstini requires
it as multiple unsequestered SUSY breaking sectors simply lead to one ur-breaking of
supersymmetry. But if sequestering and multiple SUSY breaking are so closely inter-
twined, it is then natural to consider what implications sequestering may have on the
spectrum and phenomenology of the resulting goldstini. In particular, it was shown
in [4] that warping and sequestering lead to substantial deviations from the goldstino
mass prediction of 2myg/,, and hence the spectrum of goldstini — and resulting collider
phenomenology — are richer than previously thought.

The second consideration is largely theoretical. Weak-scale supersymmetry in the
SSM favours dynamical means of SUSY breaking in order to explain the hierarchy be-
tween the Planck and SUSY-breaking scales [169]. In turn, dynamical SUSY breaking
in general requires a SUSY-breaking sector to possess a rich set of gauge dynamics and
fields. It is therefore instrumental to consider whether common classes of dynamical
SUSY-breaking theories might modify or alter the goldstino spectrum, perhaps by
the presence of additional light states. At the very least, the corresponding goldstino
mass depends on how the SUSY breaking vacuum is stabilised. Moreover, we will
argue that it is quite common that a single dynamical SUSY-breaking sector gives

rise to multiple faux goldstini. Such additional states may then couple to MSSM fields
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through the Goldstino Portal, and their observation would shed further light on the
nature of the supersymmetry breaking sector(s).

In short: the potential observability of multiple SUSY breaking has been well
established. However, it is instrumental to ask whether the additional physics that
naturally accompanies multiple SUSY breaking may enrich and expand the goldstino
spectrum and phenomenology.

In particular, in Section 4.2 we compute the goldstino mass for a general class
of effective supersymmetry breaking Lagrangians using the conformal compensator
formalism. We will find that important corrections to the goldstino mass arise from
the effects related to the stabilisation of the SUSY-breaking vacuum. In Section 4.3
we study the particle content of a hidden Intriligator-Seiberg-Shih-type (ISS) [158]
sector preserving a (discrete) R-symmetry. We show that such a sector would give rise
to N, goldstini and N,(NN. —1) ‘modulini’ of mass > 2msg/, (in the absence of warping
or conformal sequestering), where IV, is the number of colours in the asymptotically
free UV gauge group. A simple example of this set-up is schematically illustrated
in Figure 4.1. Although such a discrete R-symmetry preserving sector is incapable
of generating gaugino masses, in the context of multiple SUSY breaking sectors this
poses no problem. In particular, since there is no phenomenological reason to require
more than one of the independent SUSY-breaking sectors to break R-symmetry.?

Figure 4.2 provides a schematic illustration of the new possibilities that arise for
the mass spectrum of goldstini/modulini. Such states are typically grouped into sets
with a goldstino (or goldstini) at a lower limit point at Smg/, with modulini sitting
relatively tightly spaced above this limit. For unsequestered or unwarped sectors,
f = 2 (modulo potentially large corrections related to the stabilisation of the SUSY-
breaking vacuum as explained in Section 4.2). Otherwise, any value 2 > § > 0 is
possible, so some subset of the goldstini/modulini may be lighter then the gravitino,
while the lightest observable-sector supersymmetric partner (LOSP) may either sit
above all the goldstini and modulini, or may be in the middle of the spectrum of
states [4]. The true LSP may be the gravitino, one of the limit point goldstini, or yet
another state, such as a hidden photino.

In Section 4.4 we briefly discuss the couplings of the goldstini and modulini of our

scenario, and among other topics, present a potential ‘smoking gun’ collider signature

2We note in passing that such R-symmetry-preserving sequestered SUSY breaking sectors can
also lead to attractive phenomenological features, such as, e.g., cosmologically acceptable thermal
leptogenesis [75].
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Figure 4.1: A schematic example of multiple sequestered SUSY-breaking. In this set-
up there are two SUSY breaking sectors: The first sector is a SUSY breaking sector
with one F-term of magnitude f. This sector need not preserve an R-symmetry and
could thus generate gaugino masses. The second sector is an R-symmetry preserving
SU(N,.) ISS sector where all non-zero F-terms are of magnitude yf, implying this
sector has an overall effective-SUSY-breaking-scale of v/N.yf. The overall effective
SUSY breaking scale that determines the gravitino mass is fery = f/1+ Ney?. If
y < 1, N, goldstini, ¢, and N.(N. — 1) modulini, x, all arise from the ISS sector, as
shown in Section 4.3, while the longitudinal mode of the gravitino dominantly arises
from the first sector.

that can give evidence for the physical realisation of the ISS mechanism of SUSY-
breaking. In general the goldstini of multiple SUSY breaking sectors, including those
within a hidden ISS sector, couple to SSM chiral multiplets through the Goldstino
Portal as [74]

N N-1 .

2y
Lo > 303 Pt (4.1)

i=1 a=1 f’

where N is the total number of F-terms, f;, in all sectors, m? is the soft mass con-
tribution from the 7’th hidden sector F-term, m? = —f?/A?, the effective mediation
scale of the 7’th hidden sector to the SSM is A;, and Vj, is the rotation matrix that di-
agonalises the goldstini mass matrix.® The (, are the N —1 goldstini mass eigenstates
and the true global goldstino that forms the longitudinal component of the gravitino
is the N eigenstate with zero mass in this basis. If we make the reasonable assump-
tion that SUSY breaking from all sectors is not communicated in an identical way,
i.e., if not all A; are equal, then couplings of the SSM to all goldstini are generated by
the interaction of eq.(4.1). These goldstini-SSM couplings distinguish the goldstini

3To avoid confusion, note that the f; have mass-dimension two.
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Figure 4.2: A diagram depicting a subset of the possible spectra. The left panel
shows the SSM LOSP, the gravitino and goldstini/modulini from two ISS sectors,
one at the end of a warped throat (so with mass spectrum at 2f,/w as shown in
[4]), and one just gravitationally sequestered from the SSM. The right panel shows a
possible spectrum where the SSM LOSP is lighter than 2ms/,, but, however, could
still decay to a goldstino originating in a conformally sequestered (or warped) sector,
here chosen not to be of ISS type, so there is only a single goldstini state, and no
modulini. An interesting variant of this scenario occurs if the anomalous dimension
of the SUSY-breaking field satisfies vx > 1, in which case LOSP decays could occur
to a goldstino which is lighter than the gravitino [4]. The resulting collider and cos-
mological phenomenology can depend strongly on which of these patterns is realised.
Unlike for the various goldstini, decays to the modulini of a hidden ISS sector depend
on the couplings in that sector, and are thus not guaranteed. Three different sectors
are shown in order to elucidate a range of possibilities, though any number > 2 of
independent SUSY-breaking sectors implements the goldstini scenario.

from other ms/s-scale fermions such as, e.g., derivatively-coupled modulini, whose
couplings to SSM states at a scale E are suppressed relative to those of goldstini by
EA/fit

For the field-theoretic breaking of global SUSY, it is reasonable to expect that
the distribution of breaking scales is roughly log-flat since, assuming SUSY is un-
broken at tree level, breaking only occurs via non-perturbative effects (modulo tech-
nicalities involving Fayet-Illiopoulos terms), which scan over an exponentially large
range of scales as UV couplings and beta-function coefficients are linearly changed
[169, 170]. In the context of multi-sector SUSY breaking, there should be a lower
cut-off on this distribution of SUSY-breaking scales, implied by the (at least gravi-

4Though this is true of conventional, derivatively coupled modulini, there are of course exceptions
— for example, the fermionic components of moduli superfields involved in supersymmetry breaking,
whose couplings to SSM states are goldstino-like. We particularly thank Joe Conlon for discussions
on related issues.
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tational strength, i.e., anomaly-mediated) communication of breaking from the dom-
inant SUSY-breaking sector to the sub-dominant ones. In Chapter 5 we show that
spontaneous SUSY-breaking can, in fact, be triggered in a sub-dominant sector as
a result of the SUSY-breaking felt from the dominant SUSY-breaking sector. If we
require SUSY to solve the hierarchy problem, and we assume the dominant SUSY
breaking sits at the intermediate scale, the lowest independent SUSY-breaking sector
should have scale ~ TeV. In Section 4.2 we will see how such a scenario leads to a
strong modification of the goldstino mass when arising from a sector with such a very
low SUSY-breaking scale.

In fact, in the landscape of string theory, one might naively expect ‘tree-level’
breaking due to the presence of fluxes or anti-D-branes in the vacuum not to be
distributed at all scales, but instead concentrated at the string scale. Nevertheless,
because of the presence of warped throats (caused by the back reaction from fluxes
or branes), an approximately log-flat distribution of SUSY-breaking scales can still
apply due to the approximately log-flat distribution of throat lengths expected in
string compactifications[166-168].

Having discussed our view of the overall scene in which the goldstini scenario is
set and motivated, we now turn to our specific results, starting with the changes to

the goldstini mass spectrum related to the stabilisation of SUSY breaking vacua.

4.2 Goldstini Masses in Supergravity

Perhaps the clearest way to study the goldstino mass spectrum in supergravity is
through the use of the conformal compensator formalism [171-173], in which a ‘spu-
rion’ superfield X is introduced with conformal weight 1 assigned to the lowest com-
ponent. The conformal compensator can then be used to track the breaking of a
superconformal gravity theory down to normal supergravity. In addition, if super-
symmetry is also broken, then the conformal compensator can be used in an analogous
way to keep a track of the generation of soft-terms. The relevant physics may be cap-
tured by considering a single chiral superfield X (y) = x(y) + vV2¢x ()0 + fx(y)6?
with a Polonyi-type superpotential and Kahler terms necessary for stabilising the
vacuum at finite (z). The Lagrangian is given by

o(XTX)?

_ [ goxt i
L‘-/d@EE(XX— e

+ ) + /d2923fX + h.c. (4.2)

where ¥ = o + fx6? is the conformal compensator and ¢ > 0. Such a Lagrangian

naturally arises as an effective description of SUSY breaking valid below the scale
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M (e.g., an O’Raifeartaigh model with fields of mass M)®. The quartic stabilising
term in the Kéahler potential is absolutely necessary in the context of supergravity;
its absence would induce a runaway to large field values. If X were the only source
of supersymmetry breaking, we would identify ¢ x as the true longitudinal goldstino
G that is eaten by the gravitino. Indeed, in this case the zero momentum equation of
motion for z may be solved to yield x = Y% Thus in the far infrared we may write

2fx
X as a non-linear superfield,

2

x- 9 +V2G0 + fx6? (4.3)
2fx

which corresponds to the usual non-linear parameterisation of the goldstino G = ¢ x
[174].

Now let us consider the effects of multiple SUSY breaking on the fermion .
We assume the dominant contribution to SUSY breaking comes not from X, but
from other sectors sequestered from X, so that (fy,/o) = mgs,. Clearly, it is now
necessary to keep careful track of the dependence on the conformal compensator. We
may analyse the effects of SUSY breaking on X by going to the canonical basis via
the re-scaling X — X /¥ and solving the auxiliary equation of motion to find

2¢(fs/o)|x 2w + 2caTy + fM?

= . 4.4
Ix M? — 4c|x|? (4.4)

By minimising the resulting scalar potential for x, we may then extract the mass for

the would-be goldstino n = ¥y,
M ng /2
my = 2mgy (1 — —20f2 4. (4.5)

4,4
M ™30
c2fa

where additional correction terms are O ( ) This expansion is valid in the

regime m§/2/c < f*/M? < mgpMp. One can see that as v/f (and M) approaches
mg2 these corrections become significant and a different expansion is necessary. From
a numerical study we find that for /f < mgs these large corrections can drive the
goldstini mass much smaller than 2mg/,. Such corrections are to be expected as in this
case the SUSY-breaking communicated to a sector becomes larger than the breaking
within the sector itself and there is no SUSY to be spontaneously broken within the

sector from the outset!

SNote that here, for simplicity, we have assumed an R-symmetry is preserved. Inclusion of
Kahler terms such as ¢ X7 X3 /M? allow the study of R-breaking cases, with similar results to the
R-preserving case.

o7



A few remarks are in order. As can be seen clearly in eq.(4.5), the goldstino mass
in a given SUSY-breaking sector depends on both the overall scale of SUSY break-
ing and the scales within the sector itself; the interplay of supersymmetry breaking,
gravitational effects and vacuum stabilisation leads to important corrections to the
goldstino mass - whenever the SUSY breaking field X gains a large vacuum expec-
tation value linear terms in the Kahler potential lead to mixing between X and the
gravity multiplet, and thus corrections to the goldstino mass®. Of course, the gener-
alisation of this set-up to NV SUSY-breaking sectors is straightforward, resulting in N
goldstini n;; in the mass eigenbasis these become the eaten longitudinal goldstino and
N — 1 uneaten goldstini (, (related to the n; by 1; = V;u(,, where V;, is the rotation
matrix that diagonalises the goldstini mass matrix).

In this case it may seem that if one makes a unitary transformation such that there
is only one Polonyi field G = Y, fiX;/fess all other orthogonal combinations X,
might remain massless by this derivation. However, in this new basis the stabilising
Kihler term will lead to mixed interactions between G and the other fields X ;- The
non-zero vev of G then leads to masses for the fermionic components of X; and the
same results are recovered.

In the subsequent section we will omit the corrections due to mixing with the
gravity multiplet. Such a simplifying assumption will make the effects of new physics
more transparent, with the understanding that corrections from stabilisation have

been suppressed.

4.3 Multiple Goldstini and Modulini from ISS Sec-
tors

The notion of multiple SUSY breaking sectors prompts us to consider how SUSY may
be broken within each sector. The ISS models [158] demonstrate that SQCD with
massive flavours exhibits a metastable SUSY breaking ground state. Further, the
simplicity of such models would suggest that spontaneously broken SUSY is generic
in SUSY field theory. Therefore it is natural to consider, in the context of multiple
SUSY breaking sectors, that some number may well be of the ISS type, without the
addition of any of the singlets or deformations that are absent in the original ISS

models, and that are needed only to break R-symmetries. Here we show that such

6We thank Clifford Cheung and Jesse Thaler for discussions concerning this interpretation and
for correcting a numerical factor in the original version of eq.(4.5). Corrections due to mixing with
the gravity multiplet are also discussed in the Appendix A of [74].
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a sector would give rise to multiple goldstini fields along with many more ‘modulini’
fields of mass > 2mg/,.” These extra states could potentially lead to a smoking gun
signature of an ISS hidden sector by determining missing energy in LOSP decays to

the gravitino, goldstini and modulini.

4.3.1 ISS models at low energies

To illustrate the essential physics we concentrate on the classic ISS-model of SQCD
with V. colours and N. +1 < Ny < %NC flavours in the free magnetic range [175—
177]. The generalisation to other gauge groups should be straightforward. A simple,
intuitive understanding of why such an ISS sector gives rise to multiple goldstini fields
comes from the fact that, in the far IR, it flows to multiple de-coupled O’Raifeartaigh-
like models as we now show.

Using Seiberg duality [176] the IR-free description of the theory is described by
an Ny x Ny gauge singlet meson matrix II;; and Ny flavours of magnetic quarks ¢,
and @; in the fundamental (respectively anti-fundamental) of a SU (N = Ny — N,)
magnetic gauge theory. This theory is weakly coupled at low energies and has a

superpotential given by
W=hTr|p - II-¢—p* 1. (4.6)

We assume a generic, non-hierarchical, matrix ufj which can be diagonalised without
loss of generality. Among other symmetries this theory exhibits a U(1)z symmetry
where the ¢ fields have zero R-charge and II has R-charge 2.

Considering the F-components of the meson superfields
_Fﬁij = hy; - @; — hM?j ) (4.7)

the first term in this matrix equation is of rank Ny — N, whereas the second term
is of rank Ny > Ny — N, therefore it is impossible to have Fiy,, = 0 for all {i, j}
and SUSY is broken. This is the famous ISS ‘rank condition’. The minimum of the

potential is
Nc
V=S () (4.8)
where p? are the N, smallest eigenvalues of u?j. This minimum occurs in field space

(Y Z B - _( Potx o (A5 0

(4.9)

"Purely for typographical clarity we ignore, throughout this section, the possibility of the warping
or conformal sequestering considered in [4].

29



with po-@o = fi2. Also, ® is an N, x N, matrix of fields, Y is (N;—N.)x (Ny—N,), p is
N.x N, and the dimensionality of the other terms is apparent from these assignments.

Upon rewriting the superpotential in terms of these fields it splits into three pieces

W:W1+W2+W3With

Wi = hTilp-®-p+p-Z-Go+go-Z-p— - ®]
Nj—N.

= —hTrud-®]+h Y (P, Py, + fio, (B, Pu, + o, - B3)) (4.10)
i=1

Here the ¢ are N, dimensional vectors, and the fi, are the first Ny — N, diagonal com-
ponents of the ji2 matrix. In the first line we recognise 1, as an O’Raifeartaigh-like
model and in the second line the fields p, p, Z, and Z have been written as matrices
made up of row and column vectors to demonstrate explicitly how the superpotential
Wi decomposes into Ny — N, O’Raifeartaigh-like sectors. The remaining pieces of the

superpotential are

Wo = hTr[x Y -x+x'Y Po+po- Y X] (4.11)

Wy = hTxlp-Z-x+x-Z-p| . (4.12)

W5 comprises a sector which doesn’t break SUSY and contains massive chiral super-
fields along with the Goldstone superfields of the spontaneously broken symmetries.
The Goldstone fields of the spontaneously broken SU(Ny—N,) are eaten by the gauge
superfields through the supersymmetric Higgs mechanism. These SUSY-preserving
fields are only coupled to the SUSY-breaking sector through the cubic terms in Wj
and can therefore be consistently neglected when considering the first sector.

It is clear that ® remains massless at tree level, and the diagonal component of
® contains the goldstino. The pseudo-moduli of this field become massive at one-
loop level through their interactions with the heavy ¢ fields and these masses can be
calculated to all orders in the SUSY breaking parameters with the use of the Coleman-
Weinberg potential [178]. However, as we would later like to embed this theory in
SUGRA, and the Coleman-Weinberg approach is not manifestly supersymmetric, we
choose instead to work in terms of the effective Kahler potential which arises when
the heavy superfields are integrated out. This agrees with the Coleman-Weinberg
potential to second order in the SUSY breaking F-terms and in the limit where SUSY

is unbroken this is exact at one-loop.®

8Including higher order corrections in the SUSY breaking parameters would necessitate including
supercovariant derivatives. The effective Kéahler potential is sufficient for our needs.
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In general for a superpotential of the form

1 -
W= S Mije;- @5 (4.13)

where M;; includes mass terms and the pseudo-moduli fields, the exact one-loop

Kahler potential is given by

1 MM
1) _
KW = oo Tr {MTMlog< AP >] : (4.14)

Reading off the matrix M from eq.(4.10) one finds that the theory describing the
light fields contained in ®, after integrating out the heavy fields contained in ¢, is
described by the superpotential

W = hTr[us - ®] , (4.15)

and the effective Kihler potential K ;p = K© + K1 where K(© is the canonical
Kahler potential, and K is given by
KW= — - NfZNCTr 2(2+log Ji, o P4 (@7 @)+
32m 2 AZ e
(4.16)

Here the ellipses denote higher order terms which we can ignore as we are studying the

theory near the origin of field space, (®) < fig. (The first logarithmic correction to
the terms quadratic in ® corresponds to one-loop wavefunction renormalization of the
fields.) Eqs.(4.15) and (4.16) are sufficient for studying the low-energy phenomenology
of the ISS model. One can see from the quartic term in the Kéhler potential that,
once the diagonal components of ® develop F-terms, a scalar potential for all pseudo-
moduli in ® is generated, and in these (global) SUSY ISS models all scalars are
stabilised at the origin (®) = 0.

Most importantly for our purposes, this low energy theory respects the R-symmetry
detailed earlier, forbidding the fermions in ®, hereafter called ‘modulini’, from gaining
mass. This can also be understood by considering the ISS model before integrating
out the massive fields: As there are more fermions with R-charge Qg = 1 than with
®r = —1, then, if the vacuum is R-symmetry preserving, not all fermions can obtain
a Dirac mass, implying some remain massless.

One may worry that sub-leading corrections spoil this result. There exist cor-
rections to the Kihler potential of the form 6K ~ Tr[® - ®]?/|A|*> where A is the
strong coupling scale of the theory. These corrections have interesting consequences

when the theory is embedded in SUGRA, however as they respect the R-symmetry,
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we conclude that, in the global limit, they do not contribute to the modulini masses.

There is also a non-perturbative explicit R-symmety-breaking superpotential term
W = N (hNs A=BNe=2Ny) qet[T1]) Y/ N5 —Ne) (4.17)

generated by gaugino condensation [177, 179-181]. However it preserves a discrete
R-symmetry subgroup larger than Z,, and thus the modulini remain protected from
gaining a mass. We will return, in the next section, to a discussion of these operators
in the context of SUGRA .

In summary, one sees that in the global SUSY limit the metastable supersymmetry-
breaking vacuum of SQCD with NN, colours and N, +1 < Ny < %Nc massive flavours
contains N? massless modulini (of which N, are goldstini). In the next section we
show that in local supersymmetry these modulini acquire a mass > 2mg/, (ignoring

warping and/or conformal-sequestering).

4.3.2 ISS modulini masses in Supergravity

In SUGRA with spontaneously broken SUSY, one requires a constant term in the su-
perpotential to cancel the cosmological constant from the non-zero scalar potential.
This constant breaks any continuous R-symmetry and we would expect this to mani-
fest itself in a hidden ISS sector by displacing the minimum of the scalar potential for
the pseudo-moduli from the origin, and in turn generating masses for the modulini.

First, by considering eq.(4.16) we see that when (®) # 0 modulini masses are
indeed generated. As long as (®) < fip the dominant contribution comes from the
quartic operator, higher order terms leading to subdominant corrections suppressed
by higher powers of (®) /fig. For f, ~ u* < M% for all a, we show in Appendix B.1
that the condition (®) < fig is satisfied. Thus our SUGRA analysis is valid whenever
the scale of supersymmetry breaking is parametrically below the Planck mass.

Moreover, as also detailed in Appendix B.1, we find, for fields, X;, with super-
and Kahler-potentials of the form,

W = W0+faXa (418>
1

K = X, X!+ SApa X XL XX, (4.19)
i

and under the same conditions, that the fermion masses are given by

Map = 2M3 )9 <A(ad*bl*)(A(z‘j*kl*)fifj*)1fd*fk — féﬁ) ; (4.20)
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once the goldstino direction has been rotated away. (The goldstino direction is the
zero eigenvector of this mass matrix which can clearly be seen as f,mq, = 0.)
Armed with eq.(4.20) we can apply these results to modulini from the ISS sector.
In Section 4.3 we identified two quartic operators in the Kéhler potential that may
lead to modulini masses: Tr[(®'®)?] and Tr[(®'®)]?, and in both cases the tensor A
can be written in terms of the identity matrix. First we consider just the operator
ﬁ Tr[(®'®)?] and diagonalise the F-terms as in Section 4.3. In this basis one finds

for the mass matrix

2 2
fa + fb 5ad5bc - Méalﬁ%d) ’ (42]—)

ab,c =2
Map,cd m3/2< 20ty lef

where the f, are the diagonal elements of the hu2 matrix in the superpotential. We
can now split ® into two sets of fields to study the masses.

First, focusing on the diagonal elements, i.e. a = b, ¢ = d, we find a mass matrix

Maa,bb = 2m3/2 (5ab - fC;fb> ) (422)

eff

which has N, eigenvalues of 2m3/5(1,1,1,...,1,0). The field with zero mass is the true
goldstino field G = f;®;;/ fers that mixes with the gravitino and is eaten leading to a
gravitino of mass mg/s. In the presence of multiple SUSY breaking sectors this field
is in general a mixture of the goldstini from all sectors and from the ISS sector, in
this case, we would then expect IV, ‘goldstini’ fields, ¢, of mass 2m3/;.

Now considering the off-diagonal fields, i.e. a # b,c # d, we find that the only
non-zero terms in the mass matrix have ¢ = b, d = a and are of the form

fa+ 17
2fafo )

These fields in general have m > 2msg/, with a lower limit, m = 2ms3/s, in the case

Mab,ba = 2777’3/2 ( (423)

with all F-terms equal (again ignoring warping and/or conformal sequestering). These
off-diagonal fields are the (now massive) modulini, x, which accompany the goldstini.

In summary, in the context of multiple sequestered SUSY breaking sectors, from
each metastable ISS-type SUSY-breaking sector one expects N, goldstini of mass
2mg)o and N (N, — 1) modulini with mass m > 2ms,,. We emphasise that this result
is valid in the absence of extra singlet fields or other deformations of the global-SUSY-
limit of the ISS sector that spoil the discrete R-symmetry outlined in Section 4.3.1.
Nevertheless, there is no reason to require all of the independent SUSY-breaking

sectors to break their discrete R-symmetries.
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4.3.3 Sub-leading corrections

There are a number of operators that might alter these results. We first consider
those we expect to arise within the ISS sector itself. Naively, a cause for concern
is the fact that by using the effective Kahler potential we are omitting higher order
terms in an expansion in f/u? S 1. We have, however, calculated the full one-loop
diagram for the modulini masses, which includes these corrections to all orders and
where the effects of SUGRA are included, and we find that the goldstini masses
remain unaltered and the modulini masses remain bounded below by 2ms3/,, so do
not change the qualitative results from the previous section. The full results of this
calculation are contained in Appendix B.2.

Next, as discussed in [158] and in Section 4.3.1, there are corrections due to the
underlying microscopic theory of the form § K ~ Tr[®'-®]?/|A|?> where A is the strong
coupling scale of the theory. As highlighted in [158] the effects from these operators
are expected to be small as |A| > p. Including this operator we find that the masses
of the fermions are altered slightly. In particular if we set all F-terms equal we find
that for

K =Tr[® - &] - \u% To[(® - 8)2] — y/\% Ti[® - &) (4.24)
and the superpotential in eq.(4.15) the fermion masses are

1

1 bNC|N|2
alAJ?

As |A| > |p| then unless b > a corrections from the microscopic theory are small
(though possibly phenomenologically interesting). The sign of b is unknown and
so these small corrections to the goldstini and modulini masses can potentially be
positive or negative.

As mentioned earlier gauge interactions also lead to an explicit breaking of the
R-symmetry through the generation of the low energy superpotential [158, 177, 179
181]

W = N (RNt A=BNe=2Np) qet [IT]) Y/ (Nr=Ne) (4.26)

Corrections due to this term should be small, though. First, this operator leads
to a superpotential term proportional to ®V//Nr=Ne). however we know that N >
3(Ny — N,) so the discrete R-symmetry remaining after the inclusion of this operator
will forbid majorana masses for the modulini in II in the global SUSY limit. On
the other hand, once the theory is embedded in SUGRA, we know the R-symmetry

is broken and this leads to vacuum expectation values for the scalar components of
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(II) ~ mg/y [182]. As with the corrections to the Kéhler potential we would then
expect this operator to lead to masses for the modulini. We can estimate these

corrections as

Sm ~ N N1/ (Ng=Ne) \~(BNe—2Np) [(Ny=Ne) (@) Ny/(Ny=Ne) (4.27)
(m3/2>(3Nc—2Nf)/(Nf_Nc)
ms3y2 A
and as A > p1 > mg/, and also 3N, > 2Ny, these corrections should be small unless
(3Nc — 2Nf)/(Nf — NC) < 1.

Other operators may arise from outside the ISS sector which lead to R-symmetry

(4.28)

breaking and would modify these masses. Such scenarios have been discussed in detail
in [74] and thus we direct the interested reader to this work for a through discussion.
We note that if the ISS sector(s) is/are sequestered from other SUSY breaking sectors,
and only couple to them via the SSM, then corrections to these masses should be at
least a loop factor smaller than ms/,. If the ISS sector only couples to the SSM and
other SUSY breaking sectors gravitationally then we expect the masses not to deviate

from the calculation above.

4.4 Couplings and Phenomenology

We now turn briefly to collider phenomenology. For definiteness throughout this
section, we will take as a working assumption the set-up described in detail in Refs.[74,
75], namely, the goldstino and gravitino masses are > O(10GeV), and the SUSY-
breaking scales are such that the goldstini have comparable, or greater couplings to
the SSM than the gravitino. In such a set-up all SUSY collider events will terminate
in a cascade decay to the LOSP which may further decay to the goldstino or gravitino
within the detector. Such an event can lead to striking signatures at the LHC [183]
such as monochromatic electrons or muons in the case of a selectron or smuon LOSP
[184]. The lifetime of the LOSP could be determined by observing decays of stopped
LOSPs within the detector [185, 186] or within a proposed stopper detector [187—
189] which could be constructed after the observation of long-lived charged particles.
Further, when observing these decays it may be possible to determine the masses
of the gravitino and goldstino using the methods discussed in [190-192]. Therefore,
under these assumptions, it may be possible to measure the gravitino and goldstino
masses and couplings to the SSM LOSP and we will take this to be the case throughout

the remainder of this work.
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Let us begin with a few brief remarks on the coupling of goldstini to the SSM. The
couplings of the goldstini to Standard Model fields in this case come from interactions

of the form

1 17 Via
LD Z e / dOXX,®'® = Z ngaquT . (4.29)

As mentioned in Section 4.1, V;, is the rotation matrix that diagonalises the

Mij = 2Ms3)2 <5ij - @) ; (4.30)

eff

where the (, are the N —1 goldstini mass eigenstates and the true goldstino that forms

goldstini mass matrix:

the longitudinal component of the gravitino is the N** eigenstate with zero mass in
this basis. We see that as ). f;Vi.xn = 0 then if SUSY breaking from all sectors is
communicated in an identical way, i.e. all A; are equal, then the goldstini couplings
to the SSM would be zero, and we would only interact with the true goldstino that
forms the longitudinal mode of the gravitino. However, it is a reasonable assumption
that in general not all A; are equal, and if even one of these effective mediation scales

is different then couplings to all goldstini are generated.

4.4.1 Distinguishing ISS SUSY-breaking

An important question is how we could possibly distinguish if we were coupled to N,
goldstini from one hidden ISS sector, multiple goldstini from many different sectors
or just one goldstino with a different effective SUSY breaking scale. We will see that
making this distinction is in principle possible, however we will first consider some
moral differences between these scenarios. First of all for a hidden ISS sector one
would expect a larger coupling of goldstini to sfermion-fermion pairs than gaugino-
gauge boson pairs. This would imply a hidden SUSY breaking sector that preserves
an R-symmetry. Secondly the F-terms of a hidden ISS sector should be roughly the
same magnitude whereas there is no a priori reason to expect the SUSY breaking scale
in multiple sequestered sectors to be similar. Finally the SUSY breaking F-terms of
a hidden ISS sector would be mediated in a similar way, and therefore couplings to
goldstini arising within a single ISS sector should be of the same order of magnitude.

We illustrate the possibility of making this distinction with the example given
in Section 4.1 of two sequestered SUSY breaking sectors which couple to the SSM
differently as illustrated in Figure 4.1. Considering the decay of a scalar LOSP to
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the goldstini via the Goldstino Portal, if we ignore details of phase-space factors, the

partial width for this process is

N—-1
1
Ugingy = 167”%2\0&2 7 (4.31)
a=1

where C, is the dimensionless coupling of the goldstini to ¢ and 1 given in eq.(4.1).
As detailed in Appendix B.3, if the sfermion masses are generated through a Kéhler

potential term of the form

Tr[®! - oo
x\? ’

Ksoft = (432)

where ¢ is an MSSM superfield, we find that the respective decay widths to goldstini

and the gravitino are

my ((x—=1)f > N
r N 4.33
o1y 167 < T2 1+ N.y? ( )
2 2\2
n f (x + N.y?)
T ~ . 4.34
PG T T6r <:cA2) 1+ Noy? (4.34)

As expected we see that in the limit x — 1 the decay channel to goldstini vanishes
and we recover the usual decay width to the gravitino. More importantly however
we see that N, from the ISS sector always appears in combination with y? which
parameterises the overall scale of the SUSY breaking in the ISS sector. Therefore
in this scenario with Goldstino Portal couplings alone one could not distinguish the
N, goldstini in an ISS sector from a SUSY breaking sector with one goldstino and a
higher SUSY breaking scale.
However, there is in principle no reason for the couplings to be of the form in
eq.(4.32) and the more general coupling
Bz‘jkl‘I’L‘I’klﬁqus

soft —
! xA? ’

(4.35)

where B takes some unknown values, allows not only the goldstini to couple to the
SSM fields but the off-diagonal modulini fields also couple with similar strength. This
arises through the non-zero F-terms of the SUSY breaking fields.? This coupling then

9We note that the coupling of hidden sector SUSY-preserving fields to the SSM through their
interactions with the SUSY breaking fields can therefore be of the same strength as goldstino cou-
plings to the SSM and this could have phenomenological consequences for other models of SUSY
breaking. This mechanism of SUSY-preserving fields ‘hitching’ through the Goldstino Portal could
be useful in scenarios where small renormalizable couplings to gauge-invariant combinations of SSM
fields are desired.
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Figure 4.3: LOSP decays to the gravitino, goldstini and modulini of a hidden ISS
sector. The modulini masses are bounded below by 2ms/, and the observation of

such a decay pattern would provide strong support for the physical realisation of the
ISS mechanism of SUSY breaking.

allows for a ‘smoking gun’ collider signature of a hidden ISS sector as LOSP decays
will occur to the goldstini and modulini of the hidden ISS sector. If not all F-terms
are identical then the modulini masses are all greater than 2ms/, (in the absence of
warping or conformal sequestering), but bounded below by this value and the long-
lived LOSP decay spectrum would be observed to be of the form depicted in Figure
4.3. This decay pattern would give strong support for the ISS mechanism of SUSY
breaking if observed and the number of colours in the hidden ISS sector could, in
principle, be deduced from the number of decay lines.

This signature is distinct from, say, a LOSP decaying to many gravitino-mass-
scale moduli or modulini. This is because the couplings to the ISS sector particles
are not simply Planck-scale but depend on a combination of the SUSY-breaking scale
in the ISS sector and the messenger scale, which needn’t necessarily bear any relation
to the Planck scale. Therefore, although one would generically expect many O(ms/2)
mass particles in top down constructions such particles would not typically lead to

the LOSP decay signatures as could arise from a hidden ISS sector.

4.5 Summary

As the LHC continues to explore the electroweak scale, it is timely to consider what
experimental indications may be found regarding physics at much higher scales. Cer-

tainly the discovery of Standard Model superpartners would be a great breakthrough
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in itself, but there also exists the potential to learn much more about the mechanism
of supersymmetry breaking and its communication to our sector. The observation
of LOSP decays to a gravitino would tell us about the quantum nature of gravity
[193], while the goldstini proposal [74] shows both that such an observation could be
consistent with a standard cosmology [75] and that the observation of LOSP decays
to additional goldstini would imply the existence of other sequestered SUSY breaking
sectors.

Considering the consequences of multiple sequestered SUSY breaking sectors in
light of theoretical considerations (e.g., the structure of calculable models of dy-
namical SUSY breaking) leads to a surprisingly rich spectrum of fields with masses
O(2mg/2) and whose interactions with Standard Model fields may be much stronger
than the naive mediation scales suggest. The presence of such goldstini and modulini
spanning a range of masses would significantly alter conventional supersymmetric
phenomenology. Moreover, measuring their masses and couplings at the LHC would
lend insight into not merely the mechanism of supersymmetry breaking, but also the
existence and dynamics of additional sectors coupled to the Standard Model through
the Goldstini Portal. In this fashion, various features of ultraviolet physics, such
as metastable supersymmetry breaking, may become evident in the infrared via the

mass spectrum and interactions of goldstini and modulini.
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Chapter 5

Stimulated Supersymmetry
Breaking

In this chapter we show that small soft terms can create a supersymmetry breaking
minimum along a pseudo-flat direction of a hidden sector which would otherwise
be incapable of spontaneous supersymmetry breaking. As this minimum lies along
a pseudo-flat direction, with non-zero F- or D-terms, the resultant supersymmetry
breaking in the hidden sector can be orders of magnitude greater than the soft terms
which created the minimum. This opens new avenues for building models of gauge
mediation, has consequences for the cosmology of hidden sectors, and strengthens the

case for multiple supersymmetry breaking sectors.

5.1 Introduction

As described in Chapter 2, if we wish to employ weak scale supersymmetry (SUSY) as
a remedy to the hierarchy problem then, in addition to the supersymmetric standard
model (SSM), a supplementary sector which spontaneously breaks SUSY becomes a
necessity.

Extending this, if one entertains the idea of multiple sectors, with dynamics over
a range of scales then, once supersymmetry has been broken in at least one sector,
this raises the possibility of another hidden sector which may have soft masses well
below the typical supersymmetric mass scales in the sector. Such a sector would
therefore be approximately supersymmetric; the soft supersymmetry breaking a small
perturbation on the potential and dynamics of the sector.

In this chapter we are concerned with an effect peculiar to approximately super-

symmetric hidden sectors, where, in analogy with approximate global symmetries,

70



we define an ‘approximately’ supersymmetric sector as one in which SUSY is broken
softly at scales much lower than the supersymmetric mass scales in the sector.

One would expect such a small perturbation on the sector to have correspondingly
small effects, however we comment here on a scenario whereby small soft parameters
can have a pronounced effect, enabling a sector which has no stable SUSY breaking
vacuum in the absence of the small soft terms to break SUSY spontaneously at typical
mass scales of the sector, much greater than the SUSY breaking due to the soft terms.

The basic mechanism is as follows: Consider a supersymmetric hidden sector,
containing multiple superfields, which possesses a supersymmetric vacuum. However,
along the minimum of the scalar potential, far from the supersymmetric minimum,
there also exists a tree-level flat direction with non-zero SUSY breaking. Due to the
SUSY breaking this flat direction is lifted radiatively, rendering it pseudo-flat, sloping
gently towards the supersymmetric minimum. Such a scalar potential is depicted in
Figure 5.1, and we call this sector the ‘secondary’ sector.

Now we consider perturbing this secondary sector by adding a soft potential with
scalar masses, m, much smaller than the typical supersymmetric mass scales in the
secondary sector. These soft terms could be generated due to supersymmetry breaking
in another sector, the ‘primary’ sector. This soft potential only modifies the full scalar
potential of the secondary sector in a minor way. However, if the symmetry structure
of the secondary sector superpotential is different from that of the soft potential, it is
possible that the minimum of the supersymmetric scalar potential does not coincide
with the minimum of the soft potential.

In this scenario, if the minimum of the soft potential coincides with a point along
the pseudo-flat direction then, owing to the extremely flat potential, a local minimum
can appear. Thus the small parameters in the soft potential are important in the
context of the secondary sector as it possesses a flat direction.

The consequences of a local minimum along a pseudo-flat direction now become
important, as along such a direction the SUSY breaking is non-zero, and even more
importantly this SUSY breaking occurs at scales much larger than the soft masses
that induced the local minimum. Thus we have ‘stimulated’ supersymmetry breaking.

In this way approximately supersymmetric secondary sectors can exhibit a rather
curious phenomenon, spontaneously breaking the approximate SUSY, even when the
exactly supersymmetric counterpart has no SUSY breaking minimum.

This is amusing, but seems rather contrived - breaking supersymmetry in order
to break supersymmetry. However stimulated SUSY breaking may have a place in
BSM physics.
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The first obvious application is in theories of gauge-mediated SUSY breaking, in
particular in the framework of ‘ordinary gauge mediation’ (OGM), which we now
summarise. For a recent general treatment of OGM see [194], and a recent review of
gauge mediation [195]. In this scenario the details of the hidden SUSY breaking sector
are considered irrelevant, and the SUSY breaking in the hidden sector is parameterised
by a singlet ‘spurion’ superfield, X, with (X) = #*F. The singlet is then coupled to
N pairs of messenger superfields Q, @, transforming in the 5 @ 5 of SU(5) D G-

The superpotential, including messenger masses and couplings to the SUSY break-

ing singlet, is then taken to be;

Woen = A XQQ + MQQ (5.1)

and from this starting point SUSY breaking is communicated to the supersymmetric
standard model (SSM) via gauge interactions, yielding a distinctive SSM spectrum.
Note that in eq.(5.1) we have not taken the canonical assumption of (X) = M + 6*F
as the messenger masses could, in principle, arise from a different supermultiplet,
especially when the scales of M and F' are greatly separated.

We can see that the details of the hidden sector are necessarily non-trivial by
considering the simplest model of SUSY breaking, a Polonyi model, with a hidden
sector superpotential W), = fX. Coupling this to the messenger sector we have the

combined superpotential
Wr = X0QQ + f) + MQQ . (5.2)

Now, even if A is small, this theory possesses a supersymmetric minimum, and the
previously flat X directions are lifted by the messenger interactions. These pseudo-
flat directions tilt towards the supersymmetric minimum and the theory is rendered
redundant for the purposes of SUSY breaking.

However, in the standard scenario the hidden sector involves couplings between
X and some extra superfields which generate radiative corrections to the potential
for X, a long-lived SUSY breaking minimum can be achieved, and we can proceed
with models of OGM.

With the aid of stimulated SUSY breaking we can proceed along an alternative
avenue. We start by positing the existence of an extra primary SUSY breaking sector

which generates a soft mass m for X, satisfying m? < f < M?.! This soft mass can

'In fact M2 can only be a loop factor smaller than f for this mechanism to work, as we discuss
in Section 5.2.
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stabilise X along a SUSY breaking pseudo-flat direction, possibly near the origin,
with (X)) = 62f.

The extra primary SUSY breaking sector need only break SUSY spontaneously,
and is not lumbered with any of the necessary properties of a sector required for gauge
mediation. The strongest such requirement being that of significant R-symmetry
breaking, along with SUSY breaking, in order to generate comparable gaugino and
sfermion masses.?

Hence a new recipe for building models of gauge mediation is to construct a
secondary sector, including messengers, which possesses a tree-level flat direction
along which there is comparable SUSY and R-symmetry breaking. Even if this sector
is incapable of spontaneous SUSY breaking in isolation, if we introduce small soft
masses for the fields in this sector it may be possible to create a SUSY breaking
minimum somewhere along the flat direction. These small soft masses come at the
price of a supplementary primary SUSY breaking sector, however this sector needn’t
also break R-symmetry. Further, this primary SUSY breaking sector can be very
weakly coupled to the secondary sector. Finally the stimulated SUSY breaking in the
secondary sector can be gauge-mediated to the SSM.

A novel feature of this set-up is that the gravitino mass is no longer set by the
SUSY breaking in the sector which contributes dominantly to SUSY breaking in the
SSM.

The mechanism of stimulated SUSY breaking also has some more general con-
sequences, in particular in the context of multiple SUSY breaking sectors, whose
phenomenology has been a subject of recent interest [4, 74, 75, 162]. If there exist
multiple sequestered sectors then some of these may have been stimulated into break-
ing SUSY, even if they are incapable of spontaneous SUSY breaking in isolation. Or,
in other words, if there exist multiple SUSY breaking sectors then many of them need
not take the form of a successful SUSY breaking sector in isolation.

Another consequence follows from the observation that the gravitino mass, and
thus soft SUSY breaking parameters, are of the order of the Hubble parameter, i.e.
ms/y ~ H, in the early Universe [196]. It therefore follows that, due to larger soft-
masses, additional sectors may have experienced stimulated SUSY breaking in the
early Universe, and, when msg/, fell below a critical value, such sectors could have

experienced a SUSY-restoring phase transition.

2This applies to the MSSM, however the model described in Chapter 3 has a continuous R-
symmetry, and thus doesn’t require any R-symmetry breaking in the SUSY breaking sector.
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In this chapter we focus mainly on the mechanism of stimulated SUSY breaking
and comment briefly on the model building applications and cosmological conse-
quences. In Section 5.2 we construct both F-term and D-term examples of stimulated
SUSY breaking. We calculate the details of the F-term model for specific parameters,
explicitly demonstrating stimulated SUSY breaking. In Section 5.3 we discuss some
general features of the mechanism, including the required properties of a candidate

stimulated SUSY breaking sector. Finally, we conclude in Section 5.4.

5.2 Some Illustrative Examples

Before discussing the mechanism of stimulated SUSY breaking in more generality in
Section 5.3, we first focus on specific examples, in order to illustrate the mechanism

as clearly as possible.

5.2.1 An F-term Model

The model contains two sectors;

e The ‘primary’ sector, which breaks SUSY spontaneously and has dimensionful

parameters of order A,. We denote the primary SUSY breaking superfield P.

e The ‘secondary’ sector, which experiences stimulated SUSY breaking. We de-
note the secondary SUSY breaking superfield S. The dimensionful parameters
in the secondary sector are of order A, and satisfy Ay < A,. In isolation
this secondary sector does not possess a local SUSY breaking minimum, and
relies on couplings to the primary sector in order to achieve stimulated SUSY

breaking.

In this model we work in the limit of rigid SUSY, with Mp — oco. We also assume
a minimal Kahler potential for all fields, with the exception of the interaction term,
which we introduce later.

We denote the superpotential for the primary sector W, and for the secondary

sector W. Thus the complete superpotential is W = W, + W, where

W, = P(ypp10s — hply) — Ap(D1005 + by (5.3)
Ws = S(ysaQ - hsAg) - ASQQ . (54>

We now describe the origin, and motivation, for each sector.
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Figure 5.1: The scalar potential for the secondary sector in isolation, i.e. in the limit
A — 0. The potential has been minimised in the ) and @ directions, and is plotted
as a function of S. The relevant parameters are hy, = 0.1, y, = 1, A, = 1. In the
left panel one can see the pseudo-flat directions either side of the supersymmetric
minimum. In the right panel we zoom in on the left panel to see the lifting of these
pseudo-flat directions due to radiative corrections.

W, takes the form of the low energy limit of a well-known model of dynamical
SUSY breaking, namely the Intriligator-Seiberg-Shih models [158]. In [158] it was
shown that SUSY QCD, with N; massive quark flavours, Ny being in the range N, <
Ny < 3/2N., exhibits a metastable, SUSY breaking vacuum if the quark masses are
hierarchically smaller than the IR strong-coupling scale of the theory, i.e. my < Azp.
This theory can be studied using the Seiberg dual [176] theory with N, flavours
and N = N ¢ — N, colours. Discarding supplementary massive, SUSY-preserving
superfields, at low energies one is left with an O’Raifeartaigh-like superpotential of
the form in W,. In this case W, is a simplified version of the model, and realistic
scenarios with N > 1 contain N copies of the dual quark superfields ¢. Radiative
corrections stabilise P at the origin, and the dimensionful scales A, and hpAIQ) can be
generated dynamically. For our purposes W), is a well-motivated spontaneous SUSY
breaking model, with dynamically generated scales [197], and for more details on the
ISS models we refer the reader to the original work [158].

Wy is inspired by the form of the OGM set-up, and by early models of hybrid
supersymmetric inflation [198-201]. It does not respect an R-symmetry, and is inca-
pable of spontaneous SUSY breaking on its own. S is a gauge-singlet and we identify
the standard model messengers, Q and Q, with a 5 and 5 of SU(5), with the intention
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of gauge-mediating to the supersymmetric standard-model (SSM).

This superpotential is not generic, however we can justify this form with selection
rules from the spontaneous breaking of an R-symmetry due to gaugino condensation,
as well as attempting to generate the parameters dynamically, along the lines of e.g.
202, 203]. We introduce a pure SUSY QCD sector which becomes strongly coupled at
a scale A. The gauge fields are contained in the chiral superfield W, and the massive
quark superfields in this sector are @, q. If we allow non-renormalizable couplings of
this sector to the messengers through physics at some higher scale M,, we can replace

W, with an R-symmetric superpotential

Thus if the extra SUSY Yang-Mills sector exhibits gaugino condensation we can
identify (Tr(W?2)) ~ A3, Further, below the strong coupling scale A we can treat gq
as a meson superfield, making the identification gq ~ AS. Hence we arrive at the

form of W given in eq.(5.4), where the parameters can be retrofitted as

ys ~ N/M, (5.6)
hoA2 ~ myA (5.7)
Ay ~ A3/M? . (5.8)

We also assume that the quark masses m, can be similarly retrofitted. Although
we have discussed a possibility for explaining the structure of W, alternatively, one
should note that non-generic superpotentials can be maintained from high scales due
to the perturbative non-renormalization of superpotentials. We have also attempted
to generate scales in this model dynamically, however one may alternatively choose
to remain agnostic about the origin of the various terms, as the purpose of this model
is mainly demonstrative.

For interactions between each sector we assume a Kahler potential term of the
form

)\2
K, = —W(PTP)(STS) : (5.9)

M
K, is the only interaction between the primary and secondary sectors, in particular

between the stimulated SUSY breaking superfield S and the primary SUSY breaking
superfield P. We assume that K, arises after integrating out messenger interactions
between the primary and secondary sectors. For the specific case of gravity mediation

My; ~ Mp, although lower mass messengers are also possible.
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This completes the model. Although the complete model does not exhibit an R-
symmetry, it still breaks SUSY spontaneously and has no SUSY-preserving vacuum,
even with kinetic mixing between P and S taken into account.® At first this appears
at odds with the general theorem of Nelson and Seiberg [204], however this is not
the case, as although there is no continuous R-symmetry the superpotential is not
generic and the primary and secondary sectors are not coupled through superpotential
terms. In fact, the primary sector still breaks SUSY in the same vacuum that would

be realised if the primary sector were isolated.

5.2.2 Sectors in Isolation, A =0

To build a complete picture of stimulated SUSY breaking it is necessary to first
consider the sectors in isolation.

The primary sector, W, is an O’Raifeartaigh model, and with h,y, < 2 the
minimum of the tree-level potential lies at (¢;) = 0, with (P) undetermined, and a
non-zero F-term of Fp = hpAf,. Although there exists a flat direction along P at tree-
level this is lifted radiatively. Integrating out the massive ¢, superfields to find the
Coleman-Weinberg potential [178] one finds a one-loop soft mass for P. Expanded to
second order in the small parameter h, this is

2,4
%:%%@WP. (5.10)
Thus P is stabilised at the origin, and the low energy effective theory for the primary
sector is given by eq.(5.10) and the superpotential

Weg = hpA2P (5.11)

Peff —

The story for the secondary sector, W, is somewhat different. There exists a
supersymmetric minimum at (y,S) = A, and (QQ) = h,A?/ys.

Writing S = y,S — A, which is zero at the supersymmetric minimum, then for
IS[> > y,heA2 the scalar potential is minimised with (QQ) = 0 and (S) is a flat
direction at tree-level. However in this region Fg # 0 and radiative corrections lift
this flat direction. Including these corrections by integrating out the massive @) and

Q superfields, the potential for S is

o 274 21274 o2 2
+  (IS]? + yshsA2)* log(1 4 y,h A2 /|S]?)
+ <|‘§’2 - yshsAz)Q log(l - yshsAi/‘SF)) ) (5~12>

3We thank Graham Ross for bringing this to our attention.
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where p is the UV cut-off and we have written S = YsS — Ay

Whenever [S|? < y,hsA? the potential is minimised with (QQ) = (yshA> —
152)/ y2 and there are similar one-loop corrections. These corrections are, however,
subdominant in this region as S becomes massive at tree level. Although we don’t
give these corrections here they are included in all Figures.

In the left panel of Figure 5.1 we show the scalar potential for S, having minimised
in the Q and @ directions. One can see the supersymmetric minimum and in the
right panel of Figure 5.1 we focus on the pseudo-flat direction to show the gentle
slope generated by the radiative corrections.

This concludes the study of the primary and secondary sectors in isolation. We
now go on to consider the case where A # 0 and the SUSY breaking from the primary

sector is mediated to the secondary sector.

5.2.3 Stimulated SUSY breaking, A # 0

Once we turn on the coupling, A\, between the primary and secondary sectors the
SUSY breaking from the primary sector is mediated to the secondary sector. In this
case a soft mass for the scalar component of S is generated, and, to second order in
hy, the soft potential for S is
272704
Vs =m?|S|* = %”QAHSP . (5.13)
M
This soft mass works to stabilise S at the origin. On the contrary we see from the
lower panel of Figure 5.1 that the potential from the secondary sector alone leads
to a shallow gradient at the origin, preferring to stabilise S at the supersymmetric
minimum (y,S) = As. It is the interplay between the behaviour of these two terms
that can lead to stimulated SUSY breaking.
In order to introduce a minimum near the origin the soft mass must be great
enough to overcome the slope of the pseudo-flat direction. In this model this corre-

sponds to the requirement that

A, (5.14)

Thus for relatively natural values of hy ~ y, ~ 0.1 the soft mass can be up to four
orders of magnitude below the typical mass-scales in the secondary sector. Smaller
soft masses can lead to stimulated SUSY breaking if the couplings in the secondary

sector are reduced.
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Figure 5.2: The potential in the secondary sector, minimised in the @ and @ direction,
as a function of the scalar field S. We have included the soft potential for S, generated
through interactions with the primary sector, with A # 0. One can see that the
soft mass has introduced a metastable minimum near the origin which would not
exist otherwise. The parameters chosen are A, = 10* TeV, h, = 0.1, y, = 0.1
and m = 50 TeV (solid black), m = 10 TeV (dashed red). If we identify Q and
Q as messenger superfields, the metastable minimum gives the phenomenologically
appealing value of Fo/Mg = 100 TeV, where Fy = hyysAs is the SUSY breaking
experienced by the messengers and Mg = A, is the messenger mass. Thus acceptable
gaugino and sfermion masses can be generated from such a sector.

In Figure 5.2 we plot the scalar potential for S with the soft mass included. One
can see that a metastable minimum appears near the origin. In this minimum, for
the parameters we have chosen, the ratio of the soft masses to the stimulated SUSY
breaking is

~ 2

m

Fsoft/FS = hoA\2
= 25x107* (5.15)

where the parameters used are detailed in the caption of Figure 5.2. The soft terms
have ‘stimulated’” SUSY breaking in the secondary sector.

The soft mass of m = 50 TeV can be achieved with couplings of order h, ~ A ~
0.1, messenger masses of My, ~ 10° TeV, and a primary SUSY breaking scale of
A, ~ 10° TeV, below the limit at which one expects to generate dangerous flavour-
changing neutral-currents from gravity mediated soft-terms.

In the scenario where the stimulated SUSY breaking is metastable one would
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like to make this vacuum cosmologically acceptable. The first concern is whether
after reheating one expects to settle in the metastable or stable minimum. At high
temperatures, 7 > A,, the masses of the messengers, Q and @, are irrelevant and
the coupling between the messengers and S will dominate the dynamics. Thus the
thermally generated mass should drive (S) — 0. As the temperature falls we then
expect to settle in the metastable, rather than the stable minimum. One might also
worry about the lifetime of the metastable minimum. Approximating the potential

with a triangle, the bounce action is

o2 [ A 2
B~ — s 1 5.16
3 (ysm) >1 (5.16)

where we have utilised the results of [205]. Thus the metastable SUSY breaking state
can also be made cosmologically long-lived.

Therefore, with Q and Q identified as messengers charged under the standard
model gauge group, one could mediate the stimulated SUSY breaking to the SSM,
generating gaugino and sfermion masses at the same order of magnitude as a result
of the comparable R-symmetry breaking and SUSY breaking scales in this model.
In such a manner stimulated SUSY breaking can be utilised in building models of

low-scale gauge mediation.

5.2.4 A D-term Model

It is also possible to build models of stimulated SUSY breaking where the SUSY
breaking arises from D-terms. A simple example appears in an adapted form of a
D-term inflation model [206]. We assume the same primary and interaction sectors

as in eq.(5.4), and simplify the secondary sector superpotential to

which is invariant under an R-symmetry. We introduce charges of £1 for Q and Q
under an extra U(1), gauge symmetry. If we include a Fayet-Iliopoulos D-term, h A2,

the full tree-level scalar potential is

Ve = [QQF + 5.8 — AL(QF + [QP)
2
+2-(QI = [QF + hA? . (5.18)

Both dimensionful parameters in this model can also be retrofitted to dynamically

generated scales, following the examples in [202].
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The scalar potential in eq.(5.18) has a similar behaviour to the F-term model
described previously. There is a supersymmetric minimum at (y,5) = Ag, (@) = 0,
(|QJ*) = hyA2% and for large values of S, when |y,S — A|> > hsg?A?, the scalar
potential is minimised for (Q) = (Q) = 0 and is tree-level flat in the S direction.
Along this flat direction the SUSY breaking is

D, = gh,\? . (5.19)

Again, as SUSY is broken, this flat direction is lifted by radiative corrections. For
large |S|? = |ysS — A4[> > hyg®A? the potential behaves as
Vo = Crate (g At (157 /u)
* 2 7 32m? s i
+ (I8 + g°hsA2)* log(1 + g*hsAZ/|SP)
+ (151> = ¢°h,A2) log(1 — g*hAS/IS)) (5.20)
where p is a UV-cut-off.
Thus, once again, if we include the coupling of this secondary sector to the primary
sector then soft terms for S, generated as a result of the SUSY breaking in the primary
sector, can stabilise S somewhere along this pseudo-flat direction. In this case the

overall SUSY breaking in the secondary sector is
D, = gh,\2 > m* | (5.21)

and the SUSY breaking in the primary sector has stimulated SUSY breaking in the
secondary sector.
Having considered some simple models of stimulated SUSY breaking we now go

on to consider the mechanism in more general terms.

5.3 Some General Features of Stimulated SUSY
breaking

Considering the mechanism in general, we can identify the key ingredients of a stim-
ulated SUSY breaking set-up, as well as some generic properties.

First we consider the tree-level scalar potential of the secondary sector alone, and
simply denote this potential V. It is commonplace for supersymmetric theories to
possess tree-level flat directions, where V' = dV/0¢ = 0 and V" = 9?V/d¢* = 0,

with ¢ a scalar field. Usually such flat directions are supersymmetric, with Vg, = 0,
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however it is possible that flat directions arise which have non-zero F- or D-terms,
giving

1
Vaar = F) F; + SD'D"#0 (5.22)

where the sum over fields is implied.
Denoting the superfields corresponding to the scalar flat directions X ;, and denot-
ing any additional superfields which are charged under gauge and global symmetries

@,, then a renormalizable theory of the following form may possess such flat directions
W= fiX;+ (NijuXi + Mjn)@; b, (5.23)

where \;jj, is a trilinear coupling constant. Depending on the nature of A;;; and My, it
may be possible to justify the form of the superpotential with an R-symmetry, under
which the singlet superfields have R-charges of QQx, = 2. Otherwise, if the theory
does not possess an R-symmetry, quadratic and cubic terms in X; can be forbidden
with selection rules from spontaneous R-symmetry breaking.*

Studying the F-terms from the superpotential in eq.(5.23) one can see that for very
large field values, where /f;(\;;x X; + Mj;) > f;, the scalar potential is minimised
with (¢;) = 0, and is tree-level flat in the (X;) direction. Thus any theory of the form
in eq.(5.23) may be a candidate for stimulated SUSY breaking, even if it possesses a
SUSY-preserving minimum.

As the flat directions in such theories are not supersymmetric they are typically
lifted radiatively, generating a potential for the flat direction. If this is the case we
call this direction ‘pseudo-flat’. We now correct the tree-level potential with the full

one-loop Coleman-Weinberg [178] potential
V=V +V . (5.24)

Pseudo-flat directions are usually considered in the context of theories which break
SUSY at tree-level. In such a case, once radiative corrections are taken into account,
a local minimum with non-zero vacuum energy exists, i.e. V> 0, V. = 0 and V > 0,
where only the tree level vacuum energy is included in the first inequality. Attempting
to stimulate SUSY breaking in a theory which already possesses a local SUSY breaking
minimum would be rather pointless, therefore we focus our attention on theories which
‘almost’ break SUSY.

We define an ‘almost’” SUSY breaking theory as one in which there exists a su-

persymmetric minimum, but, far from the supersymmetric minimum, also exhibits

4A further term, Aijk®; P ¢y, may also be added. However, depending on the form of Aj;j, this
may allow for cancellations between terms which spoil the stimulated SUSY breaking.
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a tree-level flat direction along the local minimum of the scalar potential, where the

conditions
V>0, V=0, V=0 , (5.25)

are satisfied. Although this looks promising for spontaneous SUSY breaking, in an
almost-SUSY breaking theory the full potential, including radiative corrections, has

no stable points where
V>0, VE=0, VE>0 . (5.26)

Two examples of such a theory were discussed in the previous section and the up-
per panel of Figure 5.1 demonstrates such a potential. In an almost-SUSY breaking
theory, rather than stabilising the fields at a local SUSY breaking minimum, the radia-
tive corrections lift the flat direction so as to gently slope towards the supersymmetric
minimum.

Now, if SUSY breaking occurs in the primary sector then soft masses, and in
general a soft scalar-potential, can be generated in the secondary sector, along with
supersymmetric superpotential terms generated via the Giudice-Masiero mechanism
[128]. We assume that all such dimensionful terms are of order m ~ Fp/M);, and
coupling constants of order ¢ ~ 1m /My, where Fp parameterises the SUSY breaking
in the primary sector and M), is the scale of the messengers between the primary
and secondary sectors.

These terms will alter the scalar potential for the secondary sector and we call the
additional terms in the scalar potential V, all terms vanishing in the limit 1/ — 0. If
m is much smaller than the typical scales in the secondary sector then this additional
soft scalar potential can be considered as a small deformation of the scalar potential,
and the secondary sector becomes approximately supersymmetric.

In most cases such a small perturbation on the scalar potential is of little interest.
However, if V' contains a tree-level flat direction where ' # 0, and V possesses a
stable minimum somewhere along this flat direction, it is possible for the scalar fields
to be stabilised in a metastable, or even stable, state with SUSY breaking F > m?.
This is ‘stimulated” SUSY breaking.

If a tree-level flat direction with non-zero F-terms were exactly flat at all orders
then stimulated SUSY breaking could be achieved with arbitrarily small soft terms.
However, tree-level flat directions are typically lifted due to the SUSY breaking within

the secondary sector. Therefore in order to realise stimulated SUSY breaking in a
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realistic scenario the soft terms of order m must overcome the gradient of the full one-
loop potential. This places a lower limit on the magnitude of SUSY breaking that
must be transmitted to the secondary sector in order to stimulate SUSY breaking.
A rule-of-thumb is that soft terms should be greater than the typical scales in the
secondary sector suppressed by a loop factor.

Finally we come to some general conditions for stimulated SUSY breaking. If V
is the tree-level scalar potential for a secondary sector, V; is the one-loop correction
to this potential, and V is the soft scalar potential generated from SUSY breaking
in the primary sector, then the full scalar potential is Vo = V + V; 4+ V. To realise

stimulated SUSY breaking we require that at some point in field space the conditions

V40, V=0, V'=0, (5.27)
V'+V =0 (5.28)
V' + V" >0 (5.29)

are satisfied. Thus, a stable local minimum of the soft-plus-loop-level scalar potential

must coincide with a point along a SUSY breaking tree-level flat direction.

5.3.1 A Pseudo-Goldstino

Although stimulated SUSY breaking is spontaneous, the presence of the soft terms
implies that it is only an approximate SUSY that is broken spontaneously. Thus, in
the rigid SUSY limit, we expect a pseudo-goldstino, as opposed to an exactly massless
goldstino. One can see that in the limit m — 0, from eq.(5.27) we still have V' # 0 and
V' =0, and consequently a massless goldstino. Therefore any correction to the mass
must be of order m. These corrections can arise at tree-level from SUSY-preserving
superpotential terms which are generated via the Giudice-Masiero mechanism [128],
or, if such terms are absent, then one would also expect a mass mpg < m to be
generated at loop-level.

Therefore a ‘smoking gun’ consequence of stimulated SUSY breaking would be the
existence of a light fermion, with mass a few orders of magnitude below the scale of
SUSY breaking in a hidden sector. The mass of this pseudo-goldstino would give an
estimate of the soft SUSY breaking terms which are stabilising the stimulated SUSY
breaking. If m ~ mg/s, corresponding to gravity mediation from the primary sector,
one would expect the pseudo-goldstino to acquire mass 2ms/o [4, 74]. However, if
the mediation from the primary to secondary sector occurred at lower scales, and

m > mg/y, the pseudo-goldstino mass would bear no relation to the gravitino mass.

84



5.3.2 Non-minimal Kahler Potential

Although in Section 5.3 the description of potential stimulated SUSY breaking sce-
narios was fairly general, in the individual sectors of Section 5.2 we assumed minimal
Kahler potential terms. However we also assumed that scales in each sector were
generated dynamically, explaining the hierarchy between these scales and the Planck
scale. However, one typically expects non-renormalizable operators when considering
effective descriptions of strongly coupled theories.

Non-renormalizable operators in the primary sector are not a concern for this
work, as all we require of the primary sector is that it breaks SUSY spontaneously
and dynamically, and we are not concerned with the details of how this occurs here,
although we note that higher order Kahler terms in the ISS model used in Section
5.2 are under control [158].

The important consideration is whether higher-order terms, in particular Kahler
terms, which can be consistent with imposed symmetries, may spoil the flatness of the

pseudo-flat direction in the secondary sector. A particularly troublesome operator is

(5'S)”

AKs = =5

(5.30)

If the unknown scale A is of order the typical scales in the secondary sector, i.e.
A ~ Ay, this operator generates a soft mass of order A, > m along the flat direction,
thus spoiling stimulated SUSY breaking. However, we expect that such an operator
would arise from integrating out modes of mass A, and would come suppressed by at
least a loop factor, so should not spoil the stimulated SUSY breaking. It is in fact
such corrections that we calculated in eq.(5.12).

If A > A, arising from integrating out unknown heavier modes associated with
some strong-coupling scale, we require that A2 < mA in order for stimulated SUSY

breaking to be possible.

5.3.3 Gravity Mediated Soft Terms

A particularly appealing scenario for stimulated SUSY breaking would be if the pri-
mary sector were to break SUSY at scales Fp < (101 GeV)?, generating soft masses
of order m ~ 10 GeV in the secondary, and SSM, sectors via gravity mediation. These
soft masses could in principle stimulate SUSY breaking in a hidden sector up to scales
as high as ~ 100 TeV, which would correspond to four orders of magnitude between
the soft terms and the SUSY breaking.
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This gravity-mediated stimulated SUSY breaking can be realised with the sec-
ondary sector model of Section 5.2.1. For m ~ 10 GeV we find that with the pa-
rameters A, = 106 TeV, h, = 1 and y, = 107%, a metastable SUSY breaking vacuum
appears near the origin. The small value of y, implies that the secondary SUSY
breaking field and the messengers are very weakly coupled, and this small coupling
requires explanation. In addition, for these parameters, the ratio of SUSY break-
ing experienced by the messengers to the messenger masses is Fy /Mg = 100 TeV,
suitable for gauge mediation. Summarising this set-up; a primary SUSY breaking
sector generates soft terms in all sectors via gravity mediation. These soft terms go
on to stimulate SUSY breaking in a secondary sector at a much higher scale, and this
stimulated SUSY breaking is subsequently gauge mediated to SSM.

Such a scenario would also correspond to a neat realisation of the ‘Goldstini’
scenario [74], with both the gravitino, from the primary sector, and goldstino, from
the secondary sector, with masses potentially measurable at the LHC, along with an
appealing cosmology [75]. All arising from one fundamental SUSY breaking in the

primary sector.

5.4 Summary

We have demonstrated the mechanism of stimulated SUSY breaking, both in the
context of specific models and in more general terms. It may be that this mechanism
is merely a technical novelty; allowing approximately supersymmetric sectors to break
SUSY spontaneously, even though their exactly supersymmetric counterparts cannot.
However, if one is willing to pay the price of an extra SUSY breaking sector, stimulated
SUSY breaking can open new possibilities for building models of gauge mediation, by
utilising models that, alone, are incapable of breaking SUSY spontaneously. Such an
example is demonstrated in the Introduction.

As a sector which experiences stimulated SUSY breaking need not exhibit an R-
symmetry, it may be possible to avoid some of the problems faced in building models
of gauge mediation which relate to the necessity of R-symmetry breaking. One such
difficulty lies in generating gaugino masses comparable to the sfermion masses.

Stimulated SUSY-breaking may also have interesting cosmological consequences
as large soft masses, arising due to thermal effects in the early Universe [196], may
have led to stimulated SUSY breaking in sectors which have subsequently evolved to a
SUSY-preserving minimum. Further, if there exist multiple sequestered sectors, stim-

ulated SUSY breaking lends support to the concept of multiple SUSY breaking sectors
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[74, 162]. This is because, even if the extra sectors are not capable of spontaneous
SUSY breaking in isolation, these sectors may have been stimulated into spontaneous
SUSY breaking by the existence of a single original SUSY breaking sector.

Recently the apparently similar, but essentially different model of ‘cascade SUSY
breaking’ was proposed [207]. This model also relies on SUSY breaking from a primary
sector which is mediated to a secondary sector, generating soft terms of order m. The
ultimate difference, however, is that in cascade SUSY breaking the eventual SUSY
breaking in the secondary sector is Fg oc m?, corresponding to the global minimum
in Figure 5.2. Whereas, in stimulated SUSY breaking we have Fg oc A2 > m? and
the soft terms stimulate the secondary sector to break SUSY at much higher scales.
Thus, although the overall set-up is rather similar, cascade, and stimulated SUSY
breaking mechanisms both constitute appealing, although rather different, scenarios

for model building.
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Part 11

Dark Matter and Baryogenesis
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Chapter 6

Overview of Baryogenesis and
Dark Matter

6.1 Baryogenesis

It is in everyday experience that we learn of a local preponderance of matter over
antimatter, and thus baryons over antibaryons. However, in the last century we have
learned that this asymmetry between abundances extends to the whole Universe. We

define 7, a measure of the asymmetry, as the cosmological average of

np —ng

_ B~ "B 6.1
7 e (6.1)

where n is denotes number density. If the Universe were baryon-symmetric at tem-
peratures of a few keV the remaining value of 1 would be zero, and the remaining
baryon density would be ng/n, ~ 1072° due to the efficient annihilation of baryons
with antibaryons [55]. Thus the remaining abundances of nuclei are very sensitive to
71, and the relative abundances of particular nuclei are also sensitive to this quantity.
The process by which various elements form in the early Universe is called ‘Big Bang
Nucleosynthesis’, (BBN), and it is possible to calculate with some accuracy how much
of each element should remain after BBN. In performing these calculations 7 is a free
parameter, and it is found that these calculations agree with observation whenever
n = 6 x 107! [55]. This is strong evidence for the presence of a cosmological baryon
asymmetry.

Recently additional evidence for a baryon asymmetry has been found by mea-
suring temperature anisotropies in the cosmic microwave background radiation. The
magnitude, or power, of these anisotropies on a given angular scale is dependent on
7, and thus this parameter can be determined by measuring the size of the peaks [52].

This independent measurement corroborates the value predicted by BBN calculations.
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There is clearly a non-zero value of n, but is this really a problem? If one believes
in inflationary cosmology then it is, because even if we assume the Universe formed
with a non-zero value of ) this asymmetry would have been diluted by many orders of
magnitude during inflation, and the pre-inflationary value of 7 required would have
been enormous. Even if one was comfortable with such an unnatural scenario, the
explanation for a baryon asymmetry would still be lacking. Therefore the correct
question to ask is: how could the baryon asymmetry have formed after, or at the end
of, inflation?

There are a plethora of theories attempting to explain the value of the baryon
asymmetry, and all require the existence of some physics beyond the SM (see e.g.
[208]). One commonly studied example is ‘electroweak baryogenesis’ (for a recent
review see [209]), where the baryon asymmetry is created in the walls of expanding
bubbles of broken electroweak phase which arise during a strongly first-order elec-
troweak phase transition. In this case an additional source of CP-violation is required.
Another example is ‘leptogenesis’ [210], where a lepton asymmetry is created by the
out-of-thermal-equilibrium decay of right-handed neutrinos, and this asymmetry is
transferred to baryons through electroweak sphalerons. However, when one notes
that the Baryon and DM abundances are quite similar, it is natural to investigate
theories that generate both a baryon and DM asymmetry at the same time. This
line of investigation has recently garnered much attention, and still comparatively
few models that attempt to generate the asymmetries exist, whereas the sharing, and
thus linking, of the two asymmetries has gained more attention. In Chapter 8 we

present a novel model in which a shared DM and baryon asymmetry is generated.

6.2 Dark Matter

In 1934 Fritz Zwicky postulated the existence of DM in galaxy clusters in order to
explain the orbital velocities of galaxies within those clusters [48]. This was not the
first time the DM hypothesis had been proposed. As early as the 1840s John Couch
Adams and Urbain Le Verrier proposed the existence of an unseen, dark, planet
in order to account for the anomalous motion of Uranus. In this instance the DM
hypothesis proved fruitful. The current guise of the DM hypothesis takes its form
in the existence of particles somewhat more microscopic than the, now discovered,
planet Neptune, however much of the evidence follows from similar reasoning.
Robust evidence for DM arises on many scales and we will review this evidence

briefly here, however recent, more thorough reviews are contained in [42, 211]. On the
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galactic scale it is seen that the rotational velocities of stars about the center of their
host galaxies have a distribution that is flat at large radii, however the distribution
of observed matter within the galaxy suggests that the rotational velocity should fall
off at large radii [43]. This behaviour is most pronounced in ‘Low Surface Brightness’
galaxies, which are likely dominated by DM at all radii. Another method for deter-
mining the local matter density is to measure the dispersion of velocities within a
galaxy. The magnitude of the dispersion is linked to the gravitational potential, and
hence matter abundance. Measurements of velocity dispersions in dwarf spheroidal,
and spiral, galaxies indicate the presence of DM [44-47].

Evidence on the scale of galaxy clusters arises again in measurements of velocity
dispersions [48, 49], and also in how light travels through and past galaxy clusters.
Einstein’s GR predicts that light is bent when travelling through a gravitational
potential well. This effect is known as ‘Gravitational Lensing’, and can also be used
to determine the local matter density in objects such as galaxy clusters [50]. The
presence of gravitational lensing can be observed whenever double images of a galaxy
in the background appear on either side of a large object along the line of sight.
Measurements of the total mass of galaxy clusters made in this way corroborate the
existence of DM. Convincing additional evidence came with the gravitational lensing
studies of the bullet cluster [51] and recently Abell 2744 [212]. In these observations
of the merging, or collision, of galaxy clusters, it is observed that a significant DM
component has continued to travel unhindered, while hot gas has clumped together
at the point of collision, lending further support to the assumption that DM interacts
weakly with both baryons and with itself.

Evidence arises on cosmological scales through the observation of temperature
anisotropies in the CMB. These anisotropies arise as a result of acoustic oscillations
of the photon-baryon plasma before the CMB forms (see e.g. [53]). The angular scale
and magnitude at which the first peak arises depends on the total amount of matter
present, however the second peak depends on the amount of DM present. Observation
of these peaks suggests the presence of a significant component of DM in the early
Universe [52]. Additional evidence arises through measurements of structure through
the observation of the ‘Lyman-alpha’ forest [213].

Evidence for DM on a hierarchy of scales is found by considering the formation of
structure in the Universe. Cold (non-relativistic) DM aids structure formation, and
hot (relativistic) DM suppresses the formation of structure on scales less than the
free-streaming scale of the DM [54]. Baryonic matter was too hot after the big bang

to form the observed structure in the Universe [55], thus cold DM provides a good
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explanation for the formation of structure on most scales. However, it should be noted
that objects on smaller, sub-galactic, scales are predicted by the cold DM paradigm
and there is, as yet, a lack of observation of these structures. This is sometimes
referred to as the ‘Missing Satellites’ problem (see e.g. [214]).

It is clear that the evidence for particle DM is strong, but what might the DM
be? There is a cornucopia of suggestions for the nature of DM in the literature,
however the most popular usually involve a stable particle with mass in the range
1 GeV — 10 TeV. These particles should interact weakly in order to explain the
behaviour of DM, and the lack of any observations of DM interactions. If the particle
is in thermal equilibrium with the SM particles in the early Universe, and if there
is no asymmetry in the number of DM particles versus antiparticles, then it will
annihilate into SM particles at a rate greater than the expansion rate of the Universe.
The reverse process will also be equally efficient. However, when the rate for this
process falls below the expansion rate of the Universe, this process falls out of thermal
equilibrium and leaves behind some relic density of DM particles. For a DM particle
with a weak-scale mass, and a weak-scale interaction rate, roughly the correct relic
abundance is left behind [55, 215-220]. This is sometimes called the ‘WIMP Miracle’.
Many theories using this mechanism of DM production have been constructed, and
are usually tied to new physics at the TeV scale. As a result the LSP in a SUSY
theory [143, 144], and the lightest neutral Kaluza-Klein particle in extra-dimensional
scenarios [221], can satisfy these requirements.

Alternatively, one can link the DM abundance to the baryon abundance by postu-
lating that the DM relic abundance is a result of an asymmetry in DM particle versus
anti-particle [222]. This usually implies the existence of an operator which breaks the
symmetry in the dark sector, and baryon-number symmetry, down to some subgroup.
Also, efficient annihilation of the symmetric component of the DM requires operators
which are more efficient than those which lead to the WIMP miracle discussed above.
It is possible to tie this scenario to new physics at the weak scale, and one finds
that it can naturally arise in theories of Technicolor [222]. Quite a few models which
generate such an asymmetry have been considered, and this scenario will be the focus
of Chapter 8, so we do not dwell on it any more here.

As most models of DM require some form of coupling between the DM and SM
particles, then additional non-gravitational interactions between the two are implied.
There are a number of experimental methods proposed for detecting these interac-

tions, and they generally come under two banners: direct and indirect detection.
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Direct detection experiments are based on the principle that, at our position in
the galaxy, there is a local density of DM from the galactic DM halo. The sun
revolves around the center of the galaxy at a speed of vgy, ~ 220 km s™*, and if
the distribution of DM in the halo is, on average, stationary then this means that
in our rest frame there is a flux of DM particles travelling at roughly this velocity.
If these particles possess some interactions with SM particles, (e.g. quarks), then
every so often they should scatter off an atom (nucleus) and deposit some energy
by giving the atom a kick [223]. For this reason highly radio-pure detectors have
been built underground in order to try and detect this process. These detectors are,
however, limited by background energy deposits due to radiation, and thus events
that look like DM scattering can occur due to SM physics. Ingenious techniques
have been developed to veto against these processes, and most detectors use two
complimentary detection methods out of ionisation, scintillation, or phonon signals.
As yet no detectors constructed along these lines have unambiguously detected signals
of DM scattering.

An additional effect which can be used in order remove events due to background
is to look for an annual modulation in event rates. This is expected to arise for DM
scattering as, while the Sun is orbiting the center of the galaxy at a constant speed,
the Earth is orbiting the Sun at close to 30 km s™'. This means that we expect
the flux of DM particles is a little greater in June, and a little lower in December.
Thus, if observed events in a detector are arising as a result of DM scattering, the
rate should modulate over the year [224, 225]. The DAMA /LIBRA experiment has
observed an annual modulation at a significance exceeding 8¢ [226], and recently the
CoGeNT experiment has shown some indication of a modulation [227]. If interpreted
in terms of simple DM elastic scattering these signals appear in conflict with the
null observation of other direct detection experiments. However, if one is willing to
consider more exotic scenarios such as inelastic scattering DM (iDM [228-230]), DM
with different couplings to neutrons than to protons (IVDM [231]), or DM with low
mass, Mpy ~ 10 GeV, then it may be possible to reconcile the results of these two
observations with the null experiments [7].

These potential signals of DM have prompted much model building by theorists.
In particular, the possibility that the scattering may be due to light DM particles,
with mass close to the proton mass, has led to much recent attention focussed on the
possibility of asymmetric DM with shared dark-sector to visible-sector asymmetries.

In Chapter 8 this is discussed further and a simple model is proposed.
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Indirect detection methods rely on the possibility that DM particles can annihilate
with themselves, or decay. One method, which doesn’t involve scattering of DM on
SM particles is to look for the end products of DM annihilation or decay in the DM
halo of our galaxy, and in some nearby dwarf galaxies. If the relic abundance is due
to the WIMP miracle then, for a given DM mass, the annihilation cross-section is
naively known.! Thus, once one assumes a particular DM model and a distribution
for the DM in the galaxy, one can predict the annihilation rate, and subsequently the
flux of gamma-rays, electrons, positrons, neutrinos, protons and antiprotons in the
vicinity of the Earth. Detectors either on the surface of the Earth, or orbiting the
Earth can then look for these signals, or similar signals which might arise from DM
decay. In the past few years there have been some tentative signals along these lines
from experiments such as the PAMELA and FERMI satellites [233-239], which have
resulted in a flurry of activity in DM model building, see e.g. [232], and in searching
for SM physics explanations, e.g. [240, 241]. These possible signals are not, however,
a subject of study in this thesis, and so we do not consider them any further here.

Another method for indirect detection relies on the assumption of DM-nucleon
scattering and DM annihilation or decay. It was suggested some time ago, [242-250],
that if DM scatters off SM particles then, due to this scattering, DM particles could
build up in astrophysical objects such as the Earth, the Sun, and other more compact
objects like neutron stars and white dwarfs. If the DM does not annihilate or decay
then the residual DM in the core of an object could significantly alter the dynam-
ics within the object, such as in the Sun [251-253]. Alternatively, if the DM does
annihilate or decay, then these processes might result in a flux of high-energy neutri-
nos from within the astrophysical object. These neutrinos could propagate relatively
freely from within the Sun or the Earth and then be detected by neutrino detec-
tors. Large scale experiments have been built along these lines, and null observations
severely restrict the class of models of DM for which this is a possibility, see e.g. [254].

An interesting signal can also arise if the energy released due to DM annihilations
leads to significant heating of a star. This effect would be most pronounced for dense
objects without their own internal source of energy, such as white dwarfs or neutron
stars. These processes are the subject of Chapter 7.

Finally, it should be noted that certain DM candidates have been proposed which
are very difficult to detect, such as axions or gravitinos in SUSY models (for a review

see e.g. [136]). These particles could in principle be indirectly detected through their

! Naively, as scenarios involving additional sub-GeV particles in the dark sector can enhance the
annihilation cross-section in the halo at low velocities (see e.g. [232]).
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production in stars or colliders, however it is very difficult to detect any such particles
in the galactic halo.

Clearly, DM is both coy and ubiquitous, posing a unique puzzle for both experi-
mental and theoretical physicists. In this part of the thesis we touch on two different
aspects of DM phenomenology. In Chapter 7 we investigate new ways to indirectly
look for the presence of DM, by observing its effect on white dwarf stars. Then
in Chapter 8 we present an attractive model that generates the observed DM relic

abundance, as well as the observed baryon asymmetry, thus linking the two.
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Chapter 7

Capture of Inelastic Dark Matter
in White Dwarfs

We saw in the previous chapter that one popular model of DM that aims to explain
the annual modulation observed by DAMA and CoGeNT is so-called ‘Inelastic DM’,
(iDM). In this chapter we consider the capture of iDM in white dwarfs by inelastic
spin-independent scattering on nuclei. We show that if the DM annihilates to SM
particles then, under the assumption of primordial globular cluster formation (hence
DM densities greater than one expects due to the surrounding galactic halo density),
the observation of cold white dwarfs in the globular cluster M4 appears inconsistent
with explanations of the observed DAMA /LIBRA and CoGeNT annual modulation
signals which are based on spin-independent inelastic DM scattering. Alternatively,
if the inelastic DM scenario were to be confirmed and it was found to annihilate to
SM particles then this would imply a much lower DM density in the core of M4 than
would be expected if it were to have formed in a DM halo. Finally we argue that
cold white dwarfs constitute a unique DM probe, complementary to other direct and

indirect detection searches.

7.1 Introduction

It has been pointed out in [250, 255] that as white dwarfs (hereafter WDs) have no
internal energy source, and many cold WDs have now been observed, it is possible
that, due to a non-zero DM-nucleon cross-section, the energy released by the annihi-
lation of DM particles in WD cores could contribute significantly to the luminosity
of the star.

An interesting possibility for DM-nucleon interactions is that the DM could pre-

dominantly scatter off nucleons inelastically to an excited energy state, so-called iDM.
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This idea has been proposed as a possible explanation [228-230] for the annual mod-
ulation signal observed by the DAMA [226, 256, 257] and also, now, CoGeNT [227]
collaborations. The key feature in iDM is the mass splitting, §, between DM par-
ticles that scatter off nuclei. For iDM explanations of the DAMA/LIBRA annual
modulation ¢ is of the order 10 — 130 keV (depending on DM mass and couplings).

The main physical consequence of the inelastic splitting is that the minimum ve-
locity for a DM particle to scatter off a nucleus and impart an energy Ep is increased.
This can severely weaken the sensitivity of direct detection experiments as the num-
ber of particles in the halo with a large enough velocity to scatter can be very small,
or even zero in some cases. As a consequence the allowed DM-nucleon cross-sections
can be orders of magnitude larger than for elastic scattering.

Limits on iDM from capture in the Sun [258-260] are promising as the escape
velocity of the Sun, ves ~ 600 — 1300 km s~ !, is large enough to provide sufficient
energy to in-falling DM particles to overcome inelastic splittings § ~ 100 keV. Al-
though these limits are hampered by the difficulty of detecting neutrinos, progress in
neutrino telescope exposure means strong limits exist on particular models of iDM,
for example, limits on sneutrino iDM have been studied in [2]. However, models of
iDM that annihilate predominantly to ete™, utu~, 7, light hadrons or gluons are
immune to these limits as these particles either stop before decaying and producing
neutrinos or don’t produce neutrinos at all. In these cases the energy deposited in
the Sun from DM annihilations is swamped by the internal energy due to fusion.
Therefore models of the class described in [232] can evade limits from solar capture.

The converse is true for capture in WDs as it is the deposited energy that is used
to set the limits, and annihilation to neutrinos will only deposit a small amount of
energy in the WD. Therefore models of DM that attempt to explain the DAMA annual
modulation observation with the iDM mechanism, in particular models that also aim
to offer an explanation of recent PAMELA [235] and Fermi LAT [238] observations
through DM annihilation, are subject to limits from capture in WDs.

In this chapter we investigate limits on the iDM scenario by considering the tem-
perature and luminosity of observed WDs in our closest globular cluster M4. Through-

out we assume that the DM annihilates to standard model particles.

7.2 White dwarfs in M4

White dwarfs are compact objects made up of a core comprised almost entirely of

carbon and oxygen nuclei, and degenerate electrons. The electron degeneracy prevents
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any contraction and the temperature of this core is too low to ignite nuclear fusion
reactions. As a result, WDs have no internal energy source and release only the
thermal energy of the non-degenerate ions in the core. For these reasons the evolution
of WDs can be described as a cooling process and the age of a globular cluster such
as M4 can be estimated by observing a cut-off at low magnitudes in the WD cooling
sequence. This has motivated observations of WDs in globular clusters down to very
low magnitudes.

Recently this low magnitude cut-off has been observed in the globular cluster
M4 [261]. We use the best-measured set of data from these observations, subject
to all of the selection processes detailed in [261], including the use of proper motion
measurements, to produce a decontaminated sample.

We take the data in the form of magnitudes in the F606W and F775W Hubble
Space Telescope filters and convert the colour mgogw — M7 to an effective tem-
perature under the assumption that the WD is radiating as a black-body. To do
this we numerically shine a black-body spectrum through the HST filter transmission
curves, convert magnitudes to the ACS/WFC Vega-mag system [262] and correct for
reddening and extinction as detailed in Section 9 of [261]. We then use the mgosw
magnitude, the M4 distance modulus, and the effective temperature of each star and
compare with Vega! to calculate the luminosity for each star. This data is plotted
later in Figure 7.4.

Having obtained the luminosity and temperature it is possible to calculate the
radius of each WD (under the assumption of black-body radiation). Then, using the
Salpeter equation of state [263], which gives an approximate mass-radius relationship,

we determine an approximate mass for each star.

7.3 DM in M4

In order to set limits on the iDM-nucleon cross-section it is necessary to estimate the
DM density surrounding the WD’s at the center of M4. Although it is currently im-
possible to do this to with any great accuracy, recent developments in the observation
and simulated evolution of globular clusters embedded in galactic halos now allow an
estimate of the DM content. Some time ago Peebles [264] suggested that globular
clusters may be formed in sub-halos of DM before falling into galactic halos. However

observations of O(1) mass-to-light ratios [265] and the tidal stripping of stars from

'We use the parameters Terr = 9550 K, Ry = 2.52 R and Ly = 37 L for Vega.
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some globular clusters? suggest a significant DM component cannot reside within or
without the observed stellar distribution [267]. These observations set an upper limit
on the DM content of globular clusters.

Recent simulations have shed light on how these results can be reconciled with a
primordial scenario of globular cluster formation through the process of tidal strip-
ping. In fact, the presence of globular clusters has been suggested as a clue towards
a resolution of the ‘missing satellite problem’ of cold DM simulations [268]. In [269]
it was found that once a sub-halo falls into a larger halo mass-loss occurs continually
through tidal stripping and the orbit of the sub-halo decays down towards the centre
of the larger halo. Further it was found that the mass-loss can be significant, resulting
in only ~ 2% (8%) of the mass of a sub-halo accreted at z = 2 (1) surviving, and
this result appears to be independent of the masses of the halo and sub-halo. The
tidal stripping of DM from primordial globular clusters has been investigated with
several N-body simulations (see e.g. [266, 270-272]). Results suggest that globular
clusters can be formed naturally within DM sub-halos which are subsequently tidally
stripped by the host galaxy, resulting in a baryon-dominated core with a small mass-
to-light ratio, resembling observed globular clusters. In particular a recent analysis
of the Aquarius simulation [272] lends support to this scenario, and an approximate
relation between the current mass of a globular cluster and the mass of the initial
sub-halo it was embedded within is given as Mgc = 0.0038 Mpaso.

A recent review [273] also argues that metal-poor globular clusters formed in low-
mass DM halos in the early universe.

The observed cold WDs reside in the dense core of M4, which has survived previous
tidal stripping until now. Therefore it is reasonable to assume that the majority of
the DM in the core of M4, well within the tidal radius, will also have survived from
the early sub-halo. This assumption is supported by the results of [266] where it is
found that the presence of the stellar core makes the sub-halos more resilient to tidal
stripping, and for NF'W sub-halo profiles the DM density in the innermost regions of
the sub-halo is not modified by the external tidal field. Outside of the star dominated
region the DM sub-halo is stripped back to the tidal radius, thus resulting in a mass-
to-light ratio close to the purely baryonic value.

Similar reasoning has led to recent consideration of indirect DM signals from DM

annihilation in other globular clusters, [274, 275].

2Tt should be noted that obvious tidal tails have only been observed in a fraction of the total
~ 150 globular clusters residing in our galaxy [266].
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Motivated by these developments we follow similar methods to those used in [250],
to which we refer the reader for details. The mass of baryonic matter in M4 is
estimated to be M, ~ 10°M, and the core radius of 0.83' in arc-minutes implies
r. = 0.531 pc when combined with a distance to the cluster of 2.2 kpc. The tidal radius
is estimated using a concentration parameter of log(r,/r.) = 1.59 giving r; = 20.66
pc. These parameters set the baryon density distribution, which we model with a
King profile [276, 277].

Using cosmological data and taking mass loss during stellar evolution into account,
the amount of DM in the original M4 sub-halo is estimated to be Mpy, ~ 107 M.
For details of this estimation see [250]. The virial radius, which sets the initial DM
distribution is estimated using the fitted form of the spherical collapse over-density

278]
1872 + 82(Qn(2) — 1) — 39(Qa(2) — 1)2

A= 7.1
NP : (7.1)
where the matter density is given by [279]
1-Q, 17
Qn(z) = |14+ ——" . 7.2
O =1+ g es] 72)
We take ,,(0) = 0.273 giving A = 357. The concentration of low mass halos is given
in [279] as
21 Mpy \ "
c(z) = T2 (109M®) : (7.3)

and combining this expression with those for the virial radius, scale radius and cen-
tral density from [250] the original DM sub-halos are completely determined by the
parameters

z ‘ Rvir [pc} ‘ a [pc] ‘ Pc [MQ pC—B]
0] 3597 | 92 [ 037

We model the original DM halo with an NE'W profile [280]. As discussed in [250] the
core density is a very weak function of the total mass of the sub-halo, changing only
by a factor of three for halo masses between 10°Mg and 10%M,,.

It remains to consider the effects of the baryonic core on the DM distribution.
Although the DM density may be enhanced in the core due to the presence of the
baryonic core [281-283] the heating of DM particles due to interactions with stars
may tend to wipe out this enhancement. Therefore by estimating the time-scale
over which this process occurs with eq.(3a) of [284] we can find the radius at which
this time-scale is equal to the age of the universe. We find that this radius lies at

Theat = 1.4 pc and, as this is smaller than the radius where the WDs are observed,
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we expect heating effects to be small here. The possible important effect is therefore
the contraction of the DM core due to conservation of angular momentum when the
gas in the original halo which eventually forms the globular cluster loses energy and
falls into the core. We use the algorithm of Gnedin [282] to perform this baryonic
contraction. Finally as mentioned earlier, to take account of the likely tidal stripping

of the stars and DM halo we truncate the density distribution at the tidal radius.
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Figure 7.1: Densities of stars (solid line) and the DM halo with and without baryonic
contraction effects in dashed black and dot-dashed red respectively. The region from
which the observed WD data is taken is indicated in shaded blue. The vertical dotted
lines denote the radius at which heating effects start to become important (dotted
black) and the tidal radius (dotted red).

The estimated DM and star densities for the halos are plotted in Figure 7.1. One
can see that this estimate for the DM density is much smaller than the baryonic
density, and in fact, for the contracted (uncontracted) halo, DM makes up less than
43% (41%) of the total mass of the cluster, consistent with the observed lack of DM
in globular clusters. Further, the total estimated DM content is 7.7 x 10*M,, less
than 1% of the original 107 M, halo.

We assume a DM density at the largest radius within which the WD data is
observed, 7., = 2.3 pc, giving pparo = 21 Mg pc™® = 798 GeV em™® for the con-

tracted halo>.

3

3The DM density for the uncontracted halo is pp M0 = 14 Mg pc™7, not much smaller than the

contracted halo.
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7.4 Capture of iDM in white dwarfs

The capture of DM by scattering in stars or planets has been studied for some time,
see e.g. [242-250], and recently the capture of iDM in the Sun has been studied [258-
260]. It is this work which we extend to include capture in WDs and we follow the
formalism first set out in [258], which was subsequently extended to include spin-
dependent scattering as well as spin-independent scattering in [260].

Recently spin-dependent inelastic scattering has been suggested as a viable alter-
native to the standard spin-independent iDM scenario [285], where it is shown that
spin-dependent couplings to protons, and not neutrons, can give a good fit to the
DAMA data whilst remaining consistent with other experiments. This scenario is
subject to limits from scattering in the Sun [260] however limits from capture in WDs
should be weak as WDs are mostly composed of 12C and 'O which have no nuclear
spin. It is tempting to consider limits from scattering on *C which makes up ~ 1% of
all carbon and has nuclear spin I = 1/2, however this spin is carried by an unpaired
neutron and thus the scenario described in [285] will lead to negligible capture rates
in WDs. Therefore we only consider spin-independent scattering iDM in this work.

To calculate the capture rate in a WD we use the equations contained in Section
IT of [260]. To take account of the incoherent scattering of DM in the nucleus we
also use the Helm form factor? and follow [250] in making the assumption that the
WDs are entirely composed of carbon. We also assume the DM couplings to neutrons
and protons are the same. This can be corrected for specific models by re-scaling the
cross-section accordingly.

To find the DM velocity dispersion we make the assumption of hydrostatic equilib-
rium and integrate the hydrostatic equation for spherical geometry using the baryon
and DM distributions shown in Figure 7.1. We find that the DM velocity dispersion
does not exceed 8 km s™! and, as the capture rate decreases with increasing disper-
sion, we set vy to this value. Similarly the WD velocity through the DM is likely to
be of the order of the velocity dispersion and we find this doesn’t exceed 6 km s,
however to set conservative limits we set v, = 20 km s~ which is the escape velocity
at the inner radius at which the WDs are observed.

We calculate the escape velocity and density of nuclei within a given WD using
the Salpeter equation of state [263]. Due to the large escape velocity of a WD the
typical kinetic energy of an in-falling DM particle is O(1) MeV. Therefore all of

4We use the same form factor as in [260] for consistency, however there is some uncertainty in
which form factor is best and care should be taken for processes at high momentum transfer [286].
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the in-falling particles easily have enough kinetic energy to overcome the inelastic
splitting and scatter. This makes the inelastic splitting relatively unimportant up
to splittings 0 ~ 1 MeV, where the capture rate starts to decrease. This is shown
in Figure 7.2. Although the splittings associated with iDM are much too small to
decrease the capture rate significantly we include them in our calculations for the
sake of thoroughness.

The capture rate typically falls as the inverse of the DM mass, therefore the
luminosity should be largely independent of the DM mass. However there is a subtle
interplay between two factors which leads to a dependence not only on the DM mass
but also on the WD mass. The first factor is due to the conversion between a DM-
nucleon and DM-nucleus cross-section at zero momentum transfer, which results in a
factor of oy n o (fyn/pyn)? Where g is the reduced mass and N (n) subscripts denote
the nucleus (nucleon). This factor has a preference for heavy DM particles. However
there is also suppression due to the nuclear form factor.” Therefore, although heavier
DM particles have a larger range of scattering energies, the higher energy events are
suppressed. This effect therefore discriminates against heavy DM particles.

Which of these two factors wins out depends on the WD mass. As heavy WDs
have greater escape velocities (~ (7 —12) x 103 km s™1), heavy DM particles feel the
form factor suppression more and light DM particles lead to greater luminosities. For
light WDs the escape velocities are lower (~ (2 — 3) x 10% km s7!) the form factor
suppression is subdominant and heavier DM particles lead to a greater luminosity.
The mass dependence for two different WDs is illustrated in Figure 7.3.

As described in [250] the time-scale for equilibrium between the capture and an-
nihilation of DM in WDs is roughly O(1) year, and therefore we can safely assume
that the capture rate is twice the annihilation rate. We also assume that all of the
energy of the annihilating particles contributes to the black-body luminosity of the
WDs, however specific DM models could be investigated by calculating the fraction

of energy lost as neutrinos per annihilation and weakening the limits accordingly.

7.5 Uncertainties

We will now discuss some of the assumptions that have gone into this calculation. The
greatest source of uncertainty is the estimation of the DM density. It is known that

young, metal-rich globular clusters form in mergers, and it should also be noted that

5Due to the form factor suppression energy transfers of Eg > 4 MeV contribute very little to the
capture rate, even if kinematically possible.
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Figure 7.2: The DM capture rate for a solar mass WD as a function of inelastic
splitting 8. The DM parameters are m, = 50 GeV and o,, = 10~*! ¢cm?. The capture
rate is largely independent of the inelastic splitting up to 6 ~ 1 MeV, when it starts to
fall off rapidly. A DM density of pparo = 21 Mg pe™® = 798 GeV cm ™ is assumed.
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Figure 7.3: The luminosity of a WD due to capture and annihilation of DM as a
function of DM mass for WDs of mass M, = M (solid line) and M, = 0.2 M,
(dashed). The DM parameters are § = 130 keV and o, = 107*' c¢cm?. There is a
slight enhancement around m, ~ 10 GeV for the solar mass WD and the luminosity
is suppressed for small DM masses. This behaviour is discussed in the text. A DM
density of pparo = 21 Mg pc3 =798 GeV cm ™ is assumed.
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there are some models where the old, metal-poor, globular clusters are not formed
due to the collapse of a DM dominated halo. In particular, the observations made
by Gilmore and collaborators have lead them to argue that low mass star clusters
are fundamentally different to higher mass galaxies rather than both being members
of a continuous family [287]. The explanation for this scenario typically requires
some kind of modification of DM such as warm DM, a cold/hot admixture or a non-
zero self-interaction cross section such that there is a minimum size for DM halos
in the Universe. Since we are trying to put constraints on models of cold DM, it is
a consistent assumption that the old, metal poor, globular clusters do form in the
centre of DM halos in the early Universe but we note that this is a large uncertainty.

It has been shown that for direct detection experiments the details of the DM
velocity distribution can have a significant impact on detection rates [288], partic-
ularly for iDM [1, 289]. However, due to the large escape velocity of the WDs all
in-falling DM particles will have a large enough velocity to scatter and the details of
the velocity distribution will be unimportant.

We have made the estimate that the WDs are travelling at the local escape velocity,
however a more realistic (but less conservative) assumption would be that they are
travelling at a speed closer to the local velocity dispersion, which is roughly a factor
of 3 smaller. As the capture rate is inversely proportional to this speed we may have
underestimated the capture rate by the same amount.

Due to the large escape velocity the energy transfer in scattering events can be
large (~ 1 MeV), and the scattering is thus significantly suppressed by the nuclear
form factor. We use the Helm form factor, which for light nuclei can be up to ~ 20%
greater than more realistic form factors at these high energy transfers [286]. Therefore
a conservative estimate of the uncertainty due to the choice of form factor is of the
order 20%.

For considerations relating to errors in WD observations we refer the reader to
[261].

7.6 Results

In Figure 7.4 we show the observed WDs in the Temperature-Luminosity plane. On
the same plot we show curves for WDs whose sole energy source is due to DM anni-
hilation in the core for WDs ranging in mass from 0.1 Mg to 1.35 M. These curves

correspond to two benchmark points
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Figure 7.4: Observed WDs (black dots) and main-sequence stars (open red circles).
Also plotted are the luminosity and temperature of WDs in the mass range 0.1 — 1.35
M, for the two benchmark points il and i2 (dashed) described in the text. For both
curves a DM-nucleon cross-section of 107*! ¢cm? is assumed. The luminosity from DM
capture is greater than a significant number of the observed WD luminosities. A DM
density of pparo = 21 Mg pc3 =798 GeV cm ™ is assumed.
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The mass and splitting for the point il corresponds roughly to best-fit points
for light DM scenarios [7]. The mass and splitting in point i2 corresponds to the
conventional quenched scattering iDM scenario. This scenario is considered ruled
out by other direct detection experiments, however, for demonstrative purposes we
still include this choice of parameters in our analysis. We choose a cross-section of
o, = 107 cm? as this is below the cross-section at which the optically thick limit
applies and the capture rate becomes independent of the scattering cross-section.
This occurs because the scattering rate becomes so great that every DM particle
which passes through the WD will scatter multiple times and become captured. This
important point was first emphasised in the context of inelastic DM capture in [290].

The temperature of a black-body is related to the luminosity as T oc LY*, so
Figure 7.4 can be misleading, as a change in cross-section does not correspond to a
simple re-scaling of the luminosity. Therefore in Figure 7.5 we estimate the observed
WD masses as described in Section 7.2, and plot curves showing the luminosity due

to DM capture and annihilation for a given WD mass.
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Figure 7.5: Observed WDs (black dots). Also plotted are the luminosity and
temperature of WDs in the mass range 0.1 — 1.35 M, for the two benchmark
points il and i2 (dashed). The upper red curves correspond to a cross-section of
0, = 107! cm? and the lower black curves to o, = 107*2 cm?. A DM density of
pomo = 21 Mg pc=3 =798 GeV cm™? is assumed, as described in Section 7.3. For a
different DM density the luminosity due DM capture is re-scaled by a factor of p’jfl\fo,
where ppys is the true DM density.

As can be seen the low luminosities and temperatures of the observed WDs appear
incompatible with cross sections greater than o, ~ 10742 x % cm? for either of
the benchmark points, where the factor of the assumed DM density, pparo, over the

true density, ppas, is included to allow for the large uncertainty in this quantity. A

PDM 0

cross-section below 10742 x x 2220 ¢m?2 could possibly be argued as acceptable given

PDM,0
PDM
bounds entirely. However any cross-section greater than 10742

the uncertainties, and a cross- sectlon as low as 10743 x cm? would evade these

PDM,0
PDM
certainly appear to contradict the existence of such cold WDs in M4 if we were to

assume that M4 formed in a DM halo.

Recent analyses of iDM find a best fit cross-section of ~ 10737 cm? [7] for the

cm? would

benchmark point il. As this cross-section is greater than ~ 1072 x 2222 cm? this
scenario appears excluded by the analysis above, under the assumption that M4
formed in a DM halo, and even the lowest cross-section found for the channelled
iodine region of 9 x 10742 cm? [291] would be difficult to reconcile with these results.
The conventional iDM scenario of quenched scattering off iodine (benchmark point

i2) typically requires cross-sections greater than ~ 3 x 1074 cm?, with a best-fit point
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at 0, = 10738 cm? [285]. This scenario also seems excluded by this analysis with the
current assumption for the DM density.

These constraints can be evaded in any combination of the following scenarios:

e The DM density is less than ~ 1% of that estimated here, i.e. % > 102. This
appears plausible, however it would imply that DM makes up less than ~ 1% of
the total mass of the globular cluster. If the old, metal-poor, globular clusters
are born in DM halos it is hard to imagine how the ratio of DM to baryonic
matter in M4 could be so far below cosmological values. If M4 did not form
in a DM halo it is likely the DM density would be low enough to evade these

bounds.

e The iDM couples to nuclei only through spin-dependent interactions as recently
suggested in [285]. If iDM couples to neutrons then it may be possible to set
limits by considering scattering off 13C, however as this scenario already appears
disfavoured by direct detection experiments [285] this is not investigated here.

If the coupling is only to protons then limits from WDs pose little threat.

Under simple assumptions about the DM density in globular clusters (including
their formation in DM halos, which is subject to much debate, and is a source of much
uncertainty) and the composition of cold WDs, we find that the iDM explanation of
the annual modulation observed by the DAMA and CoGeNT collaborations is incom-
patible with the observation of cold WDs in M4 if the DM annihilates to standard
model particles. Alternatively if the inelastic DM scenario were to be confirmed and
it was found to annihilate to standard-model particles then this would imply a much

lower DM density in the core of M4 than would be expected if it were to have formed

in a DM halo.

7.7 Summary

We now discuss some of the salient features of white dwarfs which make them a unique
probe of DM.

It is interesting to note that in the case of elastic DM scattering cross-sections
o, ~ 1074 cm? evade the WD bounds.® It is unlikely that observations of WDs
much cooler than those in M4 will be made as the low luminosity cut-off has been

observed, and the luminosity of WDs is limited by the age of the Universe. Therefore

6The difference between the conclusions presented here and those in [250] arises mostly due to
the form factor suppression which has been included in this analysis.
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it is unlikely that limits from WDs will ever compete with direct detection limits for
weak-scale elastic DM.

However WDs constitute unique DM probes for three reasons:

e The large escape velocity enables in-falling DM particles to easily overcome

inelastic splittings and leads to large energy transfers in scattering.

e The low mass of carbon gives WDs sensitivity to light DM scenarios, where

most direct detection experiments lose sensitivity.

e Limits from capture in the Sun arise due to neutrino annihilation products and
are therefore insensitive to DM annihilating to ete™, u*u~, vv, light hadrons

or gluons. It is specifically this scenario where limits from WDs are strongest.

We have only considered iDM capture in this work, however numerous possibilities
exist for future study of DM capture in WDs. Examples would include DM with mass
splittings of the order a few MeV or DM which scatters through a light mediator,
my ~ MeV, which could be enhanced in WDs through the propagator 1/(¢* — mé)

Finally we note that if DM were to be discovered in future experiments, and details
of the DM-nucleon cross-section and annihilation products were to be established,
then cold WDs could be used to determine an upper limit on the DM density within

M4, thus giving clues as to the formation of old, metal-poor, globular clusters.
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Chapter 8

Asymmetric Dark Matter via
Spontaneous Co-(Genesis

In this chapter we investigate, in the context of asymmetric dark matter (DM), a
new mechanism of spontaneous co-genesis of linked DM and baryon asymmetries,
explaining the observed relation between the baryon and DM densities, Qpy/Qp =~ 5.
The co-genesis mechanism requires a light scalar field, ¢, with mass below 5 eV which
couples derivatively to DM, much like a ‘dark axion’. The field ¢ can itself provide a

final state into which the residual symmetric DM component can annihilate away.

8.1 Introduction

As discussed in Chapter 6, it is usually assumed that the baryon and DM densities
we observe in the universe today are generated by independent processes. In particu-
lar, the baryon density is entirely determined by a CP-violating asymmetry between
baryon and anti-baryon densities in the early universe, while the standard assumption
has been that the DM density does not depend on any corresponding asymmetry and
is instead determined by thermal freeze-out [215-217] or thermal freeze-in [137]. Since
the genesis mechanisms for DM and baryons are thus decoupled, the DM-to-baryon
ratio, Qpar/Qp, could in principle lie far away from the observed close coincidence,
Qpup/Qp ~ 5 [25].

An alternative picture is that the DM itself possesses a particle-antiparticle asym-
metry, linked in some way to the baryon asymmetry, which determines (at least the
dominant component) of the DM density, thus explaining the observational fact that
Qpar/Qp ~ 5. This proposal goes under the name Asymmetric Dark Matter (ADM)
(222, 292-330]. Recently there has been a burst of activity considering the possibil-
ity of ADM in which the baryon and DM densities are determined by such linked
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asymmetries, though no standard picture has yet emerged.

The aim in this chapter is to demonstrate that there exists a new mechanism
of spontaneous co-genesis of linked baryon and DM asymmetries. We find that this
mechanism for the generation of the asymmetries possesses a number of attractive
features compared to previous approaches. As a prelude to our argument we start
with a brief outline of the primary idea.

As is well known [40] the generation of a baryon-number asymmetry in the early
Universe requires both CP violation and baryon-number violation. In addition, if
the underlying theory is CPT invariant, so that particle and anti-particle masses
and energy eigenvalues are equal, an asymmetry requires a departure from thermal
equilibrium. However, as noted some time ago by Cohen and Kaplan [331, 332],
the expansion of the universe spontaneously violates both T and CPT, allowing,
in principle, the generation of a baryon asymmetry in thermal equilibrium if there
are sufficiently large differences between particle and anti-particle energy eigenstates.
More precisely, baryon-number violating scattering and decay processes can be in
equilibrium with rates greater than the Hubble expansion rate, but, nevertheless,
different thermal distributions for baryons and anti-baryons can occur if the expansion
leads to a background ‘potential’ biasing particle versus antiparticle densities in the
thermal bath. CP-violating phases leading to differences in scattering or partial
decay rates between particles and anti-particles are not necessary, the spontaneous
T-violation of the background being sufficient.

In the context of baryogenesis, there exist a number of detailed implementations of
this mechanism, usually dubbed ‘Spontaneous Baryogenesis’ [331-346]. It is natural
to ask whether an adaption of this mechanism can lead to a mechanism of spontaneous
co-genesis of both the baryon asymmetry and a DM asymmetry.

One significant issue with previous implementations of the spontaneous genesis
idea is that they require a new light degree of freedom, usually a neutral scalar
field ¢, derivatively coupled to baryon- or lepton-number carrying states, and with a
time-dependent vev in the early universe. Moreover, this time-dependent vev must
not be in its oscillating phase during the epoch of spontaneous genesis, or the re-
sulting asymmetry is severely suppressed '. Together with laboratory and cosmo-
logical/astrophysical constraints, these requirements severely limit the utility of the
spontaneous genesis mechanism. Our implementation, however, automatically solves

this difficulty as the required light time-dependent field is now coupled to the DM,

!This suppression has been discussed by Dolgov and collaborators [336, 337], and invalidates
some of the implementations of spontaneous baryogenesis studied in the literature.
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generating the asymmetry in the dark sector, rather than SM states, greatly amelio-
rating the constraints. In addition, an unexpected and highly appealing consequence
of our implementation of spontaneous co-genesis, is the fact that the new field ¢, can
naturally solve a generic problem of models of ADM, namely the efficient elimination
of the symmetric part of the DM density, so that the final DM density is determined
by the asymmetry alone. We view this as a very attractive added benefit of our
mechanism of spontaneous co-genesis.

In Section 8.2 we introduce the basic mechanism of spontaneous genesis in the
DM sector. In Section 8.3 we discuss how the resulting DM asymmetry is shared
with (equivalently, partially transferred to) the visible sector via suitable ‘sharing
interactions’ between the dark and visible sectors. We argue that along with the
standard sharing paradigm where a fixed DM asymmetry is shared, there is a new
regime where the DM asymmetry continues to evolve after the sharing interactions
drop out of equilibrium, allowing very different DM masses and interactions compared
to the usual ADM case. In Section 8.4 we discuss the cosmology of the new degree
of freedom ¢ whose time-dependence drives the spontaneous co-genesis mechanism.
We show, in particular, that the ¢ interactions with the DM which drive co-genesis

themselves can naturally lead to sufficient elimination of the symmetric component
of the DM density.

8.2 Introduction to spontaneous matter genesis

The CPT- and T-violation necessary for spontaneous co-genesis can arise dynamically,
either through the Lorentz-violating vev of some vector field, or more simply through
the time-dependence of a scalar field, ¢, which, for simplicity, we here take to be a
neutral scalar with derivative couplings to DM states. If, after inflation, the scalar
field does not lie at the minimum of its low-temperature potential then it will evolve
towards this minimum as the Universe cools. However, if the mass satisfies my < 3H,
where H is the Hubble parameter at a given temperature, then the evolution of the
field will be damped. Assuming a spatially homogeneous field, as one would expect
after inflation, then as the field evolves a homogeneous Lorentz-violating vev arises;
0o = {¢, 0}. Thus if ¢ is derivatively coupled to some current, which we call X-

number current, as
Ou@

where f is a decay constant, the slow evolution of ¢ leads to an effective background

LD Jy (8.1)

potential for X-number density. If there are X-number violating processes occurring
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at a rate I'y > H, a non-zero X-number is generated in thermal equilibrium. The
X-number violating processes are necessary, as although the background potential
makes it energetically favorable to have a particle asymmetry this asymmetry can
only develop if there are interactions which violate X-number.?

Although this mechanism has been previously considered in the context of baryo-
genesis where X = B, or L, it could be responsible for the generation of an asymmetry
in any class of particles charged under a continuous global U(1)x symmetry, where
X simply stands for an unknown symmetry.

In this work we propose a novel application of this mechanism whereby ADM is
generated by the spontaneous genesis mechanism. This asymmetry can be simultane-
ously or subsequently shared with the visible sector, leading to a connection between
the baryon asymmetry and the DM asymmetry. We posit a dark sector which exhibits
a global U(1)x symmetry at low temperatures.> We also assume that the scalar ¢ is
coupled to the X-current, as opposed to the baryon-number current, leading to an

effective interaction

Oud
f
where Ux (T) = ¢(T)/f is the background potential for X-number. Then, if the dark

sector also exhibits X-number violating interactions, which freeze-out at a tempera-

ture Ty, this leads to an X-number asymmetry given by

2

T
X(T, Ux) = FUXng (MX/T,:l:l) y (83)

where gx is the number of degrees of freedom of X, and the function k(z,+1) is
defined by

(8.4)

S — 2
k(r,£1) = — / e il ye’dy
7r

(ev+£1)% ’
for fermions and bosons respectively. For fermions in the relativistic and non-relativistic

limits analytic forms for k(x,+1) are

N 1 (x < 1)
k(x,+1) ~ { 12 (%)3/2 et (@>1) . (8.5)

20ne obvious candidate for X-number violation in thermal equilibrium is through ‘dark
sphalerons’. Alternatively one could allow for explicit non-renormalizable X-number violating op-
erators arising due to physics in the UV.

3We expect that in a theory including quantum gravitational effects all continuous global symme-
tries are violated, leading to the ultimate decay of baryons and/or DM. Since, however, such violation
occurs through either higher-dimension operators suppressed by at least Mgy, or through terms
which are non-perturbatively small, the resulting lifetimes can be easily much greater than the Hub-
ble time 1/Hy. As discussed in Section 8.3, in this chapter we will assume that there is an exact
discrete symmetry - either a Z; X-parity, or in the SUSY case R-parity, which stabilizes the DM.
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We will often wish to normalize the particle asymmetry given in eq.(8.3) by the
entropy density at a given temperature in order to consider a dimensionless quantity

which is not diluted by expansion
Nx(T) = —=—— . (8.6)

We can translate the required properties of the background potential into those
of the rolling scalar field if we make the additional assumption that the evolution of
¢ is damped throughout the generation of X-number, in other words, Ty is greater
than the temperature at which mg ~ 3H.* From the equation of motion, under the

assumption of damping, we have

oo L AVE(0) | Mrmidy
T3H do T 5¢Y2(T)T2

where Vi (¢) is the thermal scalar potential, Mp is the Planck mass, my is the mass

(8.7)

of the rolling scalar, ¢q is the vacuum expectation value of the scalar and ¢,(T) is
the effective number of relativistic degrees of freedom. In the second equality in
eq.(8.7) we have made the approximation that thermal effects are subdominant and
the potential can be well described by an effective mass term.

We impose the further constraint that the scalar motion remains non-oscillatory
down to the temperature, T, at which X-number violation freezes out, thus we

require that

T2
my < 1.66gY2(Tx)~—2- . (8.8)

Mp

To encode this constraint we thus parameterize the scalar mass as

1/2 T3
mg = ax 1.66g," (Tx)— (8.9)

Mp

T 2

~ 21x107? = \% 8.10
e (1 TeV> o (8.10)

where, in the second line, for definiteness we have assumed a supersymmetric model
with g, ~ 250.
By combining eq.(8.6) with eq.(8.10) we find that

V2 (Ty) ¢ My T M
Qxh2(Thow :5.9x107-u-{a2—0]-{ X X}k( X,+1) L (8.11

4For a discussion of the oscillating case see e.g. [337]. Note that in the oscillating stage the
asymmetry is parametrically smaller than in the damped case. In this chapter we will only be
concerned with the situation where ¢ is non-oscillating.
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Figure 8.1: Left panel: The relic density of ADM energy density as a function of the
DM mass for a?¢y/f =1 and Tx = 10'° GeV. The black line corresponds to the full
solution calculated using eq.(8.4) and the red dashed (blue dotted) line corresponds
to the relativistic (non-relativistic) approximation given in in eq.(8.5). Right panel:
The required values of the scalar field parameter combination o,/ f for varying DM
mass at contours of fixed Tx, where the value of Tx in GeV is labelled on each line.
As damped motion requires o < 1, low values of Tx < 10° GeV require large values

of ¢0/f

where My is the mass of a nucleon and we have made the assumption that the
DM particle is fermionic. We have also assumed that interactions within the dark
sector allow the efficient annihilation of the symmetric component of X-density to
light, or massless states, such that the final DM density is determined purely by the
asymmetry. In Section 8.4 we return to this issue, and show that the interaction in
eq.(8.1) automatically serves this purpose for suitable values of the scale f.
Eq.(8.11) is our master formula describing the current DM energy density. The
first term in brackets depends only on the properties of the rolling scalar field, where
¢o/ f is the ratio of the initial vev of the scalar to the decay constant in the scalar-to-
current coupling. For an axion-like scalar this term will satisfy a?¢y/f < 1, however
if the field corresponds to some non-compact flat direction then this factor could be
> 1. The final quantities depend on the details of the dark sector; the DM mass My,
gx, and Tx. In Figure 8.1 we plot the relic abundance as a function of the DM mass
for a given choice of Tx = 10 GeV. We also show contours in the My — a?¢q/ f

plane which generate the correct relic abundance for a given value of T'x.
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8.3 Relation to the baryon asymmetry

8.3.1 Sharing

In order to connect a DM asymmetry to the observed baryon asymmetry via a sharing
scenario it is necessary that, at high temperatures, U(1)p_ x U(1)x is broken down
to a smaller group U(1)(p—r44x), for some ¢ # 0. Specifically there must exist at least
one operator, individually breaking U(1)p_r and U(1)x, but conserving U(1)p—r4¢x,
which mediates sharing processes that are in thermal equilibrium.

As this operator could, in principle, mediate DM decay to baryons and leptons
one must impose a DM stabilizing symmetry. This could be a Z,, such as R-parity
in a SUSY theory, an X-parity in a SUSY or non-SUSY theory, or a higher discrete
symmetry. For definiteness, in this chapter we choose a model with an X-parity,
X — —X, as this allows us to consider masses Mx > my,, as well as DM masses
near, or below the weak scale. We wish to emphasize that a SUSY model where
R-parity is the DM stabilizing symmetry is also consistent with our spontaneous
co-genesis mechanism. This requires that the DM is the LSP.

For definiteness, we choose to focus on a supersymmetric model® described by the

MSSM superpotential augmented by a DM Dirac mass term and a sharing operator

Wx = Mx XX + %XQUCDCDC : (8.12)
Mg
where X is the DM chiral superfield carrying X-number +1, U¢ and D¢ are the
usual MSSM right-handed quark superfields, and Mg is the mass-scale of the sharing
operator.

The sharing operator in eq.(8.12) can mediate X-number and baryon number
violating interactions, but preserves U(1)x o(p—r). We define T as the temperature
at which sharing interactions mediated by this operator freeze out. For squark masses
mg > 700 GeV and a sharing scale Mg > 1 TeV, one finds that Ts = 70 GeV.°

For the sharing operator of eq.(8.12) the chemical potentials for DM and right
handed quarks must satisfy 2ux = ftu, + 2444, and thus the X and B asymmetries

are related at a given temperature. Other relations between chemical potentials arise

5Tt is equally possible to implement this mechanism in a non-supersymmetric framework.

6In Wx one can equivalently replace U¢D¢D® by LH, if Ts is greater than the freeze-out tem-
perature, T,p, for electroweak non-perturbative processes (sphalerons). The reason for this is that
while sphalerons are active the chemical potentials for SM particles satisfy p,, + 2u4, + po, =0,
and the only continuous global symmetry in the MSSM is (B — L). As both U°D*D¢ and LH, have
the same charge under this symmetry, these two operators lead to equivalent relative asymmetries.
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Figure 8.2: Solutions, satisfying Qx/Qp = 5, for the ADM mass, My, as a func-
tion of the sharing freeze-out temperature, Ts. We assume the sharing operator of
eq.(8.12), and complete annihilation of the symmetric component of the DM density.
We illustrate a typical electroweak phase transition temperature by the vertical green
dashed line, and a representative temperature, 7%,,, at which sphalerons have become
inactive, by the vertical blue dashed line. For a given Tg 2 20 GeV there are two
successful ADM solutions: One, plotted in black, for My ~ 10 GeV, where the DM
is relativistic at T, while the other, non-relativistic solution, plotted in red, has M
increasing with T (as the DM density is Boltzmann suppressed in the non-relativistic
regime). This is the ‘sharing’ paradigm.
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through MSSM Yukawa couplings, gauge interactions, and the requirement of charge
neutrality of the Universe. These relations are summarized in [347, 348].

Employing the relations between chemical potentials it is possible to relate X-,
B- and L-number asymmetries at a given temperature, resulting in relations of the
form X(T') = v(T')B(T'), where v(T') is a spectrum-dependent function which we
have calculated following the methods in [347, 348]. If both the DM and baryons are
relativistic at a given temperature then (7)) ~ O(1) and a DM solution exists for
My ~ 10 GeV. However if the DM particles are non-relativistic, i.e. T' << My, but
some baryon number carrying state is still relativistic, then v(7") will be exponentially
small and the correct DM density requires My ~ 107s. Both solutions are shown
in Figure 8.2.7 It should be noted that if, in the sharing operator in eq.(8.12), we
replace X2 with X™ then the relativistic DM solution becomes My ~ 5n GeV. Hence,
for superpotential operators linear in X, such as XU°D°D¢ or XQLD¢, with the DM
stabilized by R-parity, we would expect the DM mass to be closer to 5 GeV.

8.3.2 Spontaneous co-genesis

When we combine the spontaneous genesis mechanism with the asymmetry sharing
paradigm there now exist two distinct regimes. If the spontaneous genesis completes
before sharing has frozen out, i.e. Ty > Tg, then the DM mass is set by Tg. Alterna-
tively, there exists the possibility that sharing freezes out before spontaneous genesis
in the dark sector has completed, so T's > Tx. In this case the DM asymmetry con-
tinues to evolve after the B — L asymmetry has been set. This scenario is of interest,
as it leads to alterations to the standard relationship between the DM mass and 1.

It may appear that by adding the sharing aspect to the spontaneous genesis mech-
anism we have also introduced an additional free parameter, namely Ts. However this
is not the case as we also have an additional constraint, given by the observed baryon
asymmetry. In total there are four parameters which govern the DM relic abundance,
given by Tx, Ts, Mx, and the combination of scalar parameters, a’¢y/f. However
there are two constraints: Qzh? and Qpah?. Thus in total, this complete scenario
only has two free parameters, which we choose to take as T'x and Tg.

In Figure 8.3 we plot contours of constant DM mass in the Tx—Ts plane which

satisfy Qx /Q1p = 5, and generate the observed baryon asymmetry.

"Complications arise if lepton-flavour violation is assumed to be out of thermal equilibrium,
however as this is not central to the mechanism we are considering we assume this is not the case
throughout.
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Figure 8.3: Contours of constant Mx in the Tx—Ts plane corresponding to the gen-
eration of Qx/Qp = 5, and Qph? = 0.023. For Ts < Tx there are two branches of
solutions corresponding to the two branches shown in Figure 8.2: The first, relativis-
tic solution occurs when My ~ 10 GeV and fills the entire lower half plane (shaded
region), while the second branch is shown by the horizontal contours in the lower half
plane labelled by Mx in units of GeV. Both solutions are independent of T'x as in this
case the sharing of the asymmetry is determined after the total asymmetry has been
frozen in. On the other hand, for Tx < Ts the DM asymmetry continues to evolve
after sharing has ceased. The resulting contours of constant My corresponding to
successful generation of Qx/Qp, and Qgh? are shown in the upper half plane, and
the mass, My, now depends on both Tx and Ts. The portions of contours where
Ts o Tx apply for the relativistic case (Myx < TY), while the remaining portions
apply to the semi- and non-relativistic cases (Mx = Tx). The solution for My ~ 10
GeV lies along the line Ts ~ T, and hence every point of this line corresponds to
a solution when we continue to the Ts < T'x corner, showing the continuity between
solutions on either side of the line Tx = Ts. By allowing the DM asymmetry to evolve
after sharing has ceased, a new set of solutions for a given DM mass and Ts open up
in the upper left half plane, in addition to the standard solutions in the lower half
plane where Ty < T'.
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One might wonder if it is still necessary to have X-number violation. Without
X-number violation there is a conserved U(1) X+2(B—r) Symmetry. It can be imagined
that, using the operator of eq.(8.12), one could create an equal and opposite asymme-
try in X and 2(B — L), without ever violating U(1) x y2p—r). However, by considering
the various chemical potentials and conserved charges, it is straightforward to show
that any asymmetry in X, B, or L-number is proportional to the total asymmetry in
X +2(B — L).® Thus without violation of U(1)xy4a(p—r) it is impossible to create an
asymmetry in DM or baryons. As B or L-violating operators are more tightly con-
strained, we choose to have the violation of U(1)x 2p—z) arising due to X-number

violation in the dark sector, consistent with exact conservation of X-parity.

8.4 Cosmology of ¢

We now consider the constraints on the scalar field parameters arising from production
of the correct magnitude of baryon asymmetry, and limits on additional hot and cold
DM components. We also show that there exists a range of parameter space where
the ¢ interactions lead to efficient annihilation of the symmetric component of DM,

leaving just the asymmetric component, as required for a complete theory of ADM.

8.4.1 Baryon asymmetry and ¢,/ f

From eq.(8.11) we see that the generated particle asymmetry is proportional to the
combination of scalar parameters a’¢y/f. In order to generate a baryon-asymmetry

of Ng = 8.7 x 1071, we find the requirement

2¢0 1010Ge\/
a —_— Y

7 Max(Tx T3] (8.13)

where the exact relation depends on the details of the particle spectrum, but does
not change by more than a factor of two when, eg, SUSY particles are included.
Sharing is efficient during the generation of the baryon asymmetry, implying
Up(T) < Ux(T'). At this temperature the majority of baryon-number carrying species
are relativistic, hence, from eq.(8.11), Ng(T) o< T(a?¢y/f). As a result, if we wish

to generate a specific baryon asymmetry for any 7" we require that a?¢y/f oc T

8While sharing is active we have 2ux = iy, + 2/1a,. Rearranging this equation using additional
relations between chemical potentials, found in [347], it can be shown that px o« pp, and an
asymmetry in X implies an asymmetry in B of the same sign. While sphalerons are active p,,, +
244, = —p, and, using the previous relation, px o< —pr, hence an asymmetry in X implies an
asymmetry in L of the opposite sign. Consequently, if we create an asymmetry in X then we must
create a non-zero asymmetry in X + 2(B — L).
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For the case T'x > Ts the total asymmetry is frozen in at Ty, whereas if Tx < T the
(B — L) asymmetry is frozen in at T, explaining the form of eq.(8.13).

Having Max|Tx, Ts] < 10 GeV requires ¢y > f, as a < 1. For an axion-like
scalar with a compact moduli space this is not possible, suggesting that the scalar
should correspond to a non-compact flat direction such as might arise in supersym-
metric models.

It should also be noted that we have assumed the simplest possible potential for
¢, with a single, temperature-independent mass term. If this potential contained

additional terms, or temperature dependence, such that at the time of spontaneous

avr(¢)
dé

asymmetry, with ¢g ~ f for T'x

co-genesis > m?bqbo then it may be possible to achieve the required particle

< 10'% GeV. The number of possibilities for such

~J

alterations, beyond the minimal model studied here, is large.

8.4.2 Relic density of ¢ and bounds on myg and T

There are constraints on the ¢ field parameters arising from the requirement that
neither the energy density due to coherent oscillations of ¢ nor the energy density of
the thermally produced component of ¢ are too large.

Regarding the thermal component, we assume that after inflation the Universe
reheats to a temperature T7. If ¢ is in equilibrium with the dark sector and, through
the sharing operator, the visible sector at early times, then the ratio of the number
density to entropy density is roughly 1/¢,(77), and the energy density at some later
time 1S penerm (1) =~ mys(T) /g, (T7) (we assume that ¢ is in thermal equilibrium at 77
in order to set conservative constraints).

The calculation of the energy density in the coherent component is standard, and
taking g.(Tx) ~ g«(v/aTx) ~ ¢.(T7) ~ 250, for definiteness, then T,s. ~ v/aTx and

the relic energy density due to ¢ resulting from both production mechanisms is

. T o\
Oh2. ~ 12x10°7 X 14
X 10 \/a(TeV) (1010Ge\/) (8.14)
Qh? ~ 24 % 105 [ X 2 (8.15)
therm — . TeV . .

The thermal component of ¢ behaves as hot DM, and thus we require that
Qh? < 0.007, the current WMAP7 limit on relic energy density in neutrinos [349].

therm ~o

Hence we require that /aTx < 50 TeV. If we maximize the scalar mass by taking

a = 1, then for Tx < 50 TeV (so satisfying the thermal bound), and ¢y < 4 x 10!
GeV (to satisfy the coherent bound with QA2 < 0.01), the scalar field constitutes a

osc
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subdominant component of the DM, hot or cold, leaving the ADM as the dominant

component. These inequalities then translate in to the requirement®
Mg |now S 5 €V (8.16)

These bounds can be evaded if additional operators are included which enable ¢ to
decay to lighter states. For minimality we do not consider these additional operators
here, however, we note that such decays are, in some parameter regions, strongly

constrained.

8.4.3 Annihilation of symmetric DM component by XX —
ol

An appealing feature of the field ¢ is that, as well as generating a DM and baryon
asymmetry, it can also enable the X-number symmetric component of DM density to
annihilate away to light particles. Whenever X-number is conserved the interaction
in eq.(8.1) can be rearranged into a total derivative term, and thus doesn’t allow for
DM annihilation while X-number is conserved. While X-number violation is efficient,
and 0,J% # 0, the interaction in eq.(8.1) may allow the symmetric component to
annihilate away, however this depends on the source of X-number violation, and
requires that the annihilation shuts off at the same time as the spontaneous genesis.

Alternatively, we can include additional fields and couplings to build a model
which allows for efficient DM annihilation after X-number violation has ceased. As
a simple example we can consider fermionic DM and add an additional real scalar
field S, with mass Mg, and couplings £ D csSv¥tx + c4S(06)?/f. These couplings
respect the U(1)x symmetry, and preserve the shift symmetry of ¢, keeping it light.

This leads to a p-wave suppressed annihilation cross-section of

3c4c? M T
(00) ™ S5 T (8.17)
1672 f2 (4M2% — M2)? + M2I% My
By comparison with the results from [325, 351] we find that for
M2
£ <400 50 x ' (8.18)

V/(4M% — M2)? + M2I2 Ge
X S S+ S

9This limit is on the current value of m, however from eq.(8.7) we see that in order to generate
a background potential my must be non-zero at T'x. Unlike the QCD axion mass, mg must be a
UV-hard mass and be generated at high temperatures. Such a non-perturbatively small, UV-hard,
mass could arise if the shift symmetry ¢ — ¢ + const is broken by UV non-perturbative effects,
such as string, or gravitational, instantons, or gauge instantons in a theory with a UV Landau pole
[156, 350].
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the ratio X_ /X, is less than 10%. This feature is particularly attractive: ¢ generates
the DM and baryon asymmetry, and then provides the final state into which the
symmetric DM component annihilates away!

This solves a significant problem of the ADM scenarios, as the operators allowing
direct annihilation of the symmetric part of the DM to light SM states are strongly
constrained by direct detection and collider bounds [308, 325, 327], unless one arranges
for annihilation solely to leptons.

In order for our effective field theory description to remain consistent the temper-

atures must satisfy T'x,Ts < f.

8.4.4 DM scattering and ¢

One might also worry that the coupling (9,¢)J%/f for low f could lead to unaccept-
able DM-DM scattering. However the cross-section for such processes scales as 1/,
and as f 2 1 GeV, the cross-section is well below current bounds [352].

We also comment that light scalars derivatively coupled to DM, such as ¢, could
lead to the novel process of enhanced stellar cooling through ¢-sstrahlung in DM-
nucleon scattering. These processes lead to bounds on f, in analogy with standard
axion bounds. These are, however, significantly weaker relative to standard axion
bounds as these processes involve DM-nucleon (electron) scattering, and not nucleon-
nucleon (electron) scattering. Further, there is additional suppression due to the

much lower density of DM compared to nucleons or electrons in a star.

8.5 Summary

We have described how, by derivatively coupling a light scalar, with a time-evolving
expectation value, to the X-current, and allowing for X-number violating processes in
the early Universe, it is possible to generate a DM asymmetry. By utilizing ‘sharing’
operators which allow for the transfer of particle asymmetries between the visible
and dark sectors it is possible to simultaneously co-generate the observed baryon
asymmetry and a DM particle asymmetry, providing a link between the two. All of
this occurs without the need for additional C'P-violating parameters in either sector.
This is the spontaneous co-genesis mechanism.

The mechanism has a number of noteworthy aspects. Most notable is the pre-
diction of a light scalar with mass m, < 5 eV. In addition this scalar provides the
attractive feature that it can automatically provide a final state for the annihilation

of the symmetric DM component.
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Chapter 9

Concluding Remarks

The current time is an important, and exciting time in physics. Physics beyond the
SM is being investigated in a wide range of experiments. Of particular relevance
to this thesis, the ATLAS and CMS experiments at the CERN LHC are accessing
energy scales at which SUSY, if it is relevant to the hierarchy problem, should start
to become manifest. This rich theory has been studied for over thirty years, and
the time has now come where the applicability of SUSY to the hierarchy problem,
and BSM physics, will be tested and known. If discovered, then it may come in
the form of the MSSM, or perhaps the SOHDM described in Chapter 3, and it may
even be possible to determine the nature of quantum gravity, SUSY breaking, and
multiple hidden sectors, through the potentially rich spectrum of Goldstini described
in Chapter 4. However, SUSY may not be discovered at the LHC, and maybe some
other new physics may explain the hierarchy between the weak scale and the Planck
scale, or maybe no physics beyond the SM will be discovered at all.

The boundaries of our knowledge about DM are also being pushed back by the
continually improving direct and indirect detection experiments. Maybe the hints
observed by the PAMELA and FERMI satellites, or by the DAMA and CoGeNT
experiments, are the tip of the DM iceberg and maybe the next few years will see these
hints strengthening to evidence, or perhaps they will be undermined by additional
data and purely SM explanations will have to be found for these results. Undoubtedly,
new hints will arise in the future, and possibly non-gravitational interactions between
DM and SM particles will be unambiguously discovered. In the mean time we will
have to continue to look for DM anywhere we can, even in compact stars, as described
in Chapter 7. On the theoretical side, theorists should continue to pay attention to
the hints we do have for the nature of DM, and construct compelling models for the

dark sector, such as the model described in Chapter 8.
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Whichever fate Nature has decided upon for supersymmetry, and the properties
of DM, within the next few years we will have a much better picture. However this
will only come once theoretical physicists have been set the enviable task of making

sense of the physics and implications of numerous awaited experimental results.
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Appendix A

Bounds on a light Neutralino

A.1 Collider bounds

The most stringent collider bounds come from LEP. As LEP operated at /s < 208
GeV, associated production of the lightest neutralino via ete™ — Y9x5 would have
been kinematically forbidden for {u, My} 2 208 GeV, due to the large mass of 9.
Thus, although such a channel would give clear signals following the decay of X3, it
does not necessarily constrain a very light neutralino.

Radiative neutralino production via ete™ — YxVy provides another potential
search channel. However, for a mostly bino Y?, radiative neutrino production, ete™ —

D7y, generates a large background to this process.

A.1.1 Precision electroweak

As the decay channel Zy — Y{x! is kinematically allowed, precision measurements of
the total and invisible Zy-width, I'; and T'y,,, are sensitive to a very light neutralino.
In the minimal version of the SOHDM the decay Zy — X{X? can proceed at tree-level
due to the small Higgsino component of V. In addition the Z, can decay to the large
bino components of X% through loops involving sfermions. Thus, by decreasing the
Higgsino fraction of Y9, and increasing the sfermion masses, these processes can be
suppressed compared to decays to neutrinos.

By using the results of [353], in which the processes Z, — XX} and Z, — ff have
been calculated at O(a)) within the MSSM, the Z;-width was studied for a massless
neutralino in [132]. In this study the bino Majorana mass M; was set such that
the lightest neutralino is massless, and one particular choice of parameters was with
sfermion masses Mgysy = 600 GeV, tan8 = 10, and A; = A, = Ay = My = My =
600 GeV. Upon calculating contributions to the Zy-width it was found that, within
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the MSSM, the Z-width observable I'; was within 1o of the experimental value for
|| = 200 GeV and M,

larger values of pu.

2 100 GeV, and this small discrepancy reduced rapidly for

The invisible width T'j,, was within 20 of the experimental value for |u| = 200
GeV and My 2 100 GeV, however there was a 1o deviation across the entire p — My
plane. This should come as no surprise however, as the SM prediction for I'y,, is 1.8¢
greater than the experimental value [354] thus the comparative decrease in quality of
fit with the addition of a light neutralino is small.

The study [132] therefore shows that I'; and I'y,, cannot exclude a massless neu-
tralino within the MSSM. Although the SOHDM is in some ways quite distinct from
the MSSM, the important features of this study are common to both scenarios. In
particular, in both cases the light neutralino is mostly bino, with a small (< 20%)
Higgsino component. Thus we find it reasonable to conclude that Z;-width measure-
ments do not exclude the very light neutralino in the minimal version of the SOHDM.

In [132] a similar analysis of the impact of light neutralinos on My, and sin? O
within the MSSM was performed. For two selected sets of soft SUSY-breaking pa-
rameters, detailed in [132], it was shown that My, lies within the experimental lo
boundary, as does I'; again. It is interesting that sin? f.¢ lies outside the experimental
lo boundary, however, as detailed in [353], raising the soft scalar masses and/or the
1 parameter improves this fit, and can lead to agreement at the 1o level whenever
m 2 700 GeV.

Electric dipole moments and the anomalous magnetic moment of the muon were
also considered for the MSSM with a light neutralino in [132], where it was found
that the SUSY contributions to EDMs go to zero for a massless X'. Further, the
variation of (g — 2), stays well below the current experimental uncertainty. Thus no
lower limit on the mass of the lightest neutralino in the MSSM can be set with these

measurements.

A.2 Rare meson decays

In [132] decays of both pseudo-scalar and vector mesons to bino pairs are consid-
ered within the MSSM. These decays involve loops containing sfermions, and it is
found that for sfermion masses of m = 300 GeV the branching ratios for the decays
{mo,n, 1, Bs} — BB, {¢,J/1,Y(1S),p,w} — BB, and K+ — 7" BB all lie well

below current bounds.
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A.3 Astrophysical bounds

Neutrinos are produced in large abundance during a supernova explosion through
electron-positron annihilation and neutrino-sstrahlung in nucleon scattering. As their
mean free path is smaller than the supernova core size these neutrinos slowly diffuse
out. After O(10 sec) the temperature-dependent mean free path exceeds the core size
and they escape. During Supernova 1987a such neutrinos were observed.

A similar process can occur for very light neutralinos, whereby they are produced
in a supernova through similar processes to neutrinos. If they interact more weakly
than neutrinos, and have a mean free path exceeding the core size, they could escape
the supernova and carry away a large amount of energy. If this occurs and the energy
loss is too great the neutrino mean free path will increase more rapidly, reducing the
time-scale over which neutrinos diffuse out.

In [132] it was shown that for the case of very weakly interacting neutralinos,
in order that neutralino radiation energy losses do not exceed the Raffelt bound of
< 10°% erg, it is necessary that the production processes are sufficiently suppressed.
This leads to the requirement that the selectron mass exceeds mz > 1.2 TeV, since
the process eTe™ — xIx¥ is suppressed by four powers of the selectron mass. Similar,
although much less restrictive bounds hold for the squark masses, requiring m4 > 360
GeV. Alternatively, if the neutralinos have stronger interactions with SM particles
it is possible that their mean free path is less than the core size. In this case, the
neutralinos will slowly diffuse out and the energy loss due to neutralino radiation will
be suppressed while they are trapped within the core of the supernova. It was found
in [132] that in this scenario squark and slepton masses of me, m; < 300 GeV are
compatible with observations.

It would seem from this discussion that selectron masses in the range 300 <
me < 1200 GeV are excluded, however it should be noted that to-date successful
simulations of a full supernova explosion have not yet been performed, and thus the

above excluded regions may be subject to change in the future.

A.4 Cosmological bounds

A very light neutralino, which is relativistic at freeze-out, will contribute to hot DM.
However it is known that early universe cosmology is most compatible with cold,

non-relativistic, DM.
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In order that the light neutralino does not constitute too much hot DM, and does
not suppress structure formation, it is necessary that the energy density of hot DM
is consistent with observations, and the Cowsik-McClelland bound [355] is satisfied.
One can see how this arises, as the energy density of a neutrino is proportional to
its mass. Therefore if we reduce the mass of the heaviest neutrino this leaves room
for energy density due to another hot DM component. Calculation of the neutralino

relic density leads to the requirement that:
mgy S 0.7eV . (A.1)

Thus a very light, mostly bino, neutralino is consistent with structure formation. It
is intriguing that this upper limit on the lightest neutralino mass lies just above the
Majorana bino mass we expect to be generated due to anomaly-mediation.

Thus we see, thanks to the study [132], that a mostly bino neutralino, with mass
mso < 0.7 eV, is consistent with direct production collider bounds, precision elec-
troweak observables, branching ratios in rare meson decays, supernova cooling rates,
and structure formation in the early universe. Thus the prediction of a very light,
mostly bino, neutralino in the minimal version of the SOHDM is phenomenologically

acceptable.
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Appendix B

Details of the Supergravity
Calculation

B.1 Modulini masses from Supergravity

In order to calculate SUGRA effects on the ISS model we study a slightly more
general case of the theory detailed in Section 4.3. We start with superfields X; with

superpotential
W =Wy+ f.X, (B.1)

and Kahler potential

1
K=X,X!. + WAab*cd*XaXZ*XCXL* : (B.2)
1
from which we may define the modified Kahler potential
G — (B.3)
M7

+ log + log

=z T8
and field derivatives as G, = 0,G, Gupr = 0,0,+G with 9, = M p&. For a modified
Kahler potential of this form, then, once the goldstino direction has been rotated

away, the fermion mass matrix is given as [356]
1
Map = m3/2<vaGb + gGaGb> ) (B4)

where V,Gy, = 0,G, — I',Gc. The Christoffel connection, I, is of crucial importance
as it encodes the effects of Agp+cq+. Now considering the leading terms in the fermion
mass matrix under the assumption that /f ~ u < Mp one finds

2 fufsM3 M 4 i
ab = —_— — 56 A ad*bl*) J e ;K * 5 B5
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where A(qq+p+) has been symmetrised over pairs of holomorphic indices.! At this stage
it is appropriate to pause and consider the validity of this result. Throughout we have
assumed that as v/f ~ u < Mp then (X) < Mp and Wy < M3. It may seem that
if one takes the limit A — 0 then my, o f,f, which is a rank one matrix with only
one non-zero eigenvalue. However taking this limit means that the scalar fields are
no longer stabilised near the origin and the derivation of this result is no longer valid.
It would also appear from this result that the fermion mass matrix depends on the
parameter p; however we will see that (X) ~ |u|?/Mp and this dependence drops
out. Again, this independence only necessarily holds in the limit u < Mp.

Now considering the scalar potential V = M#e®(G,G* — 3) one finds that for

vanishing cosmological constant

aJa 1
f3f :ﬁfeffMP ; (B.6)

and at the minimum of the scalar potential

2|p*Wo
Xy =-"
: M3

Wy = Mp

fk(A(ab*kl*)fabeil ; (B.7)

where (My+)~! is understood as the standard matrix inverse. With these results in

hand we can now write a general formula for the modulini mass matrix

Map = 2M3/2 (A(ad*bl*)(A(ij*kl*)fifj*)_lfd*fk - fanb) : (B.8)
eff

This equation is valid up to corrections of the order dm ~ mgo|u|? /M3. The extension
of this formula to one for matrix-valued fields can be found by replacing individual
indices with pairs, i.e. {a} — {ab}. At first Eq.(B.8) may appear rather opaque,
however one important property can be observed by inspection. As described in [356]
once the goldstino direction has been rotated away one expects that G,m,, = 0.
This is clear from Eq.(B.4) when one enforces the condition of vanishing cosmological
constant and that the fields are at the minimum of the potential. At the level of
Eq.(B.8) one can see that this result also holds for any form of Agpecas as foma =

f» — f» = 0 by inspection.

B.2 Masses to all orders in f

As described in Section 4.3.1 the effective Kéhler potential only includes corrections

to second order in the SUSY breaking F-terms. To include higher order corrections at

1By this we mean A(ad*bl*) = Aad*bl* =+ Abd"al" + Aal"bd* + Abl*ad*'
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the level of the Kéahler potential would require including higher order super-covariant
derivatives. Therefore it is more straightforward to calculate the modulini masses
to all orders in the F-terms by explicitly evaluating the loop diagram involving the
exchange of scalar and fermionic partners of the heavy fields. In this manner the
effects of SUGRA, and consequent R-symmetry breaking, are included by allowing
for a non-zero vacuum expectation value for the fields which break SUSY. This vev
can be calculated to all orders in the F-terms by including the tadpole term induced
by SUGRA and calculating the scalar masses with the Coleman-Weinberg potential.
Evaluating the one-loop contribution to the modulini masses using the masses and

couplings in Eq.(4.10), one finds

mab,cd = 2'In3/2 <% (ZE!;:; + gg;ﬁj) 6ad5bc - %5ab50d> 3 (B9>
where NN
H(f)= Y h(f.ig) (B.10)
i=1
and
2 1 2 2 N4 4 2 p—f
h(f, ) = 7 (2fu +2fp* log (u4—f2> + (1" + f7)log (MQJFf)) . (B.11)

Here jig, > +/f is the SUSY mass of the fields which have been integrated out. One can
see that all dependence on the UV cut-off has cancelled and the masses are finite. The
goldstini from the diagonal components of ® still have mass 2m3/, and the modulini
from the off-diagonal components have mass > 2mg/y, limiting to 2mg3/, when the
F-terms are equal, as before. Therefore the results derived using the effective Kéhler
potential in Section 4.3.1 are qualitatively the same as those one finds when including

the F-terms to all orders.

B.3 Decay widths

Starting with Eq.(4.29) we derive the decay width to multiple goldstini under the
assumption that all but one messenger scales are the same. We take the first N — 1
messenger scales equal to /zA and the N'* messenger scale as A. Using this, the
orthogonality of Vj,, the fact that Vi; = fi/fesr and that >, fiVi.xny = 0 we can
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simplify the sum over squares of the couplings:

N-1 N-1| N
fz‘/za
Z|Ca|2 - Z A2
a=1 a=1 |i=1 3
N-1
- AL NeVaN
a=1
_ =R Sy — IR
r2A4 fgff

Thus we have

Doty =

My <($ - 1)fN>2 fors = I

2
167 T2 o f

For decays to the gravitino similar steps lead to

9 fesz_(l_‘r)fj%f)Q
IOnT" = ( TN fers

and

2
. ~ My fgff_(l_x)f?\f
o1y 167 CL’AQfeff

(B.12)

(B.13)

(B.14)

(B.15)

These results make no assumptions about the relative magnitudes of the various F-

terms and therefore hold if there are multiple SUSY breaking sectors and all but one

mediate SUSY breaking to the SSM in the same way. If all mediation sectors are the

same this corresponds to the limit x — 1.
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